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RESEARCH

With regard to fully harvesting the potential of big data, pub-
lic health lags behind other fields. To determine this poten-
tial, we applied big data (air passenger volume from interna-
tional areas with active chikungunya transmission, Twitter 
data, and vectorial capacity estimates of Aedes albopictus 
mosquitoes) to the 2017 chikungunya outbreaks in Europe 
to assess the risks for virus transmission, virus importa-
tion, and short-range dispersion from the outbreak foci. We 
found that indicators based on voluminous and velocious 
data can help identify virus dispersion from outbreak foci 
and that vector abundance and vectorial capacity estimates 
can provide information on local climate suitability for mos-
quitoborne outbreaks. In contrast, more established indica-
tors based on Wikipedia and Google Trends search strings 
were less timely. We found that a combination of novel and 
disparate datasets can be used in real time to prevent and 
control emerging and reemerging infectious diseases.

Many sectors of society have taken full advantage of 
new opportunities provided by big data, but public 

health has not (1). Although electronic health records have 
long been used in surveillance, novel applications of big 
data are rare. Internet search query data from Google or 
Wikipedia have been applied to anticipate influenza epi-
demics but are hampered by several limitations, including 
specificity and granularity (2–4). More recently, crowd-
sourcing of symptoms through emails, text messages, or 
tweets has been explored, and outbreaks have been tracked 
by scanning high-volume surveillance systems (5,6). How-
ever, when it comes to fully harvesting the potential of big 
data, public health still lags behind other fields. Using chi-
kungunya as a case study, we illustrate how big data can 
help tackle emerging infectious diseases through preven-
tion, detection, and response.

A key driver of the emergence and spread of vec-
torborne diseases is human mobility (7–10), yet little is 
known about the epidemiologic consequences of mobil-
ity patterns at different spatial scales within the context 
of vectorborne diseases. A main obstacle to studying the 
complex interactions between human hosts, pathogens, 
and vectors has been the limited availability of spatio-
temporal datasets for analyzing human mobility patterns. 
Prior research relied on low-resolution mobile phone re-
cords, such as call and messaging logs from mobile phone 
networks (11–13), for which biases were notable (14,15). 
Furthermore, use of mobile phone data for tracking human 
mobility is likely to be fraught with privacy concerns and 
data access restrictions (15).

Recently, social media has emerged as an alternative 
source of real-time, high-resolution geospatial data on a 
large scale (1,15). Use of this unique aspect of publicly 
available social media data to study the human dimensions 
of the introduction and spread of emerging infectious dis-
eases has not been explored to its fullest extent. In areas 
where risk for virus importation and onward transmission 
is heightened, such knowledge can inform outbreak pre-
paredness and response planning by pinpointing receptive 
areas where proactive countermeasures should be imple-
mented in a timely fashion (16,17).

The impediments to using big data in public health are 
not only the size of the databases but also the complexity 
of their processing. The challenges include 3 main dimen-
sions: volume, velocity, and variety (18–20). Volume calls 
for statistical sampling; velocity, for instant access to near 
real-time transaction data; and variety, for management of 
nonaligned data structures. We illustrate how big data can 
be used to monitor the introduction and spread of the 2017 
chikungunya outbreak in Europe by tackling these chal-
lenges (18–20).

To assess risk for virus importation from international 
areas with active chikungunya transmission, we extracted air 
passenger volume from large-scale aviation data. To quantify 
the risk for short-range dispersion (defined as the potential for 
onward transmission and spread of chikungunya virus from 

Using Big Data to Monitor  
the Introduction and Spread of  

Chikungunya, Europe, 2017
Joacim Rocklöv, Yesim Tozan, Aditya Ramadona, Maquines O. Sewe, Bertrand Sudre,  

Jon Garrido, Chiara Bellegarde de Saint Lary, Wolfgang Lohr, Jan C. Semenza

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 6, June 2019 1041

PERSPECTIVE

Author affiliations: Umeå University, Umeå, Sweden (J. Rocklöv, 
A. Ramadona, M.O. Sewe, W. Lohr); New York University,  
New York, New York, USA (Y. Tozan); European Centre for  
Disease Prevention and Control, Stockholm, Sweden (B. Sudre,  
J. Garrido, C.B. de Saint Lary, J.C. Semenza)

DOI: https://doi.org/10.3201/eid2506.180138



PERSPECTIVE

the initial outbreak foci to other areas during transmission 
season), we used a mining algorithm to process quasi–real-
time, geolocated Twitter activity data and computed mobility 
patterns of users. We have previously shown that mobility 
data from Twitter users is predictive of disease spread (21). 
We then estimated the seasonal vectorial capacity of Aedes 
albopictus mosquitoes to transmit chikungunya virus and 
linked it with human mobility patterns. We further comple-
mented these data with Internet and information search ac-
tivities related to chikungunya infection, vectors, and clinical 
signs and symptoms collected from Wikipedia and Google 
Trends. Last, we estimated the empirical basic reproduction 
number (R0) from the outbreaks and compared these numbers 
with our model predictions of epidemic potential based on 
climate conditions. More detail on our methods is provided 
in Appendix 1 (https://wwwnc.cdc.gov/EID/article/25/6/18-
0138-App1.pdf). 

Climate Suitability: Vectorial Capacity
The vectorial capacity of Ae. albopictus mosquitoes to 
transmit chikungunya virus in areas of Europe where the 
vector is established (17), such as the outbreak zones in 
France and Italy, was estimated to be high in July and 
August but lower in September and October. Estimates 
of suitability were low in October for most areas, except 
those in southern Italy and Greece and southeastern Spain 
(Figure 1). Overall, warmer than average temperatures led 
to a substantial increase in vectorial capacity during the 
study period (June–October 2017) (Appendix 2 Figure 1, 

https://wwwnc.cdc.gov/EID/article/25/6/18-0138-App2.
pdf). Using empirical data from the outbreaks in Italy 
(22), we estimated R0 to be 2.28 (95% CI 2.01–2.59) for 
the Anzio region, 3.54 (95% CI 2.62–4.97) for the Rome 
region, and 3.11 (95% CI 2.16–4.79) for the Calabria re-
gion (Figure 2).

Long-Range Importation: Air Passenger Volume
On average, ≈50,000 air passenger-journeys (1 passen-
ger flight, including all legs of travel) were taken each 
month from areas with active chikungunya transmission 
worldwide to the outbreak zones (Figure 3). Specifically, 
in August, 56,300 passengers from outbreak zones were 
estimated to arrive in Rome, 6,484 in Nice, and 5,629 in 
Marseille. The passenger-journey volume into Europe 
when the outbreak started in June is shown in Appendix 
2 Figure 2. The countries with the highest number of de-
parting passengers in August were Thailand (352,332 pas-
sengers), Brazil (255,439 passengers), and India (301,298 
passengers). According to molecular epidemiology, the 
genome sequence of a chikungunya virus isolate from the 
Lazio region of Italy revealed the East/Central/South Af-
rican lineage, Indian Ocean sublineage, which is similar 
to that of recent sequences from Pakistan and India (23). 
We also extracted air passenger-journey data for flights 
from the outbreak zones in southeastern France and cen-
tral Italy to other areas in Europe (Figure 3). The top 5 
destinations with the highest volume were the larger met-
ropolitan areas of Europe, most of which were outside 

1042 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 6, June 2019

Figure 1. Vectorial capacity estimates based on average temperature conditions in Europe with stable populations of Aedes albopictus 
mosquitoes around chikungunya outbreak zones, Italy and France, July–October 2017. Heavy outlines indicate the outbreak areas. The 
vectorial capacity translates to an average basic reproduction number in the range of 2–3 in Anzio and Rome and in the range of 3–4 in 
Calabria during the months of July and August for an infectious period of 4 days.
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the boundaries of areas where the vector is known to be 
present (Figure 4). However, high flight connectivity was 
observed from the outbreak zones to Barcelona (Spain) 
and Catania and Palermo (Italy).

Short-Range Dispersion: Geocoded Tweets
The spatiotemporal analysis of geocoded Twitter data 
showed strong human mobility from Lazio (Figure 4) and 
the Var department in France (Appendix 2 Figure 3) to-
ward several larger cities where Ae. albopictus mosquitoes 
are present. The top 10 estimates of mobility out of the 2 
outbreak zones of Var and Lazio showed the strongest pat-
tern for potential dispersion of chikungunya virus not only 
into the areas geographically close to the outbreak zones 
but also to several relatively large cities in Italy, France, 
and Spain (Table). The monthly mobility patterns during 
the study period varied between months; for example, the 
vacation month of August showed a stronger mobility pat-
tern out of Var to areas not in direct connectivity, most no-
tably to Rome (Appendix 2 Figure 4). When we contrasted 

the mobility proximities between the 2 outbreak zones, we 
observed the highest proximities within countries (Figure 
4; Appendix 2 Figure 3). Although the Var and Lazio out-
break zones experienced high mobility proximity to Bar-
celona, Lazio was also highly connected to southern Italy 
(e.g., Catania and Palermo), in close proximity to the chi-
kungunya outbreak in the Calabria area, which was also 
observed in the International Air Transport Association 
(IATA) flight passenger data (Figures 3, 4). In Italy, cases 
were first notified in Anzio at the end of June, followed 
by notifications in Rome later in July, and in Calabria in 
early August in order of temporal appearance (Figure 2). 
In our mobility analysis, we identified the mobility links to 
all outbreak regions (Figure 4), with the exception of the 
Emilia-Romagna region, although the region neighboring 
Emilia-Romagna was positive in our analysis. The mobility 
patterns correlated more strongly to the outbreak regions in 
July and August.

A closer look at the Lazio outbreak zone in Italy re-
vealed strong connectivity between Anzio (where the first 

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 6, June 2019 1043

Figure 2. Notified chikungunya 
cases in the Anzio (A), Rome 
(B), and Calabria (C) regions 
and basic reproduction number 
(R0) estimates of outbreaks, 
June–October 2017, Italy.
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cases in Italy were confirmed) and Rome (where a higher 
number of cases were notified) (Figure 5). We compiled the 
top 10 mobility proximity areas from the outbreak zones 
of Anzio and Rome in August and September (Table). Al-
though the highest mobility proximity from Anzio was to 
Rome in August and September, the mobility proximity 
from Rome to Anzio was also found among the top 10 des-
tinations. Overall, Rome had higher connectivity to many 
more areas than Anzio.

Synergistic Effects: Human Mobility and  
Transmission Suitability
We derived risk maps for autochthonous chikungunya 
transmission by combining the vectorial capacity and 
mobility proximity estimates for the Lazio region in Italy 
and Var department in France for August–October 2017 
(Appendix 2 Figure 4). The areas at risk because of the 
outbreak in Var were identified to be located along the 
French and northern Spanish Mediterranean coastlines, 

Mallorca, and Rome in August (Appendix 2 Figure 4); 
the risk regions for the Lazio outbreak in August included 
large parts of Italy as well as areas in France, Spain, and 
Greece (Figure 6). In general, the size of the area at risk 
contracted in September and more so in October because 
of less favorable climate conditions, except in the most 
southern region of Italy (Figure 6), such as the Calabria 
region, where the outbreak also empirically continued 
longer in the fall (Figure 2).

In the Lazio region, an analysis of the combination 
of vectorial capacity (Appendix 2 Figure 5) and mobility 
proximity revealed a higher transmission potential in Au-
gust (Appendix 2 Figure 6), with implications for targeting 
surveillance and outbreak control activities to this region. 
The largest area of risk for spread from Anzio was Rome, 
but the risk for spread from Rome was more widespread 
in the region (Appendix 2 Figures 6, 7). The areas at risk 
for spread in the Lazio region differed during August com-
pared with September and October.
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Figure 3. Incoming passengers from chikungunya active transmission areas and outgoing passengers to other airports in Europe from 
Rome (FCO), Marseille (MRS), and Nice (NCE) airports, August 2017. The stable vector presence area is highlighted in yellow.
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Wikipedia and Google Trend Indicators
For the outbreaks in Italy, several pathogen and vector-
related Wikipedia and Google Trend search pattern 
anomalies are illustrated (Appendix 2 Figure 8). The 
peaks in these abnormalities coincided with the peak of 
the outbreak and therefore are not useful for early detec-
tion and response activities. Detailed information about 
Wikipedia and Google Trend indicators are provided in  

Appendix 3 (https://wwwnc.cdc.gov/EID/article/25/6/18-
0138-App3.pdf).

Big Data and Emerging Infectious Diseases
In light of the arrival and explosive expansion of chi-
kungunya in the Americas in 2013 through Ae. aegypti 
moquitoes (24), big data offer the opportunity to monitor 
the introduction and spread of chikungunya in Europe. An 
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Figure 4. MP estimates from the 
Lazio region, Italy, to areas in 
Europe with stable populations of 
Aedes albopictus mosquitoes, July–
September 2017. Heavy outlines 
indicate the chikungunya outbreak 
areas. MP, mobility proximity.
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outbreak can be divided, broadly speaking, into 2 distinct 
phases. The first phase is importation of the virus via a vi-
remic person into a virus-naive population. For this phase, 
we used big data (volume) to estimate air passenger-jour-
neys from areas with active chikungunya transmission as 
a measure of the force of introduction of the virus into the 
outbreak zones in Europe. To identify areas with onward 
transmission risk, we also considered the volume of air 
passengers leaving these outbreak zones. For the second 
phase, the establishment of autochthonous transmission in 
Europe is a function of virus importation, population den-
sity, vector activity, climate conditions, exposure patterns, 
and several other factors that are more difficult to quantify 
(17). Our study addressed some of these epidemiologic 
challenges by using big data. Rather than a Twitter con-
tent analysis, which has been performed for several out-
breaks (25–28), we used near–real-time geocoded Twitter 
data (velocity) to quantify human mobility patterns and 
disentangled connectivity between populations. Mobility 
estimates also reflect population density and indirectly 
take into account exposure patterns because such popula-
tions on the move are occasionally susceptible to exposure 
and are also a source of exposure. The ecology of the virus 
and the human-vector transmission cycle were captured 
by vectorial capacity (variety), which quantified transmis-
sion risk on the basis of climate conditions. Thus, we were 
able to quantify the trajectory of an arbovirus outbreak by 
dissecting and better understanding its phases.

Our analysis of big data revealed distinct mobility pat-
terns between the outbreak zones in France and Italy, be-
tween Rome and Anzio, and between Rome and most of 
the local outbreak clusters in Italy. However, the potential 
effects of these mobility patterns on local spread need to 
be confirmed epidemiologically by phylogenetic analyses. 
Although the sensitivity of our risk maps based on mobility 
and climate data to identify areas at risk for virus spread 
was good, the specificity needs to be further improved, for 
example, by including local contextual factors such as land 
use and vector activity. Wikipedia page hits and Google 
Trends have been proposed as resources for disease sur-
veillance and outbreak detection. However, our analysis 
demonstrates that these sources seemed to mainly indicate 

public awareness of the chikungunya outbreaks as they 
peaked. For such reasons, they seem to be of little use for 
early response.

The combination of short-distance air passenger-jour-
neys (within Europe, as opposed to overseas) and geocoded 
Twitter data lends itself to cross-validation. We found that 
the 2 approaches consistently identified several cities with 
established vector populations at a heightened risk for vi-
rus importation, reflecting the potential for spread between 
countries and cities in Europe. Some of these regions had 
previously encountered autochthonous transmission (29).

The R0 estimates, which were derived by using epi-
demiologic data, were in accordance with the vectorial 
capacity predictions for the outbreak zones based on local 
climate conditions. Based on the vectorial capacity, R0 can 
be derived by multiplication with the infectious period. For 
chikungunya, an infectious period of 3–7 days was reported 
(30). The vectorial capacity of ≈0.7 would give rise to an 
R0 of ≈2–3. This range is within that which we observed 
in the Rome and Anzio regions in July and August, but 
the vectorial capacity was estimated to be higher (≈0.8) in 
the Calabria region, translating into an R0 of just over 3–4, 
which is in agreement with the epidemiologic analysis of 
the outbreak data (Figure 2).

Although our mobility analysis showed that the local 
mobility from Var was considerable, no autochthonous 
chikungunya cases were reported from other identified 
risk regions along the Mediterranean coast of France and 
in northern Spain. However, the vectorial capacity of Ae. 
albopictus mosquitoes to transmit the virus is lower in Var 
than in Lazio, which may explain this discrepancy. Previ-
ous studies assessing the risk for local outbreaks after out-
breaks outside of Europe found that inbound flight traveler 
frequencies correlated strikingly well with local reports of 
virus importation frequencies into Europe (9). However, 
most of these studies evaluated these risks independently 
and did not attempt to estimate the combined risk for virus 
importation and climate suitability (31,32). Moreover, they 
did not assess local dispersion patterns from airports or out-
break areas. We analyzed big data for long- and short-dis-
tance mobility. A major strength of this big data approach 
is the near real-time availability of mobility patterns based 
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Table. Top 10 areas where mobility proximity to the 2 chikungunya outbreak zones was highest, Europe, August 2017 

Rank 
Southern Europe 

 
Lazio region 

From Var department, France From Lazio region, Italy From Anzio From Rome 
1 Alpes-Maritimes Florence  Roma Vatican 
2 Bouches-du-Rhône Milano  Nettuno Fiumicino 
3 Torino Napoli  Sabaudia Sabaudia 
4 Paris Venezia  Ardea Civitavecchia 
5 Alpes-de-Haute-Provence Paris  Civitavecchia Santa Marinella 
6 Rhone Barcelona  Pomezia Tivoli 
7 Hérault Perugia  Aprilia Anzio 
8 Vaucluse Latina  Cisterna Di Latina Ladispoli 
9 Barcelona Siena  Fondi Pomezia 
10 Baeleares Salerno  Amatrice Valmontone 
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on social media, which are timelier and more accessible 
and less costly than air passenger data available from com-
mercial providers, such as the IATA. This approach can 
identify areas of heightened mobility that are potentially 
at risk for onward transmission, as we have shown in this 
analysis. Geocoded Twitter data can be a good proxy for 
human mobility (15), but prior research did not explore 
how such data can be a timely resource for preparedness 
and response to infectious disease outbreaks.

Similar to others who have used IATA and Twitter 
data in their studies, we found these novel data sources to 
be reliable and useful. However, we note that Twitter data 
can potentially be biased because Twitter users may repre-
sent a select population whose mobility patterns differ from 
those of the general population; more specifically, they 
represent a population of Twitter users who have allowed 
Twitter to follow their geolocations. Future studies need to 
validate the use of social media data in such applications. 
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Figure 5. Estimated areas of 
risk for chikungunya spread from 
the outbreak areas of Anzio and 
Rome in the Lazio region, Italy, 
based on combined VC and 
MP estimates, August–October 
2017. Heavy outlines indicate 
the outbreak areas. MP, mobility 
proximity; VC, vectorial capacity.
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These methods are an improvement over mobile telephone 
tracking data because they do not rely on a single provider 
network and are a less costly data source to acquire.

Seasonal weather forecasts may have provided better 
input into the assessment of vectorial capacity, specifically 
for the fall of 2017. Moreover, autochthonous transmission 
risk may also be related to local proliferation of vectors and 
local environmental, social, and behavioral characteristics, 
such as awareness about the symptoms of chikungunya 
(Appendix 3). Such factors have been found to be associ-
ated with the local transmission risk for dengue (33). Last, 
because of the paucity and underreporting of chikungunya 
cases, we may have potentially underestimated the passen-
ger volume from active transmission areas in Africa.

This study illustrates the potential value of using big 
data (18–20) to pinpoint areas at risk for the introduction 
and dispersion of emerging infectious diseases. The analy-
sis identified that the areas at greatest risk were those in 
close proximity to the original outbreaks and several larger 
metropolitan areas. The trajectory and sustained spread of 
emerging infectious diseases can be anticipated with pre-
dictive modeling in real time. This study suggests that big 
data can be an indispensable tool for the prevention and 
control of emerging infectious diseases.
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West Nile virus (WNV) and Usutu virus (USUV) circulate in 
several European Union (EU) countries. The risk of trans-
fusion-transmitted West Nile virus (TT-WNV) has been rec-
ognized, and preventive blood safety measures have been 
implemented. We summarized the applied interventions in 
the EU countries and assessed the safety of the blood sup-
ply by compiling data on WNV positivity among blood donors 
and on reported TT-WNV cases. The paucity of reported TT-
WNV infections and the screening results suggest that blood 
safety interventions are effective. However, limited circula-
tion of WNV in the EU and presumed underrecognition or 
underreporting of TT-WNV cases contribute to the present 
situation. Because of cross-reactivity between genetically re-
lated flaviviruses in the automated nucleic acid test systems, 
USUV-positive blood donations are found during routine 
WNV screening. The clinical relevance of USUV infection in 
humans and the risk of USUV to blood safety are unknown.

West Nile virus (WNV) and Usutu virus (USUV) 
are arthropod-borne flaviviruses that belong to the 

Japanese encephalitis serocomplex. Their natural life cycle 
involves ornithophilic mosquitoes (predominantly Culex 
spp.) as vectors and birds as amplifying hosts. Mammals, 
including horses and humans, may act as accidental hosts. 
In temperate climate zones, WNV and USUV usually cir-
culate from late spring to mid-autumn, when competent 
mosquitoes are active.

WNV was detected in Europe in 1958 (1). Among its 
9 evolutionary lineages (2), WNV lineages 1 and 2 are the 
most notable. Most recent outbreaks of WNV infections in 
the European Union (EU) are caused by the central Europe-
an lineage 2 WNV, which was introduced to southeastern 
Hungary in 2004 (3) and has spread to other countries in 
Europe since 2008 (4,5). Another (eastern European) lin-
eage 2 WNV was independently introduced to the Volgo-
grad area of Russia at approximately the same time (6) and 
spread from there to Romania (7) and Italy (8). In addition, 
lineage 1 WNV strains are still circulating in Europe, partly 
overlapping with lineage 2 strains (8,9). Around 80% of 
WNV infections in humans are asymptomatic (9,10). Most 
clinical WNV infections present with mild, influenza-like 
symptoms, and ≈1% of infected persons, most often the 
elderly or immunosuppressed, develop West Nile neuro-
invasive disease (WNND), which causes variable rates of 
illness and death (9,10). 

In humans, transmission of WNV through blood trans-
fusion, organ transplantation, breast-feeding, and intrauter-
ine means has been reported (11–14). WNV poses a risk to 
blood safety because an asymptomatic donor may donate 
infectious blood, which, if transfused, may cause a serious 
clinical illness in the recipient. To mitigate such risk, EU 
countries apply measures described in the EU Directives 
(15), professional guidelines (16), and the European Cen-
tre for Disease Prevention and Control (ECDC) coordi-
nated blood safety preparedness plan (17). As part of these 
actions, blood banks should apply blood safety measures 
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West Nile and Usutu Viruses and Blood Safety 

directed to donors residing in or visiting areas affected by 
WNV (17). An area with >1 confirmed case of autochtho-
nous WNV transmission to humans is considered affected 
(18). To support EU countries in applying legislation re-
lated to travelers visiting affected areas, the ECDC has de-
veloped web-based maps indicating areas at Nomenclature 
of Territorial Units for Statistics (NUTS) level 3 in the EU 
where confirmed cases of WNV infections in humans have 
been reported (19).

USUV is a mosquitoborne flavivirus closely related 
to WNV that was reported in Europe as a cause of death 
in birds (mainly blackbirds) in and around Vienna, Aus-
tria, in 2001 (20). It was also retrospectively identified as 
the etiologic agent of blackbird die-off in the Tuscany re-
gion of Italy in 1996 (21). Since then, the virus has spread 
across Europe (22,23). Clinically manifested cases of 
USUV infection in humans are rarely detected. In 2003, 
USUV-specific nucleic acid was identified in the blood of 
a young man with a rash in a USUV-endemic area around 
Vienna (24). In 2009, two human cases of USUV-related 
neuroinvasive illness were reported in Italy (25,26), and 
in 2013, three other human cases were reported in Croa-
tia (27). USUV has also been recently associated with a 
clinical diagnosis of idiopathic facial paralysis in France 
(28). Transfusion-transmitted USUV infection has not 
been reported.

We evaluated the safety of the blood supply during 
WNV outbreaks in the EU by summarizing the preventive 
strategies applied, the functional use of WNV infection 

distribution maps by blood banks and responsible blood 
safety authorities, the occurrence of WNV infections 
among blood donors, and cases of transfusion-transmitted 
WNV (TT-WNV) infection. Because USUV circulates or 
cocirculates with WNV in certain EU countries (29) and 
current virus RNA detection systems show cross-reactivity 
between these viruses, we also discuss the threat posed by 
USUV to blood safety.

Materials and Methods
ECDC organized an expert meeting in Vienna in March 
2018. Experts and representatives of the National Compe-
tent Authorities for blood and blood components from 11 
countries in Europe presented relevant data, which we used 
in this evaluation. The European Blood Alliance provided 
data on preventive measures from the other EU member 
states. We also reviewed the scientific literature on blood 
donation and transfusion-related WNV and USUV infec-
tions, and retrieved data on reported cases of WNV infec-
tion in the EU population from The European Surveillance 
System (TESSy) of ECDC.

Results
According to data reported to TESSy during 2009–2017, a 
total of 1,757 cases of WNV infection, with an annual range 
from 30 to 356 cases, were reported in the EU countries 
(Figure). Most cases (1,695) were reported to be locally ac-
quired; only 62 cases were imported (30). We summarized 
data on WNV infection among blood donors, which were 
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Figure. Annual number of 
locally acquired and imported 
WNV infection cases in the 
European Union reported to the 
European Surveillance System 
during 2009–2017. WNV,  
West Nile virus.
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not consistently reported. Detailed descriptions of blood 
safety measures and frequencies of WNV-and USUV-pos-
itive blood donations in the EU are provided in the Ap-
pendix (https://wwwnc.cdc.gov/EID/article/25/6/18-1755-
App1.pdf).

Preventive Strategies
As of August 31, 2018, most EU countries (15/17; 88%) 
without local WNV transmission to humans apply a 28-
day deferral of asymptomatic blood donors after they 
leave an area with ongoing transmission of WNV to hu-
mans. These countries defer donors with a travel history 
to WNV-affected areas within EU at NUTS 3 level or at 
a country level in affected non-EU countries such as the 
United States, Canada, and countries in the tropical zone 
(delimited by latitudes 23°26′12.5″ in the Northern and 
Southern Hemispheres). The minimum time spent in an 
affected area that countries consider as a deferral criterion 
varies from 1 night to 2 consecutive days. As alternatives 
to the 28-day deferral, the United Kingdom uses a mini-
pool (MP) of 6 samples and Ireland performs individual 
donation (ID) WNV screening using nucleic acid testing 
(NAT) of blood donations from traveling donors who 
have visited a WNV-affected country in the previous 28 
days during the mosquito season (May–November). These 
methods are used to avoid donor shortages resulting from 
deferral and the cost incurred to maintain an adequate do-
nor base by recruiting new donors. Some blood banks in 
Germany perform either MP or ID-NAT screening of do-
nations from travelers to affected areas.

As of August 31, 2018, a total of 11 of 28 (39%) EU 
countries have reported local autochthonous transmission 
of WNV; 9 (81%) of those countries implemented NAT 
screening of blood donations (Table 1). For purposes of 
implementation of local blood safety measures, geograph-
ic determination of an area in which a vectorborne dis-
ease is present is based on epidemiologic analysis and risk  
assessment (18).

ECDC’s WNV Maps
All blood banks in the EU use WNV maps to assess the 
travel-related risk of WNV infection among blood donors. 
Although the weekly updated maps are publicly avail-
able, some National Competent Authorities for Blood 
use ECDC WNV maps and supporting tables to produce 
national instructive documents for blood banks. Upon 
detection of a WNV NAT-reactive donor, blood banks 
retrieve and quarantine blood components derived from 
whole blood donated by the involved donor 120 days be-
fore the date of collection of the reactive donation and 
initiate a retrospective (lookback) analysis of recipients 
of potentially implicated blood components. There have 
been instances of observed differences between data on 

confirmed and probable human cases shown in the maps 
and reported by other sources (e.g., Rapid Alert System 
for Blood and Blood Components [RAB]), which is par-
tially the result of occasional delays of longer than 10 
days in reporting of cases to ECDC by some member 
states. These discrepancies could cause uncertainties for 
the map users and delays in the implementation of blood 
safety measures.

WNV Infections among Blood Donors
During 2010–2017, blood banks in the affected ar-
eas of 7 EU countries (Austria, France, Greece, Italy, 
Portugal, Romania, and Spain) detected 152 WNV 
RNA–reactive donations among 2,636,653 donated 
blood units, corresponding to a mean frequency of 
0.60 (range 0–2.95) positive donations/10,000 dona-
tions tested (Table 2). This estimation of WNV-positive 
donations in the EU is biased by the small amount of 
data from countries with sporadic outbreaks. In coun-
tries with established continuous WNV circulation 
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Table 1. Occurrence of locally transmitted or imported cases of 
West Nile virus infection and blood safety measures by country in 
the European Union as of August 31, 2018* 

Country 

Affected areas with 
local transmission 
cases (measure) 

Nonaffected areas 
with imported cases 

(measure) 
Austria + (MP-NAT) 0 (D/MP-NAT†) 
Belgium 0 0 (D) 
Bulgaria + (D) 0 (D) 
Croatia + (ID-NAT‡)  0 (D) 
Cyprus 0 0 (D) 
Czech Republic 0 0 (D) 
Denmark 0 0 (D) 
Estonia 0 0 (D) 
Finland 0 0 (D) 
France + (ID-NAT) 0 (D) 
Germany 0 0 (D/MP/ID-NAT†) 
Greece + (ID-NAT/D/TSD) + (D) 
Hungary + (D) 0 (D) 
Ireland 0 + (ID-NAT 
Italy + (ID-NAT) + (D/ID-NAT†) 
Latvia 0 0 (D) 
Lithuania 0 0 (D) 
Luxembourg 0 0 (D) 
Malta 0 0 (D) 
Netherlands 0 + (D) 
Poland 0 0 (D) 
Portugal + (ID-NAT) 0 (D) 
Romania + (2D-NAT†/D/TSD) + (D) 
Slovakia 0 0 (D) 
Slovenia + (ID-NAT‡) 0 (D) 
Spain +(ID-NAT) 0(D) 
Sweden 0 +(D) 
United Kingdom 0 +(MP-NAT) 
*D, 28-d deferral of donors coming from affected areas; ID-NAT, individual 
donation NAT; 2D-NAT, 2 donations NAT; MP-NAT, minipool NAT; NAT, 
nucleic acid testing; TSD, temporary stop of donations in the area; 
+,  presence of cases; 0, absence of cases. More information about data 
collection in the different European Union countries is provided in the 
Appendix (https://wwwnc.cdc.gov/EID/article/25/6/18-1755-App1.pdf). 
†NAT screening in some blood banks. 
‡NAT screening began in the end of summer 2018. 
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in humans, such as Greece and Italy, the number of  
WNV-positive blood donations is proportional to the 
number of reported clinical cases in the general popu-
lation, showing correlation coefficients of, for instance, 
R = 0.92 for Greece and R = 0.69 for Italy. Consequent-
ly, during the peak years, the positivity rate per 10,000 
donations was 2.95 in Greece and 1.20 in Italy. In Aus-
tria, France, Spain, and Portugal, no positive blood do-
nation was observed when only 1–3 autochthonous hu-
man WNV infections were detected in the population.

Transfusion-Transmitted WNV Infection
One report of WNV infectious blood donation noted that this 
donation resulted in TT-WNV infections in 2 patients (31). 
In 2012, the Greek Haemovigilance Centre reported these 
2 TT-WNV infections: 1 patient received a platelet transfu-
sion and developed WNND, and another patient received 
fresh frozen plasma and became positive for WNV but re-
mained asymptomatic. Both blood components, including 
nontransfused erythrocytes, were prepared from a single 
whole blood donation and tested positive for WNV RNA  

after notification. These erythrocytes were discarded. The 
implicated donor, who retrospectively received a diagnosis of  
WNV infection, donated blood 8 days before a case of 
WNV infection in Greece was reported and preventive 
measures initiated (31).

Threat to Blood Safety Posed by Emerging USUV
Because of NAT cross-reactivity, USUV-infected dona-
tions in the EU blood supply have been detected during 
routine screening of blood donations for WNV RNA. A 
USUV RNA–positive blood donor in the EU was detected 
in Germany in 2016 (32). In 2017, the follow-up investi-
gation of 7 donors among 12,047 donations from eastern 
Austria whose blood tested positive by NAT (Cobas WNV 
assay; Roche Diagnostics, https://diagnostics.roche.com), 
showed by virus-specific NATs and sequencing that 6 of 
them had USUV infection, not WNV (33). Retrospec-
tive analyses of 4 blood donations among 70,864 dona-
tions from eastern Austria diagnosed as WNV-positive in 
2016 showed 1 USUV-positive sample (33). In the 2018 
transmission season, the highest-ever number of WNV 
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Table 2. Autochthonous and imported cases of WNV infection and WNV-positive blood donations by country in the European Union, 
2009–2017* 

Country and year 
No. cases of WNV infection, 
autochthonous (imported) 

No. WNV-positive blood 
donations 

No. blood donations 
screened 

WNV-positive blood 
donations/10,000 donations 

Austria†     
 2014 2 0 67,800 0.00 
 2015 6 5 74,677 0.67 
 2016 5 3 70,864 0.42 
 2017 6 2 67,544 0.30 
France†     
 2015 1 0 30,900 0.00 
 2017 2 0 4,044 0.00 
Greece     
 2010 262 8 27,108 2.95 
 2011 99 (1) 5 105,610 0.47 
 2012 160 (2) 4 36,911 1.08 
 2013 86 1 26,910 0.37 
 2014 15 0 6,662 0.00 
 2017 48 0 3,779 0.00 
Italy     
 2009 18 2 59,815 0.33 
 2010 11 6 118,295 0.51 
 2011 32 4 148,255 0.27 
 2012 73 14 116,255 1.20 
 2013 126 (3) 19 284,564 0.67 
 2014 24 4 334,356 0.12 
 2015 61(1) 16 322,196 0.50 
 2016 76 (5) 31 455,930 0.68 
 2017 57 (1) 25 338,900 0.74 
Portugal     
 2015 1 0 4,247 0.00 
Romania‡     
 2016 17 1 10,694 0.94 
 2017 16 1 11,390 0.88 
Spain     
 2010 2 0 10,768 0.00 
 2016 3 0 9,457 0.00 
*USUV, Usutu virus; WNV, West Nile virus. 
†Austria corrected numbers of WNV-positive cases and donations by excluding USUV-positive donations in 2016 and 2017. Other affected countries did 
not make corrections related to possible USUV positivity. 
‡Data from affected areas where blood donations were screened. 
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and USUV NAT-positive blood donations were identi-
fied in eastern Austria (5 WNV NAT–positive, 17 USUV 
NAT–positive, and 1 WNV/USUV double infection among 
31,598 blood donations) (34). Similarly, in the Lazio re-
gion of Italy, all 5 WNV NAT–reactive blood donations in 
2017 and 2018 turned out to contain USUV, and not WNV, 
RNA (35). USUV antibodies in blood donors had been de-
tected earlier. In 2009, four of 359 healthy blood donors 
were positive for USUV IgG in Italy (36), and in 2012, 
one of 4,200 screened blood donations tested positive for 
USUV IgG and IgM in southwest Germany (37).

Discussion
The differences in the applied WNV blood safety mea-
sures in the EU countries with autochthonous human 
WNV transmission probably reflect the fact that the EU 
Blood Directives define measures only for donors return-
ing from WNV-affected areas but not for donors resid-
ing in affected areas (15,38). Therefore, in the affected 
areas, each EU country applies blood safety interventions 
consistent with its national epidemiologic situation, eco-
nomic capabilities, and experiences, as well as the EU 
preparedness plan for the prevention of TT-WNV (17), 
the European blood guide (16), recommendations from 
the US Food and Drug Administration (39), the Ameri-
can Association of Blood Banks standards (40), and other 
sources. Because of the smaller magnitude of outbreaks in 
affected EU countries, various blood safety measures are 
applied only locally. Conversely, driven by a continuous 
high number of WNV infection cases, an all-year univer-
sal donor screening has been implemented nationwide in 
the United States, but in Canada, donor screening is done 
only during the summer. Both countries switch from MP 
to ID-NAT depending on WNV activity levels (39,41). As 
predicted by models of environmental and climatic driv-
ers (42), and after a substantial increase in human cases 
in 2018 (43), it is likely that WNV activity and the preva-
lence of infection in the donor population will increase 
across the EU in the future, which will inevitably call for 
greater screening of blood donations.

Changes in the epidemiology of existing infections 
and increasingly frequent emerging and reemerging infec-
tions may challenge the relevance of the current EU legisla-
tion on blood, tissues, and cells. Because the affected area 
at NUTS 3 level, which is currently used by EU countries 
in the donor selection procedure for travelers, could be con-
siderably broader than the geographic area with ongoing 
transmission to humans, a new term should be developed 
for such affected areas to avoid misinterpretations. The role 
of ECDC in coordination of the development of common 
preparedness plans at the EU level (e.g., EU preparedness 
plans for the prevention of transfusion-transmitted WNV 
and Zika virus infections and safety of substances of human 

origin [17,44]) is to identify gaps in measures mandated 
through existing legislation and to achieve a high consis-
tency and efficacy of implemented measures.

The mean frequency of 0.60 WNV RNA–positive do-
nations/10,000 blood donations at the EU level is similar 
to data from the United States, where the American Red 
Cross detected 1,576 WNV-positive donations among 27 
million donations during 2003–2012 (0.59 [range 0.18–
1.49] positive/10,000 donations) (45). Observed data in 
the EU and United States show that the mean frequencies 
of WNV-positive blood donations in affected areas are 
low but not negligible. These data and experiences from 
the EU countries suggest that, in newly affected areas, 
initial cases of WNV transmission to humans tend to be 
sporadic, posing a low risk to potential blood donors, es-
pecially travelers. Such risk increases when more clinical 
cases are reported in the population, indicating that con-
tinuous transmission of WNV to humans has been estab-
lished. However, in previously affected or endemic areas 
in Greece and Italy, WNV-positive donations had been re-
ported before clinical cases were diagnosed in the general 
population (46–48). In Greece, lookback studies in 2010 
of possible TT-WNV among patients with thalassemia re-
vealed that some WNV-positive blood units might have 
been donated before the criteria used for initiating the 
implementation of blood screening with NAT were met 
(48). In Italy, circulation of the virus between birds and 
mosquitoes or a single case of transmission to a human or 
animal host are considered indicators of an increased risk 
of virus transmission to humans, and screening of blood 
donation starts even before the first case in humans is con-
firmed. Conversely, the absence of WNV-positive blood 
donated by travelers returning from affected areas calls 
for reevaluating triggers for implementation of traveler 
risk-related safety interventions because increased defer-
rals may have an effect on donor availability, especially 
during summer months.

Only 1 case of fully documented WNV transmission 
from a single donation to 2 recipients has been reported in 
the EU (31), which suggests that the current blood safety 
measures effectively prevent WNV infectious blood do-
nations from entering the blood supply in the EU. How-
ever, besides blood safety interventions, other factors that 
constitute the risk of TT-WNV infection also contribute 
to the current situation. Considering that the projected in-
cidence of WNV-positive donations generally correlates 
with WNND case frequencies (49), it is possible that the 
number of WNV-positive donations associated with the 
annual number of 30–356 cases of WNV infection in the 
EU (30) is too low for the occurrence of low-viremic dona-
tions that might escape safety interventions. In the United 
States, where substantially more WNV cases are reported 
annually, some breakthrough transfusion-transmitted cases 
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occurred because of low-level viremia that escaped detec-
tion by MP-NAT (50). It is also believed that, despite the 
implemented surveillance and hemovigilance protocols 
and improvements in diagnostic tests, many WNV-like 
symptoms were undiagnosed, or the routes of infection 
were not investigated. Thus, a certain level of underrecog-
nition and underreporting certainly contributes to the lack 
of TT-WNV cases. 

Recent molecular and serologic surveillance studies 
in Germany, Austria, and Italy identified USUV infections 
in blood donors (32,33,36,37). USUV is currently circu-
lating more widely than WNV in the EU (22,23,33). His-
torically, USUV was introduced to Europe decades after 
WNV, although WNV activity was low in Europe before 
2008. Because of the similar environmental requirements, 
mosquito vectors, and amplifying cycle in birds, USUV has 
easily been introduced in areas where WNV was present, 
resulting in a substantial geographic overlap in the circula-
tion of these 2 viruses. USUV is currently spreading more 
intensively into new areas than WNV (22). Consequently, 
USUV but not WNV is currently circulating in the Nether-
lands, Belgium, and Switzerland (33). Furthermore, in Ger-
many, only a few cases of WNV infections in birds were 
identified in 2018, whereas USUV is endemic throughout 
the country. No transfusion-associated USUV infection has 
been reported. However, the occurrence of USUV among 
blood donors is not fully determined because countries 
with USUV but without WNV circulation are not required 
to screen blood donations for flavivirus RNA. Assessing 
the risk of USUV transmission through blood transfusion 
and the clinical relevance of USUV infections in humans 
is therefore crucial. The currently used ID-NATs for blood 
screening are highly sensitive. The cross-reactivity of these 
test systems with USUV (33,34) and potentially with other 
members of the Japanese encephalitis virus complex can 
contribute to the detection of these flaviviruses in donated 
blood. WNV NAT–reactive donations should therefore 
undergo virus-specific confirmatory tests to determine the 
actual flavivirus present in donated blood.

In summary, the paucity of reported TT-WNV cases 
provides reassurance about the efficacy of WNV blood 
safety interventions in the EU. However, the cocirculation 
of WNV and USUV in several EU countries, together with 
the yet unknown transfusion risk and clinical relevance of 
human USUV infections, needs further attention.

About the Author
Dr. Domanović is a senior expert in the vigilance and traceability 
of substances of human origin at the European Centre for  
Disease Prevention and Control, Stockholm, Sweden. His 
research interests are donor-derived infections, emerging 
infections, and risk of infectious diseases transmission though 
substances of human origin.

References
  1. Hubálek Z, Halouzka J. West Nile fever—a reemerging mosquito-

borne viral disease in Europe. Emerg Infect Dis. 1999;5:643–50. 
http://dx.doi.org/10.3201/eid0505.990505

  2. Pachler K, Lebl K, Berer D, Rudolf I, Hubalek Z, Nowotny N. 
Putative new West Nile virus lineage in Uranotaenia unguiculata 
mosquitoes, Austria, 2013. Emerg Infect Dis. 2014;20:2119–22. 
http://dx.doi.org/10.3201/eid2012.140921

  3. Bakonyi T, Ivanics E, Erdélyi K, Ursu K, Ferenczi E,  
Weissenböck H, et al. Lineage 1 and 2 strains of encephalitic West 
Nile virus, central Europe. Emerg Infect Dis. 2006;12:618–23. 
http://dx.doi.org/10.3201/eid1204.051379

  4. Bakonyi T, Ferenczi E, Erdélyi K, Kutasi O, Csörgő T, Seidel B,  
et al. Explosive spread of a neuroinvasive lineage 2 West Nile virus 
in Central Europe, 2008/2009. Vet Microbiol. 2013;165:61–70. 
http://dx.doi.org/10.1016/j.vetmic.2013.03.005

  5. Papa A, Bakonyi T, Xanthopoulou K, Vazquez A, Tenorio A, 
Nowotny N. Genetic characterization of West Nile virus lineage 2, 
Greece, 2010. Emerg Infect Dis. 2011;17:920–2. http://dx.doi.org/ 
10.3201/eid1705.101759

  6. Platonov AE, Karan’ LS, Shopenskaia TA, Fedorova MV,  
Koliasnikova NM, Rusakova NM, et al. Genotyping of West Nile 
fever virus strains circulating in southern Russia as an epidemio-
logical investigation method: principles and results [in Russian].  
Zh Mikrobiol Epidemiol Immunobiol. 2011;2:29–37.

  7. Sirbu A, Ceianu CS, Panculescu-Gatej RI, Vazquez A, Tenorio A, 
Rebreanu R, et al. Outbreak of West Nile virus infection in humans, 
Romania, July to October 2010. Euro Surveill. 2011;16:19762.

  8. Ravagnan S, Montarsi F, Cazzin S, Porcellato E, Russo F,  
Palei M, et al. First report outside eastern Europe of West Nile 
virus lineage 2 related to the Volgograd 2007 strain, northeastern 
Italy, 2014. Parasit Vectors. 2015;8:418. http://dx.doi.org/10.1186/
s13071-015-1031-y

  9.  Sambri V, Capobianchi M, Charrel R, Fyodorova M, Gaibani P, 
Gould E, et al. West Nile virus in Europe: emergence,  
epidemiology, diagnosis, treatment, and prevention. Clin  
Microbiol Infect. 2013;19:699–704. http://dx.doi.org/10.1111/ 
1469-0691.12211

10. Barzon L, Papa A, Lavezzo E, Franchin E, Pacenti M, Sinigaglia A,  
et al. Phylogenetic characterization of central/southern European 
lineage 2 West Nile virus: analysis of human outbreaks in Italy and 
Greece, 2013–2014. Clin Microbiol Infect. 2015;21:1122.e1–10. 
http://dx.doi.org/10.1016/j.cmi.2015.07.018

11. Harrington T, Kuehnert MJ, Kamel H, Lanciotti RS, Hand S,  
Currier M, et al. West Nile virus infection transmitted by blood 
transfusion. Transfusion. 2003;43:1018–22. http://dx.doi.org/ 
10.1046/j.1537-2995.2003.00481.x

12. Hinckley AF, O’Leary DR, Hayes EB. Transmission of West Nile 
virus through human breast milk seems to be rare. Pediatrics. 
2007;119:e666–71. http://dx.doi.org/10.1542/peds.2006-2107

13. Centers for Disease Control and Prevention (CDC). Intrauterine 
West Nile virus infection—New York, 2002. MMWR Morb Mortal 
Wkly Rep. 2002;51:1135–6.

14. Pealer LN, Marfin AA, Petersen LR, Lanciotti RS, Page PL,  
Stramer SL, et al.; West Nile Virus Transmission Investigation 
Team. Transmission of West Nile virus through blood transfusion  
in the United States in 2002. N Engl J Med. 2003;349:1236–45. 
http://dx.doi.org/10.1056/NEJMoa030969

15. European Commission. Commission Directive 2014/110/EU of 17 
December 2014 amending Directive 2004/33/EC as regards  
temporary deferral criteria for donors of allogeneic blood donations 
2014 [cited 2018 Mar 11]. http://eur-lex.europa.eu/legal-content/
EN/TXT/?uri=OJ%3AJOL_2014_366_R_0011

16. European Directorate for the Quality of Medicines and Healthcare. 
Guide to the preparation, use and quality assurance of blood  
components, 19th ed. Strasbourg (France): Council of Europe; 2016.

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 6, June 2019 1055



PERSPECTIVE

17. European Commission. West Nile virus and blood safety— 
introduction to a preparedness plan in Europe 2012 [cited 2018  
Mar 11]. https://ec.europa.eu/health/sites/health/files/blood_ 
tissues_organs/docs/wnv_preparedness_plan_2012.pdf

18. Domanovic D, Giesecke J. How to define an area where  
transmission of arthropod-borne disease is occurring? Euro  
Surveill. 2012;17:20171.

19. European Center for Disease Prevention and Control (ECDC).  
West Nile fever maps 2012 [cited 2012 Feb 22]. http://ecdc.europa.
eu/en/activities/diseaseprogrammes/emerging_and_vector_borne_
diseases/pages/west_niles_fever_risk_maps.aspx

20. Weissenböck H, Kolodziejek J, Url A, Lussy H, Rebel-Bauder B,  
Nowotny N. Emergence of Usutu virus, an African mosquito-
borne flavivirus of the Japanese encephalitis virus group, central 
Europe. Emerg Infect Dis. 2002;8:652–6. http://dx.doi.org/10.3201/
eid0807.020094

21. Weissenböck H, Bakonyi T, Rossi G, Mani P, Nowotny N.  
Usutu virus, Italy, 1996. Emerg Infect Dis. 2013;19:274–7.  
http://dx.doi.org/10.3201/eid1902.121191

22. Cadar D, Lühken R, van der Jeugd H, Garigliany M, Ziegler U, 
Keller M, et al. Widespread activity of multiple lineages of Usutu 
virus, western Europe, 2016. Euro Surveill. 2017;22:30452.  
http://dx.doi.org/10.2807/1560-7917.ES.2017.22.4.30452 

23. Bakonyi T, Erdélyi K, Brunthaler R, Dán Á, Weissenböck H, 
Nowotny N. Usutu virus, Austria and Hungary, 2010-2016. Emerg 
Microbes Infect. 2017;6:e85.

24. Weissenböck H, Chvala-Mannsberger S, Bakonyi T, Nowotny N. 
Emergence of Usutu virus in central Europe: diagnosis,  
surveillance and epizootiology. In: Takken W, Knols BGJ, editors. 
Emerging pests and vector-borne diseases in Europe—ecology and 
control of vector-borne diseases. Wageningen (the Netherlands): 
Wageningen Academic Publishers; 2007. p. 153–68. 

25. Pecorari M, Longo G, Gennari W, Grottola A, Sabbatini A,  
Tagliazucchi S, et al. First human case of Usutu virus  
neuroinvasive infection, Italy, August–September 2009. Euro 
Surveill. 2009;14:19446.

26. Cavrini F, Gaibani P, Longo G, Pierro AM, Rossini G, Bonilauri P, 
et al. Usutu virus infection in a patient who underwent orthotropic 
liver transplantation, Italy, August–September 2009. Euro Surveill. 
2009;14:19448.

27. Santini M, Vilibic-Cavlek T, Barsic B, Barbic L, Savic V,  
Stevanovic V, et al. First cases of human Usutu virus neuroinvasive 
infection in Croatia, August–September 2013: clinical and  
laboratory features. J Neurovirol. 2015;21:92–7. http://dx.doi.org/ 
10.1007/s13365-014-0300-4

28. Simonin Y, Sillam O, Carles MJ, Gutierrez S, Gil P, Constant O,  
et al. Human Usutu virus infection with atypical neurologic  
presentation, Montpellier, France, 2016. Emerg Infect Dis. 
2018;24:875–8. http://dx.doi.org/10.3201/eid2405.171122

29. Nikolay B. A review of West Nile and Usutu virus co-circulation in 
Europe: how much do transmission cycles overlap? Trans R Soc Trop 
Med Hyg. 2015;109:609–18. http://dx.doi.org/10.1093/trstmh/trv066

30. European Center for Disease Prevention and Control. The  
European surveillance system 2018 [cited 2018 Aug 31].  
https://ecdc.europa.eu/en/publications-data/european-surveillance-
system-tessy

31. Pervanidou D, Detsis M, Danis K, Mellou K, Papanikolaou E, 
Terzaki I, et al. West Nile virus outbreak in humans, Greece, 2012: 
third consecutive year of local transmission. Euro Surveill.  
2014;19:20758. http://dx.doi.org/10.2807/1560-7917.
ES2014.19.13.20758

32. Cadar D, Maier P, Müller S, Kress J, Chudy M, Bialonski A, et al. 
Blood donor screening for West Nile virus (WNV) revealed acute 
Usutu virus (USUV) infection, Germany, September 2016. Euro 
Surveill. 2017;22:30501. http://dx.doi.org/10.2807/1560-7917.
ES.2017.22.14.30501

33. Bakonyi T, Jungbauer C, Aberle SW, Kolodziejek J,  
Dimmel K, Stiasny K, et al. Usutu virus infections among blood 
donors, Austria, July and August 2017—raising awareness for  
diagnostic challenges. Euro Surveill. 2017;22:17-00644.  
http://dx.doi.org/10.2807/1560-7917.ES.2017.22.41.17-00644

34. Aberle SW, Kolodziejek J, Jungbauer C, Stiasny K, Aberle JH, 
Zoufaly A, et al. Increase in human West Nile and Usutu virus 
infections, Austria, 2018. Euro Surveill. 2018;23:1800545.  
http://dx.doi.org/10.2807/1560-7917.ES.2018.23.43.1800545

35. Carletti F, Colavita F, Rovida F, Percivalle E, Baldanti F,  
Ricci I, et al. Expanding Usutu virus circulation in Italy:  
detection in the Lazio region, central Italy, 2017 to 2018. Euro 
Surveill. 2019;24:1800649.  http://dx.doi.org/10.2807/1560-7917.
ES.2019.24.3.1800649

36. Gaibani P, Pierro A, Alicino R, Rossini G, Cavrini F, Landini MP, 
et al. Detection of Usutu-virus-specific IgG in blood donors from 
northern Italy. Vector Borne Zoonotic Dis. 2012;12:431–3.  
http://dx.doi.org/10.1089/vbz.2011.0813

37. Allering L, Jöst H, Emmerich P, Günther S, Lattwein E,  
Schmidt M, et al. Detection of Usutu virus infection in a healthy 
blood donor from south-west Germany, 2012. Euro Surveill. 
2012;17:20341.

38. European Commission. Commission Directive 2004/33/EC of 22 
March 2004 implementing Directive 2002/98/EC of the European 
Parliament and of the Council as regards certain technical  
requirements for blood and blood components, 2004 [cited 2018 
Apr 25]. http://eur-lex.europa.eu/LexUriServ/LexUriServ.do?uri=O
J:L:2004:091:0025:0039:EN:PDF</eref>

39. US Department of Health and Human Services, Food and Drug 
Administration, Center for Biologics Evaluation and Research. 
Guidance for industry, use of nucleic acid tests to reduce the risk 
of transmission of West Nile virus from donors of whole blood 
and blood components intended for transfusion. 2009 [cited 2018 
Apr 25]. https://www.fda.gov/downloads/BiologicsBloodVaccines/
GuidanceComplianceRegulatoryInformation/Guidances/Blood/
UCM189464.pdf

40. American Association of Blood Banks. Standards for blood banks 
and transfusion services. 31st edition. Bethesda (MD): The  
Association; 2018.

41. Vamvakas EC, Kleinman S, Hume H, Sher GD. The development 
of West Nile virus safety policies by Canadian blood services:  
guiding principles and a comparison between Canada and the 
United States. Transfus Med Rev. 2006;20:97–109.  
http://dx.doi.org/10.1016/j.tmrv.2005.11.001

42. Semenza JC, Tran A, Espinosa L, Sudre B, Domanovic D, Paz S.  
Climate change projections of West Nile virus infections in 
Europe: implications for blood safety practices. Environ Health. 
2016;15(Suppl 1):28. http://dx.doi.org/10.1186/s12940-016-0105-4 

43. Haussig JM, Young JJ, Gossner CM, Mezei E, Bella A, Sirbu A, 
et al. Early start of the West Nile fever transmission season 2018 
in Europe. Euro Surveill. 2018;23:1800428. http://dx.doi.org/ 
10.2807/1560-7917.ES.2018.23.32.1800428 

44. European Center for Disease Prevention and Control. Zika virus 
and safety of substances of human origin: a guide for preparedness 
activities in Europe 2017 [cited 2018 Aug 31]. https://ecdc.europa.
eu/en/publications-data/zika-virus-and-safety-substances-human-
origin-guide-preparedness-activities-0

45. Dodd RY, Foster GA, Stramer SL. Keeping blood transfusion  
safe from West Nile virus: American Red Cross experience,  
2003 to 2012. Transfus Med Rev. 2015;29:153–61.  
http://dx.doi.org/10.1016/j.tmrv.2015.03.001

46. Rizzo C, Napoli C, Venturi G, Pupella S, Lombardini L,  
Calistri P, et al.; Italian WNV surveillance working group. West 
Nile virus transmission: results from the integrated surveillance 
system in Italy, 2008 to 2015. Euro Surveill. 2016;21:30340.  
http://dx.doi.org/10.2807/1560-7917.ES.2016.21.37.30340

1056 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 6, June 2019



West Nile and Usutu Viruses and Blood Safety 

47. Politis C, Tsoukala A, Hatzitaki M, Pappa A, Englezou A,  
Zafeiriou C, et al. West Nile virus (WNV) outbreak in Greece and 
blood safety measures. Vox Sang. 2011;101(Suppl1):42.

48. Politis C, Pappa A, Hassapopoulou H, Pantelidou D, Perifanis V,  
Teli A, et al.  Transfusion transmitted West Nile virus (WNV) infection 
in thalassaemic patients in Greece. Vox Sang. 2011;101(Suppl2):236.

49. Betsem E, Kaidarova Z, Stramer SL, Shaz B, Sayers M,  
LeParc G, et al. Correlation of West Nile virus incidence in donated 
blood with West Nile neuroinvasive disease rates, United States, 
2010–2012. Emerg Infect Dis. 2017;23:212–9. http://dx.doi.org/ 
10.3201/eid2302.161058

50. Stramer SL, Fang CT, Foster GA, Wagner AG, Brodsky JP,  
Dodd RY. West Nile virus among blood donors in the United 
States, 2003 and 2004. N Engl J Med. 2005;353:451–9.  
http://dx.doi.org/10.1056/NEJMoa044333

Address for correspondence: Dragoslav Domanović, European  
Centre for Disease Prevention and Control, Gustav III:s  
Boulevard 40 Solna, Stockholm 16973 Sweden; email:  
Dragoslav.Domanovic@ecdc.europa.eu

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 6, June 2019 1057

•  Increase in Ocular Syphilis Cases at Ophthalmologic 
Reference Center, France, 2012–2015 

•  Adenovirus Type 4 Respiratory Infections among Civilian 
Adults, Northeastern United States, 2011–2015 

•  Ecologic Features of Plague Outbreak Areas, Democratic 
Republic of the Congo, 2004–2014 

•  Hypervirulent Klebsiella pneumoniae in Cryptogenic Liver 
Abscesses, Paris, France 

•  Echinococcus spp. Tapeworms in North America 

•  Borrelia miyamotoi Infections in Humans and Ticks, 
Northeastern China 

•  Plasmid-Encoded Transferable mecB-Mediated Methicillin 
Resistance in Staphylococcus aureus 

•  Multiplex PCR–Based Next-Generation Sequencing and 
Global Diversity of Seoul Virus in Humans and Rats 

•  Clinical and Molecular Epidemiology of Staphylococcal Toxic 
Shock Syndrome in the United Kingdom 

•  Lethal Respiratory Disease Associated with Human 
Rhinovirus C in Wild Chimpanzees, Uganda, 2013 

•  Spread of Meropenem-Resistant Streptococcus pneumoniae 
Serotype 15A-ST63 Clone in Japan, 2012–2014

•  Role of Environmental Factors in Shaping Spatial Distribution 
of Salmonella enterica Serovar Typhi, Fiji 

•  Yersinia pestis Survival and Replication in Potential  
Ameba Reservoir 

•  New Parvovirus Associated with Serum Hepatitis in Horses 
after Inoculation of Common Biological Product 

•  Development of a Pediatric Ebola Predictive Score,  
Sierra Leone 

•  Trends in Infectious Disease Mortality, South Korea,  
1983–2015 

•  Use of Pristinamycin for Macrolide-Resistant Mycoplasma 
genitalium Infection 

•  Risk Communication and Ebola-Specific Knowledge and 
Behavior during 2014–2015 Outbreak, Sierra Leone 

•  Macacine Herpesvirus 1 Antibody Prevalence and DNA 
Shedding among Invasive Rhesus Macaques, Silver Springs 
State Park, Florida, USA 

•  Co-circulation of Influenza A H5, H7, and H9 Viruses and  
Co-infected Poultry in Live Bird Markets, Cambodia

•  Effects of Culling on Leptospira interrogans Carriage by Rats 

•  Scrub Typhus Outbreak in Chonburi Province, Central  
Thailand, 2013 

•  Epidemic Varicella Zoster Virus among University Students, 
India 

•  Fly Reservoir Associated with Wohlfahrtiimonas Bacteremia  
in a Human 

•  Containment of Highly Pathogenic Avian Influenza A(H5N1) 
Virus, Lebanon, 2016 

•  Emergomyces africanus in Soil, South Africa 

®

   February 2018

Zoonoses

To revisit the February 2018 issue, go to:

https://wwwnc.cdc.gov/eid/articles/issue/24/2/table-of-contents



Variegated squirrel bornavirus 1 (VSBV-1) is a zoonotic vi-
rus that causes fatal encephalitis in humans who are infected 
after contact with exotic squirrels. We analyzed the brain le-
sions and the immune responses in all 4 known human cases 
that showed panencephalitis. Inflammatory infiltrates in areas 
positive for VSBV-1 RNA and antigen consisted of CD4+ and 
CD8+ T cells, with perivascular B-cell accumulation. Strong 
microglial response and bizarre astroglial expansion were 
present. Areas of malacia contained neutrophils and foamy 
microglia and macrophages. Immunopathologic examina-
tion during infection showed cleavage of caspase 3 in brain 
cells adjacent to CD8+ cells and widespread p53 expression, 
hallmarks of apoptosis. Cerebrospinal fluid analyses over 
time demonstrated increasing protein concentrations and 
cell counts, paralleled by pathologic lactate elevations in all 
patients. The most severe cerebrospinal fluid and histologic 
changes occurred in the patient with the highest viral load, 
shortest duration of disease, and most medical preconditions.

Variegated squirrel bornavirus (VSBV-1; family Borna-
viridae, species Mammalian 2 orthobornavirus) is a 

new zoonotic virus that causes severe and eventually fa-
tal encephalitis in humans. VSBV-1 was discovered retro-
spectively in 2015 in a cluster of 3 fatal encephalitis cases 
among private breeders of exotic variegated squirrels (Sci-
urus variegatoides) in eastern Germany (1). Phylogenetic  
analyses showed that this virus forms a separate lineage 
within the Bornaviridae family. VSBV-1 is related to, but 
distinct from, the classical Borna disease virus 1 (BoDV-1; 
species Mammalian 1 orthobornavirus). Recently, also in 
retrospect, VSBV-1 was shown to be responsible for fatal 
limbic encephalitis in a zoo animal caretaker after contact 
with an exotic Prevost’s squirrel (Callosciurus prevostii) 
in northern Germany (2). The virus is of unknown origin 

(3) and most likely transmitted by bites and scratches of 
infected exotic squirrels of the subfamilies Sciurinae from 
Central America and Callosciurinae from Southeast Asia 
(1,2) in holdings in Europe. The animals are asymptomatic 
and show high viral RNA loads, not only in the brain but 
also in organs capable of secretion and excretion, such as 
the kidney, urinary bladder, skin, and oropharynx (1,3,4). 
The distribution of viral RNA and antigen in the human 
brain has been described only in 1 patient (the patient with 
limbic encephalitis) (2). The pathophysiology of human 
VSBV-1 infection and the immune response toward the vi-
rus in humans is unknown.

We here summarize clinical data of all 4 known human 
VSBV-1 encephalitis cases and describe the distribution of 
VSBV-1 in different brain areas as determined by real-time 
reverse transcription PCR (RT-PCR) and immunohisto-
chemical (IHC) analysis in the initial encephalitis cluster. 
We focus on the characterization of the central nervous 
system (CNS) immunologic response to VSBV-1 by IHC 
analyses of immune cells in the brain of all patients, as well 
as by examination of cerebrospinal fluid (CSF) reactions 
over time during the disease.

Patients, Materials, and Methods

Encephalitis Cases
Three patients were male private breeders (62–72 years 
of age) of exotic squirrels (1), and 1 patient was a female 
zoo animal caretaker (45 years of age) who had occupa-
tional contact with exotic squirrels (2). All 4 patients had 
had subacute, slow-onset, progressive, and eventually fatal 
encephalitis. Duration of their illnesses ranged from 2 to 4 
months. In all 4 patients, fever or chills, initial abdominal 
symptoms, and later respiratory problems occurred, in ad-
dition to signs of CNS involvement, such as confusion and 
psychomotor slowing. Myoclonus occurred in 2 patients 
and ataxia in 3 patients. Illnesses progressed to coma and 
death. Changes in the brain or meninges were visible by 
magnetic resonance imaging late in the course of the dis-
ease, >4 weeks after onset of the first symptoms (Table 1).
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From all 4 patients, formalin-fixed paraffin-embedded 
(FFPE) brain tissue was available; from patient 1, only a 
brain biopsy sample was available because no autopsy was 
granted. However, FFPE blocks from internal organs of pa-
tients 2–4 (myocardium, lungs, liver, kidney, spleen, bone 
marrow, intestine) were also available for analyses. Ethics 
clearance was obtained from the local ethics board (Medi-
cal Board of Hamburg, no. PV5616).

Molecular Assays
VSBV-1–specific quantitative real-time RT-PCR was per-
formed from FFPE tissues as previously described (1,2). 
Tissue samples from different brain areas from patients 1–3 
and samples of internal organs from patients 2 and 3 were 
analyzed in this study. For patient 4, real-time RT-PCR 
analyses for VSBV-1 RNA in different brain areas and in-
ternal organs had been performed previously (2).

Histologic and IHC Analyses
Standard hematoxylin and eosin staining was performed 
from FFPE CNS tissues of all 4 patients and from FFPE in-
ternal organs of patients 2–4. IHC for VSBV-1 antigen was 
performed for patients 1–3 on different CNS tissue samples 
and for patients 2–4 on internal organ samples. For patient 
4, IHC for VSBV-1 only from brain has been performed 
previously (2). For VSBV-1 IHC, polyclonal rabbit antise-
rum against viral N and P proteins was used (2).

Further IHC studies were performed for all 4 pa-
tients in CNS tissue samples to demonstrate glial fibril-
lary acidic protein (GFAP, 1:100; Zytomed Systems, 
https://www.zytomed-systems.de), CD3 (1:400; Epito-
mics Abcam, https://www.abcam.com), CD20 (1:150; 
Agilent, https://www.agilent.com), CD4 (1:30; Cell 
Marque, http://www.cellmarque.com), CD8 (1:20; Cell 
Marque), CD68 (1:100; Agilent), CD177 (1:33; Zytomed 
Systems), HLA-DR (1:50; DakoAgilent, https://www.
agilent.com/en/dako-products), inducible nitric oxide 
synthase (iNOS, 1:100; Zytomed Systems), cleaved 
caspase-3 (CC3, 1:300; Cell Signaling Technology, 
https://www.cellsignal.de), TdT-mediated dUTP-biotin 
nick end labeling (TUNEL assay, 1:10; SigmaAldrich/

Merck, https://www.sigmaaldrich.com), granzyme B 
(1:50; Agilent), Ki67 (1:20; DakoAgilent), and p53 
(1:50; DakoAgilent). After pretreatment with buffers 
containing Trilogy (medac diagnostika, http://www.
medac-diagnostika.de) at 95°C for CD177, EDTA (pH 8 
for CD4 and p53), or citrate (pH 6 for CD3, CD20, CD8, 
CD68, HLA-DR, iNOS, TUNEL, and Ki67) and endog-
enous peroxidase blocking, the FFPE tissue sections 
were incubated with the respective antibodies in Anti-
body Diluent Solution (Zytomed) at 4°C overnight. This 
step was followed by incubation with the DCS-AEC 2 
Component Detection Kit and 3-amino-9-ethylcarbazole 
substrate (DCS, http://www.dcs-diagnostics.de) for im-
munoperoxidase staining or the DCS AP Detection Kit 
and Fast Blue substrate (DCS) for immunophosphatase 
staining. Brain tissue from 5 patients without encepha-
litis served as negative controls and human lymphatic 
tissue as a positive control for immunologic staining of 
immune cells.

CSF Analyses
Total CSF protein and lactate concentrations and cell counts 
were performed following standard procedures from all 4 
patients over time while the patients were still alive. Patients 
were seen in different hospitals with an initially unknown 
disease and CSF analyses were performed in different time 
intervals. Intrathecal antibody synthesis was demonstrated 
by testing for oligoclonal bands (isoelectric focusing and 
immunofixation of IgG parallel in serum and CSF) and by 
calculation of the IgM, IgA, and IgG index (ratio between 
CSF and serum immunoglobulin class after correcting for 
albumin concentrations in the CSF and serum).

Results

Real-time RT-PCR Detection of VSBV-1 RNA
Real-time RT-PCR for VSBV-1 RNA was positive in 
different brain areas in all patients but negative in all 
internal organs. The highest viral loads were detected in 
midbrain regions, hippocampus, and temporal cerebral 
cortex (Table 2).
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Table 1. Characteristics of patients with fatal variegated squirrel bornavirus 1 encephalitis, Germany 
Characteristic Patient 1 Patient 2 Patient 3 Patient 4 
Year of illness (reference) 2011 (1) 2013 (1) 2013 (1) 2013 (2) 
Age, y/sex 63/M 62/M 72/M 45/F 
Duration of illness, mo. 3 2 4 3 
Medical preconditions Hypertension Hypertension, type 2 

diabetes, renal 
insufficiency 

Hypertension, obesity None 

Predominant symptoms Myoclonus, 
tetraparesis, coma 

Myoclonus, ataxia, 
coma 

Ocular paresis, ataxia, 
coma 

Ataxia, coma 

Geographic area (state) of 
infection 

East Germany 
(Saxony-Anhalt) 

East Germany 
(Saxony-Anhalt) 

East Germany 
(Saxony-Anhalt) 

North Germany (Schleswig-
Holstein) 

Squirrel contact Private breeder of 
variegated squirrels 

Private breeder of 
variegated squirrels 

Private breeder of 
variegated squirrels 

Zoo animal caretaker, contact 
with a Prevost’s squirrel 
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Histologic and IHC Analyses of Brain Tissue  
and Internal Organs in VSBV-1 Infection
In general, tissue analyses showed the histologic picture of 
a panencephalitis. Most commonly, the temporal and insu-
lar lobes and the basal ganglia and midbrain were affected.  

Areas of tissue necrosis (malacia), edema, perivascular lym-
phocyte cuffing, parenchymal lymphocyte infiltration, and 
glial activation were found in the brains of all patients in 
the white and gray matter in a random distribution (Figure 
1, panel A). Astrocytes appeared bizarre and enlarged (Fig-
ure 1, panel B). The most severe changes were found in the 
brain tissue of patient 2. Furthermore, satellitosis, occasional 
neuronophagia, single-cell necrosis of Purkinje cells (patients 
2 and 4), loss of hippocampal pyramidal cell layer (patient 
2), focally extensive hemorrhage (patient 2), and lipofuscin 
deposition were found. No Histopathologic analyses of the 
internal organs in the patients showed no inflammatory or de-
generative changes (data not shown). GFAP reactivity (Figure 
1, panel C) confirmed the strong astroglial activation consist-
ing of variably enlarged protoplasmic astrocytes which could 
be binucleated or multinucleated up to a bizarre appearance. 
Compared with negative control brains, patient brain tissues 
showed strong HLA-DR and CD68+ reactivity throughout 
the inflamed regions in predominantly foamy cells, which 
represent either lipid-laden microglia or macrophages, and 
in a few bushy microglia (Figure 1, panels D, E). In con-
trast, little iNOS production was seen (Appendix Figure 1,  
https://wwwnc.cdc.gov/EID/article/25/6/18-1082-App1.pdf).

Invasion by neutrophils showed infiltration of the 
brain parenchyma from blood vessels in areas of malacia 
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Figure 1. Brain inflammation in patients with fatal variegated squirrel bornavirus 1 encephalitis. A) Brain section showing mononuclear 
cell infiltration and tissue edema. Hematoxylin and eosin stain; original magnification ×100. B) Depiction of glial cell activation in a 
brain biopsy sample of malacia. Astrocytes appear bizarre and enlarged. Hematoxylin and eosin stain; original magnification ×400. C) 
Demonstration of glial fibrillary acidic protein (GFAP). Immunoperoxidase stain with hematoxylin counterstain; original magnification 
×200. D) Predominantly foamy cells (lipid-laden microglia or macrophages [arrows]) and a few bushy microglia (arrowheads) 
as shown by marked CD68 positivity throughout the inflamed regions. Immunoperoxidase stain with hematoxylin counterstain; 
original magnification ×200. E) HLA-DR (brown) and CD68 positivity (blue) indicating many reactive microglia and macrophages. 
Immunoperoxidase and immunophosphatase stains; original magnification ×200.

 
Table 2. Real-time RT-PCR results for variegated squirrel 
bornavirus 1 RNA in different brain areas and internal organs, 
Germany* 

Sample 
Cycle threshold 

Patient 1 Patient 2 Patient 3 
Cortical biopsy 31.2 30.8 N/A 
Cortex frontal NA 31.1 29.9 
Cortex temporal NA 27.9 28.9 
Striatum  NA 28.9 29.7 
Hippocampus  NA 28.3 29.4 
Midbrain/substantia nigra NA 26.4 29.4 
Cerebellum NA 34.6 29.9 
Olfactory bulb NA NA 29.7 
Myocardium NA Neg Neg 
Lungs NA Neg Neg 
Kidney NA Neg Neg 
Liver NA Neg Neg 
Spleen NA Neg Neg 
*All materials tested were formalin-fixed paraffin-embedded tissue 
specimens. Not all tissues were available from all patients because no 
autopsy was performed on patient 1 and no biopsy sample was taken from 
patient 3. From patient 4, real-time RT-PCR analyses for variegated 
squirrel bornavirus 1 RNA in different brain areas and internal organs were 
performed earlier (2). NA, not available; neg, negative; RT-PCR, reverse 
transcription PCR. 
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(Figure 2, panel A); these CD177+ cells were also scat-
tered throughout the brain tissue in such regions. CD20+ B 
cells were mainly seen as perivascular cuffing, and only a 
few were found in the tissue otherwise (Figure 2, panel B). 
In contrast, CD3+ T cells also occurred in high numbers 
in the brain parenchyma. The T-cell infiltrates consisted of 
CD4+ helper cells and CD8+ cytotoxic cells; neither type 
predominated (Figure 2, panels C and D). In control brain 
tissues, CD4+ cells were sparse in the parenchyma, but no 
CD8+ cells or granulocytes were present (data not shown).

In all patients, IHC analysis for VSBV-1 antigen 
showed areas of widespread neuropil, cytoplasmic, and nu-
clear staining (Figure 3, panel A). Antigen was found in neu-
rons and astrocytes (Figure 3, panels B–D), mainly with en-
larged appearance, and oligodendrocytes (Figure 3, panel E). 
Endothelial cells were always spared. IHC analysis detected 
VSBV-1 antigen in the brain areas that were also positive for 
VSBV-1 RNA. No positive VSBV-1 immunostaining was 
detected in the internal organs (data not shown).

Staining for granzyme B showed immune cells adja-
cent to large neurons and glia cells (Figure 4, panels A, 
B) during VSBV-1 infection. Widespread apoptosis was 
shown by positive CC3 staining and shrinkage of brain 
cells in close association with CD8+ T lymphocytes and 
granzyme B positivity (Figure 4, panels C, D), as well as 
positive TUNEL assays (not shown). In addition, wide-
spread p53 positivity was seen mainly in perivascular 

mononuclear inflammatory cells, some neurons, astrocytes, 
and rod cells throughout the affected areas (Figure 4, panel 
E) but only sparse Ki67 positivity in perivascular inflam-
matory mononuclear cells (Appendix Figure 2). In control 
brain tissues, no CC3, TUNEL, p53, or Ki67 positivity was 
seen (data not shown).

CSF Changes During VSBV-1 Infection
Standard clinical CSF analyses of the patients over time 
showed lymphocytic pleocytosis (range 11–361 cells/µL, 
median 142 cells/µL [reference <5/µL]) (Figure 5, panel 
A), markedly elevated protein concentrations (range 824–
6,092 mg/L, median 1,976 mg/L [reference <500 mg/L]) 
(Figure 5, panel B), lactate level elevation (range 2.9–8.47 
mmol/L, median 5.1 mmol/L [reference <2.1 mmol/L]) 
(Figure 5, panel C), and blood–brain barrier dysfunction. 
All patients showed increasing CSF protein concentrations 
over time. Patients 1, 3, and 4 demonstrated slow decreases 
of pathologic lactate concentrations during the observation 
period. In contrast, patient 2 exhibited a drastic increase of 
lactate levels and CSF cell counts. In patient 1, cell counts 
were only very mildly elevated; in patients 3 and 4, cell 
counts changed in an undulating manner over time. In all 
patients, increased intrathecal concentrations of IgM, IgA, 
and IgG were found, with positive IgM and IgG indices 
and oligoclonal IgG bands that demonstrated intrathecal 
antibody production.
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Figure 2. Demonstration 
of neutrophils, B cells, and 
CD4+ and CD8+ T-lymphocyte 
infiltration of the brain 
parenchyma during variegated 
squirrel bornavirus 1 infection. 
A) Demonstration of CD177+ 
neutrophils infiltrating the brain 
parenchyma from a blood 
vessel. Neutrophils are also 
seen scattered throughout the 
tissue during the infection. 
Immunoperoxidase stain with 
hematoxylin counterstain; 
original magnification ×200. 
B) Depiction of B cells (CD20, 
blue) and T cells (CD3, red) 
around a blood vessel. B cells 
showed mainly perivascular 
cuffing, and only a few were 
found in the brain parenchyma, 
whereas T cells were also seen 
in high numbers infiltrating 
the brain parenchyma. 
Immunoperoxidase and 
immunophosphatase stains; 
original magnification ×200. C, 
D) Mixed CD4+ (red) and CD8+ 
(blue) T-cell infiltrates around a blood vessel and invading adjacent tissue (C), and the hippocampus (D). Immunoperoxidase and 
immunophosphatase stains; original magnification ×400.
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Discussion
In this study, we analyzed VSBV-1 distribution in the 
brains of human patients. We focused on the local immune 
response in brain tissue, as well as CSF reactions during in-
fection. We broadly expanded previously published scarce 
general histologic descriptions of fatal human VSBV-1 in-
fection and initial CSF laboratory findings.

In patients 1–3, we found VSBV-1 RNA in all brain 
regions that were available: cerebral cortex, basal ganglia, 
hippocampus, midbrain, cerebellum, and olfactory bulb. In 
patient 4, VSBV-1 RNA has been shown in the limbic sys-
tem, basal ganglia, and cerebellum, but not in the cerebral 
cortex (2). The highest viral loads were found in midbrain 
regions, hippocampus, and temporal cortex, whereas the 
lowest viral loads were seen in the cerebellum. These find-
ings are in line with previous findings for natural and ex-
perimental infections of animals with BoDV-1 (5,6). Viral 
loads in our study were determined by quantitative real-
time RT-PCR from FFPE sections known to have higher 
cycle thresholds than native samples because of the for-
malin fixation. In addition to tissue, CSF has been shown 
to be RT-PCR positive in patients from whom CSF had 
been stored (patients 3 [1] and 4 [2]). In concordance with 

previous results of patients 1 (1) (biopsy only) and 4 (2) 
(different brain regions), we showed that viral nucleic acid 
could be demonstrated in every brain area that was also 
positive for viral antigen by IHC in all patients. This find-
ing also fits with the simultaneous detection in animals ex-
perimentally or naturally infected with BoDV-1. Patients 
with cerebral cortex infection as shown by RT-PCR and 
IHC analysis had myoclonus (patients 1 and 2), and those 
with cerebellar and basal ganglia infection showed ataxia 
(patients 2–4). In none of the patients was viral RNA or 
antigen detected in the internal organs. This finding does 
not exclude an infection of other organs that could not be 
analyzed in our study. However, experimental infection of 
immunocompetent rats is also strictly neurotropic and did 
not result in any peripheral organ spread of BoDV-1 (7,8). 

For unknown reasons, all patients had initial abdom-
inal and later respiratory signs or symptoms. Involve-
ment of the peripheral nervous system, which we did not 
examine because of lack of preserved material, could be 
possible. The only cranial nerve available for analysis, 
the olfactory bulb of patient 3, was positive for viral 
RNA and antigen. Whether the infection of the olfactory 
bulb implies a potential intranasal entry route or resulted 
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Figure 3. Presence of variegated squirrel bornavirus 1 (VSBV-1) antigen in neurons, astrocytes, and oligodendrocytes. A) Widespread 
presence of VSBV-1 antigen in brain tissue. Endothelial cells show no viral antigen. Immunoperoxidase stain with hematoxylin 
counterstain; original magnification ×200. B, C) Demonstration of VSBV-1 antigen in neurons. Immunoperoxidase stain with hematoxylin 
counterstain; original magnification ×600. D) VSBV-1 antigen in an astrocyte. Immunoperoxidase stain with hematoxylin counterstain; 
riginal magnification ×600. E) VSBV-1 antigen in an oligodendrocyte (arrow). Immunoperoxidase stain with hematoxylin counterstain; 
original magnification ×600.
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from centrifugal spread of VSBV-1 from the brain re-
mains unclear.

The histologic features of VSBV-1 infection of the brain 
in the 4 patients consisted of multifocal malacia, edema, in-
flammatory perivascular, and parenchymal cell infiltration, 
as well as strong microglial and astroglial activation. The 
enlarged astrocytes seen in our study resemble the bizarre 
appearance of astrocytes in JC virus–induced progressive 
multifocal leukencephalopathy cases where they tend to un-
dergo apoptosis and might be misdiagnosed as tumor cells 
(9). The inflammatory infiltrates in the brain parenchyma 
of the VSBV-1 encephalitis patients mainly consisted of 
CD4+ and CD8+ T cells, accompanied by neutrophils and 
macrophages, and a few B cells. The pronounced infiltration 
by CD8+ T cells and the close association of CD8+ T cells 
with neuronal cells and granzyme B+ cells with astrocytes 
are signs of a prominent cytotoxic response of the human 
immune system to the VSBV-1 infection. Orthobornavirus-
es cause nonlytic infections of CNS cells; clinical disease 
and histopathologic lesions in animals after infection with 
BoDV-1 are caused by a T-cell–mediated immunopathology 
and not by the viral replication itself (10–12). The presence 
of CD4+ and CD8+ T cells were already demonstrated in 
horses naturally infected with BoDV-1 (12) and in experi-
mentally infected rats and mice (8,13–16). In horses and 

rats, CD4+ cells dominated the perivascular inflammatory 
infiltrates, and CD8+ T cells were found in parenchymal in-
filtrates. In our study of human VSBV-1 infections, we did 
not observe this effect; rather, CD4+ and CD8+ cells were 
equally distributed around blood vessels and in the brain pa-
renchyma. Such effects, however, might be due to different 
time points of histologic examination as horses and experi-
mental animals are euthanized early in the course of disease. 
Similar to findings for equine BoDV-1 infections (15), a pre-
dominance of CD3+ cells and rarity of neutrophils and B 
cells in the parenchymal infiltrates was seen in the human 
VSBV-1 infections.

The hypothesis of a T-cell–mediated immunopatho-
genesis causing clinical signs and symptoms during hu-
man VSBV-1 infection is highlighted by the detection of 
CC3- and TUNEL-positive cells as apoptotic markers in 
close association with the infiltrating cytotoxic immune 
cells. Caspase 3 is a member of the cysteine protease fam-
ily and, in its activated cleaved form, CC3, a key media-
tor of neuronal apoptosis. CC3 is affected by both the cell 
surface receptor-mediated and the mitochondrial apopto-
sis pathways and thus plays an important role in the final 
common pathway of apoptosis (17,18). In neonatal rats 
infected with BoDV-1, hippocampal caspase 3 activation 
has been observed (19), and neuronal apoptosis has been 
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Figure 4. Induction of apoptosis in brain cells through association with granzyme B+/CD8+ cells, formation of cleaved caspase 3 
and p53 up-regulation. A, B) Granzyme B+ cells in association with neurons and astrocytes during variegated squirrel bornavirus 
1 infection. Immunoperoxidase stain with hematoxylin counterstain; original magnification ×400. C) Demonstration of brain cell 
apoptosis by shrinkage and positivity for cleaved caspase 3 (red) in close contact with CD8+ T cells (blue). Immunoperoxidase and 
immunophosphatase stains; original magnification ×600. D) Apoptotic cells positive for cleaved caspase 3 (red) in spatial association 
with granzyme B+ cytotoxic cells (blue). Immunoperoxidase and immunophosphatase stains; original magnification ×400. E) Widespread 
positivity for the p53 protein. Marked staining of perivascular mononuclear inflammatory cells, neurons (arrow), astrocytes (arrowhead), 
and rod cells (star) is shown. Immunoperoxidase stain with hematoxylin counterstain; original magnification ×200.
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shown in the neocortex, hippocampus, and cerebellum 
(20). However, these animals were immune incompe-
tent at the time of infection. Caspase 3 inhibitors were 
experimentally neuroprotective in rodents during cere-
bral ischemia and necrosis (18,21) but are not licensed 
as medical therapeutics. Caspase inhibitors repressed 
apoptosis in a BoDV-1–infected nonneuronal cell line but 
could not block viral transcription (22). For experimental  

BoDV-1 infections in rodents, infected neurons were not 
lysed by cytotoxic T cells (6,23). Thus, further investiga-
tion is needed on whether the immunopathologic mecha-
nisms during human VSBV-1 infection differ from those 
observed in animal BoDV-1 infection or might instead 
result from a potential proinflammatory state of the CNS. 
A longer duration of inflammation and clinical disease in 
human infections also could be a reason. The observed 
p53 up-regulation in our study seems to be associated with 
the inflammatory process, but whether this represents an 
enhancement of the aforementioned apoptotic processes 
or is a beneficial event remains to be elucidated. For 
BoDV-1, the viral phosphoprotein can interfere with p53 
indirectly through host HMBG1 and it was therefore sug-
gested that BoDV-1 inhibits p53 activity (24). Viral inter-
ference with the p53 system in the CNS is also seen in JC 
virus infections (25); however, the proliferation marker 
Ki67 that is overexpressed in progressive multifocal leu-
kencephalopathy (26) was only sparsely demonstrated in 
our study.

The CSF changes in the patients in our study (lym-
phocytic pleocytosis, protein elevation, blood–brain 
barrier dysfunction, and local antibody production) are 
typical for a viral infection of the CNS. The lactate con-
centration elevations in the CSF of all patients are most 
likely reflecting the severe inflammation and necrosis. 
Especially in patient 2, the person with the most severe 
histologic changes (inflammation and presence of viral 
antigen) and the shortest duration of disease (2 months vs. 
a 3- to 4-month course of disease in the other patients), 
the prominent increases of lactate levels, protein concen-
trations, and cell counts that were seen over time may 
serve as a marker for a rapid VSBV-1 disease progres-
sion. This patient also had the most medical preconditions 
and the highest viral load in central brain areas. In the 
other patients, the protein concentration elevations were 
paralleled by a rather moderate pleocytosis. All patients 
showed markedly elevated CSF protein levels that further 
increased over time and intrathecal antibody production. 
In patient 4, the specificity of such CSF IgG antibodies for 
VSBV-1 was demonstrated recently (2).

In conclusion, our results strongly demonstrate a se-
vere inflammatory response pointing toward a T-cell–me-
diated immunopathology in human VSBV-1 infection. 
This process involves immune cells also seen in BoDV-
1–associated lesions in natural and experimental infection, 
accompanied by evidence of brain cell apoptosis. A rapid 
clinical course in 1 patient could be linked to higher viral 
load and more severe inflammation.
This study was supported by the Federal Ministry of Educa-
tion and Research within the Zoonotic Bornavirus Consortium 
(ZooBoCo), a project of the National Network of Zoonotic 
Infectious Diseases, Germany.
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Figure 5. Cerebrospinal fluid (CSF) parameter changes over time 
during human infection with variegated squirrel bornavirus 1 (VSBV-
1) encephalitis. CSF analyses were performed at different time 
intervals (every 14 days or every 4–6 days) because the patients 
were seen in different hospitals. Patients had different durations of 
the disease (2–4 months), including a nonspecific prodromal phase 
during which no lumbar puncture was performed. A) Changes 
in CSF cell counts during the course of disease. An undulating 
lymphocytic pleocytosis is seen in patients 3 and 4, whereas in 
patient 1 only a mild cell count elevation is visible. In contrast, 
patient 2 shows a very prominent cell increase. B) Constantly 
increasing CSF protein levels during infection. A marked increase 
is demonstrated for patient 2. C) Lactate concentration changes in 
the CSF. Although pathologic levels decreased slowly over time in 
patients 1, 3, and 4, levels in patient 2 increased prominently.



 Immunopathology of VSBV-1 Encephalitis

About the Author
Dr. Tappe is a clinical microbiologist and infectiologist at the 
National Reference Center for Tropical Pathogens, based at 
the Bernhard Nocht Institute, Hamburg. His research interests 
comprise the detection and epidemiology of new pathogens, the 
respective clinical disease, and immunology.

References
  1. Hoffmann B, Tappe D, Höper D, Herden C, Boldt A, Mawrin C,  

et al. A variegated squirrel bornavirus associated with fatal  
human encephalitis. N Engl J Med. 2015;373:154–62.  
http://dx.doi.org/10.1056/NEJMoa1415627

  2. Tappe D, Schlottau K, Cadar D, Hoffmann B, Balke L, Bewig B, 
et al. Occupation-associated fatal limbic encephalitis caused by 
variegated squirrel bornavirus 1, Germany, 2013. Emerg Infect Dis. 
2018;24:978–87. http://dx.doi.org/10.3201/eid2406.172027

  3. Schlottau K, Hoffmann B, Homeier-Bachmann T, Fast C,  
Ulrich RG, Beer M, et al. Multiple detection of zoonotic variegated 
squirrel bornavirus 1 RNA in different squirrel species suggests a 
possible unknown origin for the virus. Arch Virol. 2017;162: 
2747–54. http://dx.doi.org/10.1007/s00705-017-3432-z

  4. Schlottau K, Jenckel M, van den Brand J, Fast C, Herden C,  
Höper D, et al. Variegated squirrel bornavirus 1 in squirrels, 
Germany and the Netherlands. Emerg Infect Dis. 2017;23:477–81. 
http://dx.doi.org/10.3201/eid2303.161061

  5. Carbone KM, Duchala CS, Griffin JW, Kincaid AL, Narayan O. 
Pathogenesis of Borna disease in rats: evidence that intra-axonal 
spread is the major route for virus dissemination and the  
determinant for disease incubation. J Virol. 1987;61:3431–40.

  6. Herden C, Herzog S, Richt JA, Nesseler A, Christ M, Failing K,  
et al. Distribution of Borna disease virus in the brain of rats  
infected with an obesity-inducing virus strain. Brain Pathol. 2000; 
10:39–48. http://dx.doi.org/10.1111/j.1750-3639.2000.tb00241.x

  7. Ludlow M, Kortekaas J, Herden C, Hoffmann B, Tappe D,  
Trebst C, et al. Neurotropic virus infections as the cause of  
immediate and delayed neuropathology. Acta Neuropathol. 
2016;131:159–84. http://dx.doi.org/10.1007/s00401-015-1511-3

  8. Stitz L, Bilzer T, Planz O. The immunopathogenesis of Borna 
disease virus infection. Front Biosci. 2002;7:d541–55.  
http://dx.doi.org/10.2741/A793

  9. Berger JR, Aksamit AJ, Clifford DB, Davis L, Koralnik IJ,  
Sejvar JJ, et al. PML diagnostic criteria: consensus statement from  
the AAN Neuroinfectious Disease Section. Neurology. 2013; 
80:1430–8. http://dx.doi.org/10.1212/WNL.0b013e31828c2fa1

10. Lipkin WI, Briese T, Hornig M. Borna disease virus—fact and 
fantasy. Virus Res. 2011;162:162–72. http://dx.doi.org/10.1016/ 
j.virusres.2011.09.036

11. Tizard I, Ball J, Stoica G, Payne S. The pathogenesis of bornaviral 
diseases in mammals. Anim Health Res Rev. 2016;17:92–109. 
http://dx.doi.org/10.1017/S1466252316000062

12. Rott R, Herzog S, Richt J, Stitz L. Immune-mediated pathogenesis  
of Borna disease. Zentralbl Bakteriol Mikrobiol Hyg [A]. 1988; 
270:295–301. http://dx.doi.org/10.1016/S0176-6724(88)80166-4

13. Kramer K, Schaudien D, Eisel UL, Herzog S, Richt JA,  
Baumgärtner W, et al. TNF-overexpression in Borna disease  
virus-infected mouse brains triggers inflammatory reaction and 
epileptic seizures. PLoS One. 2012;7:e41476. http://dx.doi.org/ 
10.1371/journal.pone.0041476

14. Bilzer T, Planz O, Lipkin WI, Stitz L. Presence of CD4+ and  
CD8+ T cells and expression of MHC class I and MHC class II  

antigen in horses with Borna disease virus-induced encephalitis.  
Brain Pathol. 1995;5:223–30. http://dx.doi.org/10.1111/ 
j.1750-3639.1995.tb00598.x

15. Caplazi P, Ehrensperger F. Spontaneous Borna disease in sheep  
and horses: immunophenotyping of inflammatory cells and  
detection of MHC-I and MHC-II antigen expression in Borna 
encephalitis lesions. Vet Immunol Immunopathol. 1998;61:203–20. 
http://dx.doi.org/10.1016/S0165-2427(97)00128-1

16. Hausmann J, Hallensleben W, de la Torre JC, Pagenstecher A,  
Zimmermann C, Pircher H, et al. T cell ignorance in mice to  
Borna disease virus can be overcome by peripheral expression of 
the viral nucleoprotein. Proc Natl Acad Sci U S A. 1999;96: 
9769–74. http://dx.doi.org/10.1073/pnas.96.17.9769

17. Khan S, Ahmad K, Alshammari EM, Adnan M, Baig MH,  
Lohani M, Somvanshi P, Haque S. Implication of caspase-3 as a 
common therapeutic target for multineurodegenerative disorders 
and its inhibition using nonpeptidyl natural compounds. Biomed 
Res Int. 2015;2015:379817. 

18. Sun Y, Xu Y, Geng L. Caspase-3 inhibitor prevents the  
apoptosis of brain tissue in rats with acute cerebral infarc-
tion. Exp Ther Med. 2015;10:133–8. http://dx.doi.org/10.3892/
etm.2015.2462

19. Williams BL, Hornig M, Yaddanapudi K, Lipkin WI. Hippocampal 
poly(ADP-Ribose) polymerase 1 and caspase 3 activation in  
neonatal bornavirus infection. J Virol. 2008;82:1748–58.  
http://dx.doi.org/10.1128/JVI.02014-07

20. Weissenböck H, Hornig M, Hickey WF, Lipkin WI. Microglial 
activation and neuronal apoptosis in bornavirus infected  
neonatal Lewis rats. Brain Pathol. 2000;10:260–72.  
http://dx.doi.org/10.1111/j.1750-3639.2000.tb00259.x

21. Han BH, Xu D, Choi J, Han Y, Xanthoudakis S, Roy S, et al.  
Selective, reversible caspase-3 inhibitor is neuroprotective and 
reveals distinct pathways of cell death after neonatal hypoxic- 
ischemic brain injury. J Biol Chem. 2002;277:30128–36.  
http://dx.doi.org/10.1074/jbc.M202931200

22. Mizutani T, Inagaki H, Tada M, Hayasaka D, Murphy M,  
Fujiwara T, et al. The mechanism of actinomycin D-mediated 
increase of Borna disease virus (BDV) RNA in cells persistently 
infected by BDV. Microbiol Immunol. 2000;44:597–603.  
http://dx.doi.org/10.1111/j.1348-0421.2000.tb02539.x

23. Hausmann J, Schamel K, Staeheli P. CD8(+) T lymphocytes  
mediate Borna disease virus-induced immunopathology  
independently of perforin. J Virol. 2001;75:10460–6.  
http://dx.doi.org/10.1128/JVI.75.21.10460-10466.2001

24. Zhang G, Kobayashi T, Kamitani W, Komoto S, Yamashita M, 
Baba S, et al. Borna disease virus phosphoprotein represses 
p53-mediated transcriptional activity by interference with 
HMGB1. J Virol. 2003;77:12243–51. http://dx.doi.org/10.1128/
JVI.77.22.12243-12251.2003

25. Delbue S, Comar M, Ferrante P. Review on the role of the  
human polyomavirus JC in the development of tumors. Infect 
Agent Cancer. 2017;12:10. http://dx.doi.org/10.1186/ 
s13027-017-0122-0

26. Ariza A, Mate JL, Isamat M, Calatrava A, Fernández-Vasalo A, 
Navas-Palacios JJ. Overexpression of Ki-67 and cyclins A  
and B1 in JC virus-infected cells of progressive multifocal  
leukoencephalopathy. J Neuropathol Exp Neurol. 1998;57:226–30. 
http://dx.doi.org/10.1097/00005072-199803000-00003

Address for correspondence: Dennis Tappe, Bernhard Nocht Institute for 
Tropical Medicine, Bernhard-Nocht-Str. 74, 20359 Hamburg, Germany; 
email: tappe@bnitm.de

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 6, June 2019 1065



Epidemiologic and Clinical Features 
of Lassa Fever Outbreak in Nigeria, 

January 1–May 6, 2018
Elsie A. Ilori,1 Yuki Furuse,1 Oladipupo B. Ipadeola,1 Chioma C. Dan-Nwafor,1  

Anwar Abubakar, Oboma E. Womi-Eteng, Ephraim Ogbaini-Emovon, Sylvanus Okogbenin,  
Uche Unigwe, Emeka Ogah, Olufemi Ayodeji, Chukwuyem Abejegah, Ahmed A. Liasu,  

Emmanuel O. Musa, Solomon F. Woldetsadik, Clement L.P. Lasuba,  
Wondimagegnehu Alemu, Chikwe Ihekweazu, Nigeria Lassa Fever National Response Team2

1066 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 6, June 2019

  

Page 1 of 1 

In support of improving patient care, this activity has been planned and implemented by Medscape, LLC and Emerging 
Infectious Diseases. Medscape, LLC is jointly accredited by the Accreditation Council for Continuing Medical Education (ACCME), 
the Accreditation Council for Pharmacy Education (ACPE), and the American Nurses Credentialing Center (ANCC), to provide 
continuing education for the healthcare team. 

Medscape, LLC designates this Journal-based CME activity for a maximum of 1.00 AMA PRA Category 1 Credit(s)™. 
Physicians should claim only the credit commensurate with the extent of their participation in the activity. 

Successful completion of this CME activity, which includes participation in the evaluation component, enables the participant to 
earn up to 1.0 MOC points in the American Board of Internal Medicine's (ABIM) Maintenance of Certification (MOC) program. 
Participants will earn MOC points equivalent to the amount of CME credits claimed for the activity. It is the CME activity provider's 
responsibility to submit participant completion information to ACCME for the purpose of granting ABIM MOC credit. 

All other clinicians completing this activity will be issued a certificate of participation. To participate in this journal CME activity: 
(1) review the learning objectives and author disclosures; (2) study the education content; (3) take the post-test with a 75% minimum 
passing score and complete the evaluation at http://www.medscape.org/journal/eid; and (4) view/print certificate. For CME 
questions, see page 1260. 

Release date: May 17, 2019; Expiration date: May 17, 2020 

Learning Objectives 

Upon completion of this activity, participants will be able to: 

•   Describe epidemiological characteristics of the Lassa fever (LF) outbreak between January 1, 2018, and May 6, 2018, 
    in Nigeria 
•   Determine clinical characteristics and mortality in the LF outbreak between January 1, 2018, and May 6, 2018, in  
    Nigeria 
•   Explain factors associated with mortality in the LF outbreak between January 1, 2018, and May 6, 2018, in Nigeria. 

CME Editor 

Jude Rutledge, BA, Technical Writer/Editor, Emerging Infectious Diseases. Disclosure: Jude Rutledge has disclosed no relevant 
financial relationships. 

CME Author 

Laurie Barclay, MD, freelance writer and reviewer, Medscape, LLC. Disclosure: Laurie Barclay, MD, has disclosed no relevant 
financial relationships. 

Authors 

Disclosures: Elsie Ilori, MSc; Yuki Furuse, MD, PhD; Oladipupo Ipadeola, MPH; Chioma Dan-Nwafor, MPH; Michael Onoja 
Amedu, MSC; Akanimo Iniobong, BSc; Ayodele Adeyemo, BTech; Anwar Abubakar, BS; Saliu Oladele, MBA; Esther 
Namukose Muwanguzi, DVM, MPH; Tanyth de Gooyer, PhD, MPhil (Appl.Epi), MPH; Oboma Eteng Womi-Eteng, MSc; 
Samuel Kitgakka Mutbam, MD, MPH; Emmanuel Onuche Musa, MD, MPH; Solomon F. Woldetsadik, MD; Lugala Peter 
Clement, MBBS, MPH; Wondimagegnehu Alemu, MD, MPH&TM, FAIPH; and Chikwe Ihekweazu, MBBS, MPH, FFPH, have 
disclosed no relevant financial relationships. 

Author affiliations: Nigeria Centre for Disease Control, Abuja, 
Nigeria (E.A. Ilori, O.B. Ipadeola, C.C. Dan-Nwafor, A. Abubakar, 
O.E. Womi-Eteng, C. Ihekweazu); Kyoto University, Kyoto, Japan 
(Y. Furuse); World Health Organization, Abuja (Y. Furuse, E.O. 
Musa, S.F. Woldetsadik, C.L.P. Lasuba, W. Alemu); US Centers 
for Disease Control and Prevention, Abuja (O.B. Ipadeola); African 
Field Epidemiology Network, Abuja (C.C. Dan-Nwafor); Irrua 
Specialist Teaching Hospital, Irrua, Nigeria (E. Ogbaini-Emovon, 

S. Okogbenin); Federal Teaching Hospital, Abakaliki, Nigeria  
(U. Unigwe, E. Ogah); Federal Medical Centre, Owo, Nigeria  
(O. Ayodeji, C. Abejegah, A.A. Liasu)

DOI: https://doi.org/10.3201/eid2506.181035

1These first authors contributed equally to this article.
2Other members of the Nigeria Lassa Fever National Response 
Team are listed at the end of this article.

SYNOPSIS



 Lassa Fever Outbreak, Nigeria, January–May 2018

Lassa fever (LF) is endemic to Nigeria, where the disease 
causes substantial rates of illness and death. In this arti-
cle, we report an analysis of the epidemiologic and clinical 
aspects of the LF outbreak that occurred in Nigeria during 
January 1–May 6, 2018. A total of 1,893 cases were report-
ed; 423 were laboratory-confirmed cases, among which 106 
deaths were recorded (case-fatality rate 25.1%). Among all 
confirmed cases, 37 occurred in healthcare workers. The 
secondary attack rate among 5,001 contacts was 0.56%. 
Most (80.6%) confirmed cases were reported from 3 states 
(Edo, Ondo, and Ebonyi). Fatal outcomes were significantly 
associated with being elderly; no administration of ribavirin; 
and the presence of a cough, hemorrhaging, and uncon-
sciousness. The findings in this study should lead to further 
LF research and provide guidance to those preparing to re-
spond to future outbreaks.

Lassa fever (LF) is a febrile infectious disease caused by 
Lassa virus. The disease was first described in Nigeria 

in 1969 (1). Rodents, particularly Mastomys natalensis, are 
considered the natural hosts of the virus (2). The disease 
is mainly spread to humans through contamination with 
the urine or feces of infected rats (3,4). Human-to-human 
transmission can occur through contact with the body fluids 
of infected persons; therefore, healthcare workers (HCWs) 
are at high risk for infection when the standard precautions 
for infection prevention and control are inadequate (5,6). 
The incubation period of the disease is 3–21 days. The clin-
ical manifestation of the disease is nonspecific and includes 
fever, fatigue, hemorrhaging, gastrointestinal symptoms 
(vomiting, diarrhea, and stomachache), respiratory symp-
toms (cough, chest pain, and dyspnea), and neurologic 
symptoms (disorientation, seizures, and unconsciousness) 
(3). The observed case-fatality rate (CFR) among patients 
hospitalized for severe LF is 15%–50% (7,8). However, 
≈80% of infections are considered to cause mild or no 
symptoms in humans and are undiagnosed (8). 

In Nigeria, laboratory-confirmed LF patients are treat-
ed in isolation units, according to national guidelines, to 
prevent community and nosocomial human-to-human in-
fections (9). The country has 3 main LF treatment centers: 
the Irrua Specialist Teaching Hospital (Edo State), the Fed-
eral Medical Centre Owo (Ondo State), and the Federal 
Teaching Hospital Abakaliki (Ebonyi State) (10). Isolation 
units are also located in tertiary-care centers in other states. 
Ribavirin has been shown to reduce the CFR for LF (11); 
Nigeria national guidelines recommend that parenteral 
ribavirin be administered over a 10-day period for patients 
with confirmed LF (9).

Lassa fever is endemic to the West Africa countries 
of Benin, Ghana, Guinea, Liberia, Mali, Sierra Leone, and 
Nigeria (7); an estimated 300,000 LF cases occur each year 
in this region, resulting in ≈5,000 deaths (8). The annual 
peak of LF cases in Nigeria is observed in the dry season 

(December–April), and the number decreases around May 
(3). The increased likelihood of humans encountering Mas-
tomys rodents and their excreta inside houses during the dry 
season (when these animals are seeking food) is thought 
to play a role in the seasonality of disease incidence (12). 
Transmission risk might be exacerbated by enhanced sur-
vival of the virus at decreased relative humidity (13). 

During 2014–2016, around 100 laboratory-confirmed 
LF cases were reported annually in Nigeria (14,15). From 
the end of 2017 through May 2018, the country experienced 
its largest recorded LF outbreak. On January 22, 2018, the 
Nigeria Centre for Disease Control (NCDC) activated its 
Emergency Operations Centre to coordinate the outbreak 
response (16). During January 1–May 6, 2018, a total of 
423 laboratory-confirmed cases were reported (17). On 
May 10, 2018, NCDC announced the end of the emergency 
phase of the outbreak because the LF case count had consis-
tently declined in the preceding 6 weeks and had dropped 
below levels considered to be a national emergency, based 
on historical trends in LF incidence (10). Here we describe 
the epidemiologic and clinical aspects of this LF outbreak.

Methods

Ethics Considerations
This investigation was performed as a part of the LF public 
health response in Nigeria in 2018. The investigation was 
not considered to be research on human subjects, as per 
the US Department of Health and Human Services’ Federal 
Policy for the Protection of Human Subjects (18).

Case Definition and Laboratory Confirmation
A suspected case of LF was defined as illness meeting 1 
of the following criteria: 1) >1 signs/symptoms (e.g., mal-
aise, fever, headache, sore throat, cough, nausea, vomiting, 
diarrhea, myalgia, central chest pain or retrosternal pain, 
and hearing loss) and a history of contact with excreta or 
urine of rodents; 2) >1 signs/symptoms and a history of 
contact with a person with probable or confirmed LF within 
21 days of symptom onset; or 3) inexplicable bleeding or 
hemorrhaging (9). Probable LF cases were defined as any 
suspected case in a patient who died without the collec-
tion of a specimen for laboratory testing (9). Confirmed LF 
cases were defined as any suspected case with a laboratory 
confirmation (positive for IgM antibody, reverse transcrip-
tion PCR [RT-PCR], or virus isolation) (9). 

During the study period, blood samples from patients 
with suspected cases were sent to 1 of 4 laboratories: the 
Central Research Laboratory at College of Medicine of 
the University of Lagos–Lagos University Teaching Hos-
pital (Lagos State), the Federal Teaching Hospital Abaka-
liki (Ebonyi State), the Institute of Lassa Fever Research 
and Control at the Irrua Specialist Teaching Hospital (Edo 
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State), or the National Reference Laboratory (Federal Cap-
ital Territory). Laboratory confirmation was performed by 
using RT-PCR by means of the RealStar Lassa Virus RT-
PCR Kit (Altona Diagnostics, https://www.altona-diagnos-
tics.com), the LF diagnosis protocol developed by Nikisins 
et al. (19), or both. More than 95% of samples were tested 
by using both protocols to ensure greater sensitivity for the 
heterogeneous Lassa virus in Nigeria (20). A positive result 
in either or both of the protocols was regarded as positive 
for LF.

Contact Tracing
Persons who had contact with patients with confirmed LF 
were recorded and followed up daily for 21 days by Dis-
ease Surveillance and Notification Officers (DSNOs). If 
contacts had symptoms, blood samples were collected and 
tested for LF as described.

Data Collection and Report
All suspected LF cases were immediately reported to the 
DSNO for each Local Government Area and the State 
Epidemiologist for each state by using a surveillance re-
porting form developed for integrated disease surveillance 
and response in Nigeria (21). Samples were collected and 
tested for all suspected cases as long as the case-patient 
was alive (9). If the test was positive, detailed demographic 
(age, sex, and residential address), clinical (symptoms, out-
come, and administration of ribavirin), and epidemiologic 
(occupation, onset date, and exposure history) informa-
tion were collected by using a national case investigation 
form (CIF). All suspected, probable, and confirmed cases 
were line listed, and the information in the CIFs was sub-
mitted weekly by the state epidemiologists to NCDC. A 
summary of the figures was published weekly in a situa-
tion report (17); the compiled reports of the outbreak are 
provided in the Appendix (https://wwwnc.cdc.gov/EID/
article/25/6/18-1035-App1.pdf). The projected population 
figures of each state were obtained from a report based on 
data from the National Population Commission of Nige-
ria and the National Bureau of Statistics (22). Anonymized 
clinical and epidemiologic data of case-patients are avail-
able by request, contingent on the recipient agreeing to ap-
propriate guidelines for their use.

Statistical Analyses
We conducted binomial logistic regression analyses to de-
termine the age- and sex-adjusted odds ratio (aOR) among 
survived and deceased patients with laboratory-confirmed 
LF. Likewise, we used aORs to compare the presence of 
each symptom and the administration of ribavirin among 
these cases, adjusted for age and sex. We conducted the 
Mantel-Haenszel test to see the statistical trend of CFR 
through the outbreak. We conducted chi-square tests to  

detect the statistical difference in exposure history between 
HCWs and non-HCWs.

We performed statistical tests using SPSS version 24 
(IBM, https://www.ibm.com). We computed 95% CIs and 
p values to test statistical significance and adjusted p values 
by the Bonferroni correction for multiple comparisons. A p 
value of <0.05 was considered statistically significant.

Results
During the study period (January 1–May 6, 2018), a to-
tal of 1,893 suspected LF cases were reported, including 
10 probable cases and 423 laboratory-confirmed cases. 
The laboratory-confirmed cases were reported from 20 
states and the Federal Capital Territory. Most (80.6%) 
of the laboratory-confirmed cases were reported from the 
3 states with a dedicated LF treatment center: Edo (178 
cases), Ondo (99 cases), and Ebonyi (64 cases) (Figure 
1, panel A). LF incidence was highest in these 3 states 
(Table 1). Edo and Ondo also had the largest number of 
laboratory-negative suspected cases. The positive rate 
(i.e., the proportion of the number of laboratory-confirmed 
cases among all persons with suspected cases tested) was 
22.5% (423/1,883) nationally, ranging from 3.4% (Lagos) 
to 70.0% (Delta). Among the 3 states with the highest num-
ber of cases, the positive rates were 16.5% (Edo), 31.6% 
(Ondo), and 69.6% (Ebonyi).

CFR among the laboratory-confirmed cases was 
25.1% (106/423 [95% CI 20.9%–29.2%]). Among the 
3 most affected states, CFR was 14.6% (Edo), 24.2% 
(Ondo), and 23.4% (Ebonyi) (Table 1). Among the 423 
cases, a total of 414 CIFs with detailed information, in-
cluding demographic information, onset date, symptoms, 
exposure history, and ribavirin administration, were col-
lected (collection rate 97.9%). However, the data in some 
fields of the CIFs were incomplete. For example, the 
onset date was unknown in 2.4% (10/414) of cases, and 
symptom information was missing in 12.8% (53/414). An 
epidemic curve based on the onset date for laboratory-
confirmed cases peaked at epidemiologic week 5 in 2018 
(Figure 1, panel B). No statistically significant change 
was observed in the national CFR throughout the outbreak 
(p value for trend = 0.41).

We analyzed the age and sex distribution of the 414 pa-
tients with laboratory-confirmed cases (Table 2). Median age 
was 32 years (interquartile range 20–44 years); 157 (37.9%) 
were female and 257 (62.1%) male. CFR was lowest in chil-
dren <10 years of age (11.1%) and highest in adults >61 
years of age (38.2%); the aOR of fatal outcomes in the elder-
ly group was 4.9 (95% CI 1.5–15.6) compared with children 
<10 years of age. Adults 41–60 years of age also had statisti-
cally higher CFRs compared with children <10 years of age 
(Table 2). CFR was higher for male patients (26.6%) than 
female patients (21.8%) but was not significantly different; 
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the aOR of fatal outcomes in male patients compared with 
female patients was 1.3 (95% CI 0.81–2.1).

The most common signs and symptoms among patients 
with laboratory-confirmed LF were fever (96.4%, 348/361), 
headache (58.7%, 210/358), vomiting (49.4%, 177/358), 
fatigue (43.3%, 155/358), and abdominal pain (40.2%, 
144/358) (Table 3). Hemorrhaging was observed in 17.0% 
(61/358) of these patients. Cough (p = 0.0050), hemor-
rhaging (p<0.001), and unconsciousness (p = 0.0018) were 
significantly more prevalent in fatal than nonfatal cases.

During the 3 weeks before symptom onset, 17.7% 
(62/350) of case-patients reported contact with patients 
who had known suspected or confirmed LF, 17.0% (56/330) 
reported contact with rodents or their urine or feces, and 
2.9% (9/315) reported attendance at a burial ceremony 

(Figure 2, panel A). During the study period, 5,012 persons 
were determined to have had contact with confirmed case-
patients; follow-up was conducted for 5,001 of them. Dur-
ing the 21-day follow-up period, 81 contacts experienced 
onset of symptoms, and 28 were found to have laboratory-
confirmed LF. The positive rate among symptomatic con-
tacts was 34.6% (28/81), and the secondary attack rate was 
0.56% (28/5,001; 95% CI 0.35%–0.77%).

During the study period, 37 HCWs were infected, re-
sulting in 8 deaths (CFR 21.6%). The incidence of HCW 
infections was distributed throughout the outbreak period 
(Figure 1, panel B). A significantly high proportion of 
HCWs (55.9%, 19/34) reported contact with patients with 
known suspected or confirmed LF compared with non- 
HCWs (p<0.001) (Figure 2, panel A).
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Figure 1. Geographic and 
temporal distribution of 
laboratory-confirmed Lassa 
fever cases, Nigeria, January 
1–May 6, 2018. A) Geographic 
distribution of laboratory-
confirmed cases by state. 
Gray shading indicates states 
reporting no laboratory-
confirmed cases. Locations of 
Lassa fever treatment centers 
are indicated. B) Epidemic curve 
of laboratory-confirmed Lassa 
fever cases. Epidemiologic week 
numbers are based on the date 
of symptom onset.
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Ribavirin was administered to 94.1% (334/355) of the pa-
tients with laboratory-confirmed cases. CFR for patients who 
received ribavirin was 20.7% (69/334), compared with 71.4% 
(15/21) for patients who did not receive ribavirin (Figure 2, 
panel B). We also analyzed the subset of patients who survived 
>7 days after symptom onset to account for the possible effect 
of the difference in clinical conditions. We further divided the 
patients who received ribavirin into 2 groups: patients who re-
ceived the drug within 7 days after symptom onset and patients 
who received the drug after that point. Among case-patients 
who survived >7 days, CFR was significantly higher for pa-
tients who did not receive any ribavirin (66.7%, 12/18) com-
pared with patients who received the drug (p<0.01), whether 
receipt of the drug occurred within 7 days of symptom onset or 
>7 days after onset (Figure 2, panel C). CFR was lower among 
patients who received the drug within 7 days of symptom on-
set (12.5%, 15/120) compared with patients who received the 

drug after that point (20.1%, 38/189), although this difference 
was not significant (p = 0.095). Because this reduction in CFR 
might have been attributable to not only ribavirin but also the 
other supportive treatments provided, the time between symp-
tom onset date and the patient’s arrival at a health facility was 
included in addition to age and administration of ribavirin as 
a covariable in the binomial logistic regression analysis for 
fatal outcomes. Although absence of ribavirin administration 
(p<0.001) and advanced age (p = 0.025) remained significant 
factors in fatal outcomes, delay in visiting health facility did 
not (p = 0.19).

Discussion
We describe the epidemiologic and clinical features of the 
LF outbreak in Nigeria during January 1–May 6, 2018. 
A total of 423 laboratory-confirmed cases were reported  
during the study period. Most of the laboratory-confirmed 
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Table 1. Number and incidence of Lassa fever cases, by state or territory, Nigeria, January 1–May 6, 2018 

State or territory 
Population, 
1,000* 

No. confirmed 
cases (deaths) 

Case-fatality 
rate, % 

No. confirmed 
cases/100,000 

population 

No. laboratory-
negative 

suspected cases 

No. 
probable 

cases 
Positive 
rate, % 

Abia 3,727 1 (1) 100.0 0.027 11 1 8.3 
Adamawa 4,248 1 (1) 100.0 0.024 2 1 33.3 
Anambra 5,528 4 (2) 50.0 0.072 3 0 57.1 
Bauchi 6,537 10 (5) 50.0 0.153 50 0 16.7 
Benue 5,742 1 (1) 100.0 0.017 6 1 14.3 
Delta 5,663 7 (3) 42.9 0.124 3 0 70.0 
Ebonyi 2,880 64 (15) 23.4 2.222 28 4 69.6 
Edo 4,236 178 (26) 14.6 4.202 901 0 16.5 
Ekiti 3,271 2 (1) 50.0 0.061 10 0 16.7 
Federal Capital Territory 3,564 3 (2) 66.7 0.084 38 0 7.3 
Gombe 3,257 2 (2) 100.0 0.061 13 0 13.3 
Imo 5,409 4 (1) 25.0 0.074 11 0 26.7 
Kaduna 8,252 1 (1) 100.0 0.012 4 0 20.0 
Kogi 4,474 11 (4) 36.4 0.246 15 2 42.3 
Lagos 12,551 1 (1) 100.0 0.008 28 0 3.4 
Nasarawa 2,523 3 (2) 66.7 0.119 34 0 8.1 
Ondo 4,672 99 (24) 24.2 2.119 214 1 31.6 
Osun 4,706 2 (1) 50.0 0.043 2 0 50.0 
Plateau 4,200 9 (7) 77.8 0.214 39 0 18.8 
Rivers 7,304 1 (1) 100.0 0.014 7 0 12.5 
Taraba 3,067 19 (5) 26.3 0.620 41 0 31.7 
Total 193,393 423 (106) 25.1 0.219 1,460 10 22.5 
*Data source: National Bureau of Statistics (22). 

 

 
Table 2. Distribution of age and sex among patients with laboratory-confirmed Lassa fever, Nigeria, January 1–May 6, 2018* 

Characteristic 
No. girls and 

women (deaths) 
No. boys and 
men (deaths) 

Total no. 
(deaths) 

Case-fatality 
rate, % aOR (95% CI) p value 

Age group, y 
 0–10 19 (3) 26 (2) 45 (5) 11.1 Reference  
 11–20 24 (4) 42 (10) 66 (14) 21.2 2.1 (0.71–6.4) 0.18 
 21–30 38 (5) 52 (13) 90 (18) 20.5 2.1 (0.71–6.0) 0.18 
 31–40 30 (7) 60 (16) 90 (23) 25.6 2.7 (0.95–7.6) 0.063 
 41–50 23 (5) 39 (15) 62 (20) 32.3 3.8 (1.3–11.0) 0.015 
 51–60 10 (4) 15 (4) 25 (8) 32.0 3.8 (1.1–13.2) 0.039 
 >61 12 (5) 22 (8) 34 (13) 38.2 4.9 (1.5–15.6) 0.0074 
Total 157 (34) 257 (68) 423 (106)   

 
Case-fatality rate, % 21.8 26.6 

   
 

aOR (95% CI) Reference 1.3 (0.81–2.1)  
  

 
p value  0.26     
*aORs, 95% CIs, and p values calculated by using the binomial logistic regression model for fatal outcomes. Because information on age and sex was 
missing for some cases, the number of total cases is not equal to sum of the number of cases in all age groups. aOR, adjusted odds ratio. 
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cases were reported from the 3 states (Edo, Ondo, and Eb-
onyi) where dedicated LF treatment centers are located; 
disease incidence was also highest in these areas. However, 
the positive rate among suspected cases was not especially 
high for these 3 states. In addition to the high prevalence of 
LF in the areas, HCWs in these 3 states had a high suspi-
cion of LF in patients with high-grade fevers, which might 
have led to increased testing. Conversely, suspicion of 
LF might be low in some areas other than these 3 states. 
Lack of LF expertise and diagnostic capacity in these other 
areas might have discouraged active detection of LF pa-
tients, leading to underreporting of the disease. Also, LF 
incidence and prevalence might actually be lower in some 
areas for epidemiologic and environmental reasons, such 

as low prevalence of the virus in rodents or good hygiene 
practices that help reduce contact between humans and 
rodents. To clarify different LF prevalence by areas, sen-
sitization and strengthening of the surveillance system to 
detect suspected cases and obtain test samples are required, 
particularly in states other than Edo, Ondo, and Ebonyi. In 
addition, seroprevalence surveys and ecologic studies of 
LF in humans and rodents should give further insight on 
the actual burden of the disease.

We used 2 protocols for molecular diagnosis of LF to 
cover the heterogeneous Lassa virus in Nigeria (20), and 
we tested >95% of the samples by using both protocols dur-
ing the outbreak. Further study is needed to reveal sensitiv-
ity and specificity of each protocol in this country. That 
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Table 3. Prevalence of symptoms and outcomes among patients with laboratory-confirmed Lassa fever, Nigeria, January 1– 
May 6, 2018* 

Sign/symptom 
Cases, % (no. positive/no. with data available) 

aOR (95% CI) p value All cases Fatal cases Nonfatal cases 
Fever 96.4 (348/361) 97.8 (87/89) 96.3 (260/270) 1.5 (0.31–7.3) 1 
Headache 58.7 (210/358) 64.0 (57/89) 56.6 (151/267) 1.4 (0.83–2.3) 1 
Vomiting 49.4 (177/358) 56.2 (50/89) 47.6 (127/267) 1.5 (0.88–2.4) 1 
Fatigue 43.3 (155/358) 55.1 (49/89) 39.7 (106/267) 1.5 (0.93–2.6) 1 
Abdominal pain 40.2 (144/358) 49.4 (44/89) 37.1 (99/267) 1.7 (1.0–2.9) 0.68 
Anorexia 33.0 (118/358) 39.3 (35/89) 31.1 (83/267) 1.4 (0.81–2.3) 1 
Cough 30.4 (109/358) 46.1 (41/89) 25.5 (68/267) 2.6 (1.6–4.4) 0.0050 
Diarrhea 26.8 (96/358) 39.3 (35/89) 22.8 (61/267) 2.2 (1.3–3.7) 0.068 
Sore throat 22.1 (79/358) 32.6 (29/89) 18.7 (50/267) 2.0 (1.1–3.5) 0.33 
Chest pain 21.3 (76/357) 26.1 (23/88) 19.9 (53/267) 1.4 (0.76–2.4) 1 
Myalgia 18.5 (66/357) 28.4 (25/88) 15.0 (40/267) 2.1 (1.2–3.8) 0.28 
Hemorrhaging 17.0 (61/358) 37.1 (33/89) 10.1 (27/267) 5.1 (2.8–9.3) <0.001 
Arthralgia 16.5 (59/357) 26.1 (23/88) 13.5 (36/267) 2.3 (1.2–4.3) 0.17 
Dyspnea 14.8 (53/357) 25.0 (22/88) 11.6 (31/267) 2.6 (1.4–4.9) 0.061 
Unconsciousness 4.8 (17/357) 13.6 (12/88) 1.9 (5/267) 9.4 (3.1–28.7) 0.0018 
Conjunctivitis 4.5 (16/358) 6.7 (6/89) 3.7 (10/267) 2.1 (0.71–6.1) 1 
Disorientation 4.2 (15/357) 8.0 (7/88) 3.0 (8/267) 2.8 (0.97–8.3) 1 
Skin rash 3.6 (13/358) 6.7 (6/89) 2.6 (7/267) 3.0 (0.97–9.6) 1 
Photophobia 3.4 (12/357) 6.8 (6/88) 2.2 (6/267) 3.0 (0.92–9.9) 1 
Hiccup 2.5 (9/358) 6.7 (6/89) 1.1 (3/267) 6.6 (1.6–28.0) 0.22 
Jaundice 2.2 (8/358) 4.5 (4/89) 1.5 (4/267) 3.7 (0.87–15.6) 1 
*aORs and 95% CIs calculated by using a binomial logistic regression model for fatal outcomes adjusted for age and sex. p values calculated by using a 
binomial logistic regression model and adjusted by the Bonferroni correction. aOR, adjusted odds ratio. 

 

Figure 2. Exposure history and case-fatality rate among patients with laboratory-confirmed Lassa fever cases, Nigeria, January 1–
May 6, 2018. A) Proportion of persons reporting Lassa fever exposure risks for all case-patients, HCWs, and non–HCWs. To assess 
differences in exposure risks between HCWs, and non–HCWs, p values were calculated by using the χ2 test and adjusted by the 
Bonferroni correction. B) The case-fatality rate for case-patients who did or did not receive ribavirin. C) An investigation of the case-
fatality rate in patients who survived >7 days after symptom onset. For panels B and C, p values were calculated by using binomial 
logistic regression analysis adjusted for age and sex and applying the Bonferroni correction. HCW, healthcare worker.
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information would also give us further insight on genetic 
diversity of the virus in natural hosts in the country.

Although NCDC situation reports showed the peak of 
the outbreak at week 7 (17), our study found that the outbreak 
peaked at week 5. This difference occurred because the epi-
demic curve from the situation reports was based on the report-
ing date, whereas the epidemic curve in our study was based 
on symptom onset date. The difference can be explained by the 
time lag between symptom onset to health facility presentation 
and subsequent diagnosis and reporting. The median of the 
time lag between symptom onset to suspicion of LF was 7 days 
(interquartile range 4–11 days), and several additional days 
were required for a health facility to report through the DSNO 
for each Local Government Area and for the state epidemiolo-
gist in each state to report NCDC. Further strengthening of the 
surveillance system is required to shorten this time gap.

Girls and women accounted for a lower proportion 
of the laboratory-confirmed LF cases than boys and men 
(37.9% vs. 62.1%). Past studies have shown no or little dif-
ference in LF incidence between male and female patients 
(23–25). It is unclear whether the difference in this study 
came because men and boys were at higher risk for infec-
tion or more susceptible to the disease than women and 
girls or because ascertainment of cases in women and girls 
was low during this outbreak.

CFR among laboratory-confirmed cases during the 
study period was 25.1% and did not change substantially 
throughout the outbreak. CFR can reach 50% in hospital-
ized patients during epidemics (8), whereas the observed 
CFR among patients hospitalized with severe LF is 15% 
(7). CFR in this outbreak was especially high among elder-
ly patients. Such difference in CFR among age groups was 
not observed in previous studies (26,27). The large number 
of cases in this outbreak might have increased the statistical 
power to detect the difference.

Gastroenteric symptoms, including vomiting, abdominal 
pain, and anorexia, were frequently observed among patients 
with laboratory-confirmed cases (>30%), whereas hemorrhag-
ing was only observed in 17.0% of case-patients (Table 3). 
This observation is consistent with previous reports (28,29). 
Because some symptoms, such as cough, hemorrhaging, and 
unconsciousness, were more frequently observed for fatal cas-
es than nonfatal cases, these symptoms might be predictors for 
fatal outcomes. Patients with such symptoms would require 
more attention to achieve better clinical outcomes.

Lassa virus is primarily transmitted to humans from ro-
dents. The virus is also occasionally transmitted through the 
body fluids of infected persons (3). In this outbreak, ≈17% 
of patients reported a history of contact with rodents. A simi-
lar percentage reported contact with patients with suspected 
or confirmed LF. Because this information was obtained 
by patient interview, recall bias might have influenced the  
accuracy of exposure history. Although the secondary attack 

rate was as low as 0.56%, the positive rate for LF among 
person with suspected cases was higher for those who had 
contact with confirmed case-patients than that in the general 
population (34.6% vs. 22.5%). Contact tracing did not ac-
count for 34 LF patients, although they had reported con-
tact with other confirmed or suspected case-patients. Some 
case-patients might have been targeted in the contact tracing 
whereas others were not because they reported contact with 
persons with suspected (but not confirmed) cases. Strength-
ening and expanding contact tracing is required but posed a 
challenge in resource-limited settings during the outbreak. A 
high rate of contact with suspected or confirmed LF case-pa-
tients among HCWs suggests the possibility of nosocomial 
infections, although we could not rule out another source of 
infection, such as rodents (30). Nevertheless, good infection 
prevention and control practices and readily available per-
sonal protective equipment are important to protect HCWs 
from infection with the virus (5,6).

The findings in this study support the effectiveness 
of ribavirin in reducing mortality rates from LF. CFR was 
lowest among patients who received treatment with ribavi-
rin. Patients in severe conditions might have not received 
ribavirin because they died before reaching healthcare fa-
cilities where treatment was available; that is, the difference 
in CFRs between patients who did or did not receive ribavi-
rin might be attributable not only to the ribavirin treatment 
but also to the patient’s clinical condition before ribavirin 
administration (6,28). To explore this issue further, we 
analyzed a subset of patients who survived >7 days after 
symptom onset. The highest CFR was still observed among 
patients who did not receive ribavirin; CFR was lower 
even if provision of ribavirin was deferred to >7 days after 
symptom onset. Furthermore, the early commencement of 
ribavirin treatment reduced CFR compared with deferred 
administration of the drug, although this difference was not 
statistically significant. Therefore, the reduction in CFR 
was more likely attributable to ribavirin than to the other 
supportive treatments provided. These findings support Ni-
geria’s national guidelines for clinical management of the 
disease, which advise that patient outcomes are more favor-
able when ribavirin treatment is commenced earlier (9).

This study has several limitations. Although we col-
lected CIFs from 414 of the 423 patients with laboratory-
confirmed cases, the data in some fields were incomplete. 
Availability of CIFs for patients with suspected cases whose 
laboratory tests were negative would have enabled us to 
conduct a case–control study to better determine the risk 
factors for the disease; however, collection of this informa-
tion for 1,460 laboratory-negative suspected cases would 
have been burdensome to outbreak response staff. Also, our 
study did not provide any insights into why the 2018 LF 
outbreak was larger than those in previous years. Studies 
using viral genomic data have suggested that the outbreak 
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was not caused by ongoing human-to-human transmission 
from a single source but by multiple environmental sources 
(31). Better surveillance through increased availability of 
laboratory testing of suspected cases might have played 
a role in the larger number of laboratory-confirmed cases 
during this outbreak. Localized clusters, which were not 
investigated as part of this study, might have contributed to 
the inflation of case numbers in some areas.

LF is endemic in Nigeria. The LF surveillance data 
from Nigeria, even with their limitations, are arguably the 
best longitudinal data collected on LF globally. Although 
these data mostly relate to the 2018 outbreak, data collec-
tion has continued, and all aspects of surveillance are being 
continuously improved (e.g., educating HCWs on the case 
definition, increasing ease and efficiency of the transport of 
samples, and increasing capacity and quality of diagnosis). 
In this study, we described the epidemiologic and clinical 
features of the largest recorded LF outbreak, which had a 
high CFR. The investigation also revealed several risk fac-
tors for fatal outcomes and the contribution of early treat-
ment in reduction of CFR. These findings should lead to 
further investigation of the disease. Our study also high-
lights the need for specific incidence and seroprevalence 
surveys to determine the actual burden of disease in Nige-
ria and West Africa. Although the emergency phase of this 
outbreak was declared over on May 10, 2018, a small num-
ber of cases in some areas continued to be reported thereaf-
ter (10). Ceaseless efforts to improve risk communication, 
surveillance, laboratory diagnosis, clinical management, 
infection prevention and control practices, logistics, and 
coordination could mitigate the impact of future outbreaks.
Additional members of the Nigeria Lassa Fever National  
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Ayodele Adeyemo (eHealth Africa); Winifred Ukponu  
(University of Maryland Baltimore); Saliu Oladele,  
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required multiple antimicrobial agents along with aggressive 
surgical treatment; 13 of 14 patients ultimately achieved 
cure. Four patients required amputation to control the infec-
tion. Half these patients were immunosuppressed by medi-
cations or other medical illness when they sought care at 
the referral center. Six cases involved joint prostheses; all 
ultimately required hardware removal and placement of an 
antimicrobial spacer for eradication of infection. Our find-
ings highlight the importance of vigilance for nontubercu-
lous mycobacterial musculoskeletal infection, particularly in 
patients who are immunosuppressed or have a history of 
musculoskeletal surgery.

Nontuberculous mycobacteria (NTM) are opportu-
nistic pathogens found in soil and water and are the 

sources of an increasing number of infections and ill-
ness (1,2). Multiple recent studies have recognized this 
temporal trend of increasing annual prevalence of NTM 
disease; current prevalence is estimated at 2.6%–10% an-
nually (1–4). NTM cause a broad range of clinical mani-
festations, depending on the immune competency of the 
host. Pulmonary disease is most common and is often 
seen in immunocompetent hosts. It is difficult to estimate 
the prevalence of extrapulmonary NTM infection in the 
United States because no system of national surveillance 
and reporting exists as for tuberculosis. Reported labora-
tory isolation data indicate that extrapulmonary disease 
may comprise up to one quarter of all NTM infections, 
although the best estimates are based on data that are 1–3 
decades old. Data from the mid-1990s estimated the over-
all US incidence of NTM infection at 1.0%–1.8%, with 
≈5% of isolates reported to the Centers for Disease Con-
trol and Infection at that time being of extrapulmonary 
origin. A population-based record review in Oregon that 
used data gathered during 2005–2006 found ≈22% of 
isolates originating from nonpulmonary specimens. Data 
from North Carolina gathered during 2006–2010 showed 
16%–23% of total isolates originating from extrapul-
monary specimens (5–7). Skin and soft tissue infections 
represent most extrapulmonary NTM disease, whereas 
bone and joint disease is less common. With increasing 
immunosuppression, NTM is more likely to manifest as 
disseminated disease, possibly including bone and joint 
involvement.

Previous case reports and series of NTM musculoskel-
etal infections have focused on the demographics, diagno-
sis, and treatment of patients with these difficult-to-manage 
infections (8–24). Patients were often immunocompetent 
persons who contracted an NTM disease after direct inocu-
lation via traumatic skin puncture (25–28). In a series of 
29 cases from South Korea, all patients required surgical 
intervention in addition to antimicrobial drugs; 3 patients 
failed to respond despite aggressive treatment, and an  

additional 4 were lost to follow-up. Of note, only 20 of the 
patients in this series received NTM-specific antimicrobial 
therapy; the remainder were treated with empirical antimi-
crobial therapy. A series of 28 cases of M. marinum mus-
culoskeletal infections found that 93% of cases involved 
fingers or hands and 87% were related to aquatic exposure; 
two thirds progressed from cutaneous to invasive infection. 
Most cases were managed with multiple antimycobacterial 
agents in addition to surgery, and the series reported a 75% 
cure rate and 25% loss to follow-up. A study of 8 cases of 
prosthetic joint infection (PJI) caused by rapidly growing 
mycobacteria found that the median interval from prosthe-
sis implantation to infection was 312 weeks and that all pa-
tients required either resection and explantation of infected 
prostheses or chronic suppressive antimicrobial therapy.

In these series, infections occurred throughout the 
musculoskeletal system but were particularly common in 
the hands and spine. Identification of NTM as the causative 
agent was often delayed due to the indolent course of the 
infection and lack of appropriate diagnostic testing. Once 
identified, the infections could be treated effectively with 
a combination of debridement and conventional antimyco-
bacterial chemotherapy.

We reviewed all cases of nonspinal NTM muscu-
loskeletal infection treated at the University of Colorado 
Hospital (UCH; Aurora, CO, USA) over a 6-year period by 
a multidisciplinary team of providers at UCH and National 
Jewish Health (NJH; Denver, CO, USA), a renowned cen-
ter for mycobacterial research and treatment that receives 
referrals for difficult-to-treat NTM infections from across 
the United States. Our aim was to describe the clinical 
characteristics and treatment outcomes of patients with 
NTM musculoskeletal infections.

Materials and Methods

Study Design
We performed a retrospective study of patients with non-
spinal NTM musculoskeletal infections treated at UCH dur-
ing 2009–2015. The management of each case was directed 
by an orthopedic surgeon and infectious disease physicians 
at UCH and NJH. For patients with positive culture results 
at UCH, mycobacterial speciation and susceptibility data 
were identified by ARUP Laboratories (https://www.aru-
plab.com) using DNA sequencing or matrix-assisted laser 
desorption/ionization time-of-flight mass spectrometry.

Case Ascertainment
We identified all cases of nonspinal NTM musculoskeletal 
infections treated by orthopedic surgeons at UCH during 
the study period using a registry of NTM musculoskel-
etal infections. We omitted spinal cases because they are  
handled by a different department at UCH and so were not 
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part of the surgeons’ personal registry. We reviewed the 
medical records of patients after approval from the Institu-
tional Review Board.

Data Collection
We performed our review of the medical records using a 
standardized case report form. We collected demographic 
characteristics and data on concurrent conditions, labora-
tory values, surgical intervention, antimycobacterial che-
motherapy, and outcomes.

Literature Review 
We searched the Medline database to identify case reports 
and reviews of NTM musculoskeletal infections. We used 
both the PubMed and Ovid access tools.

Results

Patient Characteristics
Of the 14 patients in our series, 7 were receiving immu-
nosuppressive medications at arrival, and 5 of those had 
chronic autoimmune disease. Twelve patients were referred 
from NJH. No predisposing host factor was identified for 6 
patients. (Table 1).

Clinical Presentation and Diagnosis
The patients had a wide array of sites of infection when 
they sought care at UCH (5 knee, 2 hip, 1 thigh, 1 hand, 
1 foot, 1 elbow, 3 with disseminated disease at multiple 
sites). The diagnosis at arrival was most commonly PJI 
(n = 6); the next most common diagnoses included septic  
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Table 1. Demographics of patients in retrospective study of nontuberculous mycobacterial musculoskeletal infections, Colorado, USA* 

Patient 
no.  

Age, 
y/sex 

Immunocompromising 
conditions 

Inciting or 
predisposing 

factor(s) 

Time to  
symptom 
onset, mo 

Reason care 
sought 

Time from 
symptom 
onset to 

diagnosis, mo  

Diagnostic procedure, 
source of  

microbiologic diagnosis 
1 55/M History of lymphoma, 

pseudogout,  
oral steroid use 

Steroid 
injection,  
left ankle 

UNK Osteomyelitis, 
septic arthritis 

12 Tissue sample from 
ankle debridement 

2 53/F None Pedicure 0 Synovitis, 
osteomyelitis, 

cellulitis 

4 UNK; diagnosis at 
another hospital  

3 48/F None Second THA UNK PJI UNK Thigh fluid sampled 
during I&D 

4 45/M None AKA 1 Draining wound  
at stump 

2 Sample of fluid draining 
from AKA stump 

5 64/F None Carpal tunnel 
release 

0 Tenosynovitis, 
septic arthritis 

8 Synovial fluid obtained 
during excision of 

synovitis 
6 69/F Diabetes mellitus THA 6 PJI 9 Synovial biopsy 

obtained during 
explantation 

7 23/F Systemic lupus 
erythematosus, oral 

steroids,  
hydroxyl-chloroquine, 
mycophenolate mofetil 

Avascular 
necrosis, ankle 

fusion 

3 Septic arthritis, 
osteomyelitis, skin 

abscesses 

1 UNK; diagnosis at 
another hospital 

8 57/F Polymyositis, oral 
steroids, azathioprine, 
rituximab,methotrexate 

ACL repair, 
arthroscopy, 

steroid injection 

UNK Septic arthritis UNK Aspirate of left knee 
and right hip 

9 76/M Nonspecific 
autoimmune disease, 

oral steroids 

Calcium 
pyrophosphate 

deposition 
disease, TKA 

0 PJI 2 UNK; diagnosis at 
another hospital 

10 58/M None Trauma, steroid 
injection 

12 Septic arthritis 19 UNK; diagnosis at 
another hospital 

11 77/F Rheumatoid arthritis, 
prednisone, 
azathioprine 

TKA 300 PJI 12 Synovial biopsy 
obtained during 

placement of 
antimicrobial spacer 

 
12 83/M Malnutrition, 

prednisone 
TKA 168 PJI 8 Tissue obtained during 

TKA revision 
13 49/F None TKA (revision) 14 PJI 2 UNK; diagnosis at 

another hospital 
14 24/F Crohn’s disease, 

infliximab 
Failed IV 0 Cellulitis, abscess 7 Skin biopsy 

*AKA, above-knee amputation; I&D, irrigation and debridement; PJI, prosthetic joint infection, THA, total hip arthroplasty; TKA, total knee arthroplasty; 
UNK, unknown. 
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arthritis (n = 5), osteomyelitis (n = 3), tendon sheath infec-
tion (n = 2), skin abscess (n = 2), cellulitis (n = 2), and 
surgical-wound infection (n = 1). Several patients had 
complex local infections with multiple concurrent tis-
sue diagnoses; case-patients 1, 7, and 8 had disseminated 
disease at multiple sites. Each patient had undergone >1 
prior procedure at the site of infection, including 6 patients 
with infected prostheses, 4 with other surgical procedures, 
2 with steroid injection, 1 with a failed intravenous (IV) 
placement, and 1 with a cosmetic pedicure. The median in-
terval from symptom onset to diagnosis was 7.5 months 
(range 1–19 months). 

Of 10 patients tested, the median erythrocyte sedi-
mentation rate (ESR) was above the upper limit of normal 
(ULN) in 7 patients (70%) at arrival (ULN 15 mm/h in men, 
20 mm/h in women). C-reactive protein level was elevated 
in 4/14 patients (29%) (ULN 10.0 mg/L). Blood leukocyte 
count was elevated in 2/14 patients (14%) (ULN 10.1 × 
104 cells/μL). All 3 laboratory tests were within reference 
limits in 1 patient, and both C-reactive protein and leuko-
cyte levels were within reference limits in an additional 2 
patients without ESR data.

PJIs
Six patients arrived with PJI at the knee (4 patients) and 
hip (2 patients). The interval from prosthesis implantation 
to symptom onset ranged from the immediate aftermath of 
implantation to 25 years postimplantation; median duration 
was 6 months. Infected hardware was removed in all patients 
with PJI; the median period from symptom onset to explan-
tation was 8.5 months (range <3–16 months). After explan-
tation, 2-stage revision was undertaken, first with implan-
tation of a temporary articulating prosthesis prepared with 
1 g of antimicrobial-loaded polymethylmethacrylate bone 
cement, with drug selection based on sensitivity testing. 
This preparation, called an antimicrobial spacer, was subse-
quently replaced with a permanent prosthesis after several 
months without evidence of recurrent infection. Medication-
loaded bone cement was also used for patients requiring 
intramedullary nailing. Patients with PJI were also treated 
with amikacin-containing calcium sulfate beads implanted 
within the surgical bed (1 g of amikacin per 10 cc packet of 
calcium sulfate mixture). These antimicrobial beads were 
used at initial explantation or when the antimicrobial spacer 
was replaced with a permanent prosthesis at the discretion 
of the surgeon as needed to fill dead space from aggressive 
debridement or the infection itself. The precise amount of 
amikacin used is not always clearly reflected in the surgical 
record; however, in our series, use of up to 5 g of amikacin 
has been recorded. Amikacin is used for its activity against 
mycobacteria and its ability to integrate with the calcium 
sulfate material to form beads. Such amikacin-laden beads 
were also used in 2 other patients with extensive soft- 

tissue involvement. A seventh patient with septic arthritis 
of her native knee (case-patient 8) underwent a total knee  
arthroplasty that was insufficient to eradicate the infection 
and ultimately required subsequent 2-stage revision.

Surgical Treatment
All patients required surgical treatment for control of infec-
tion, and all but 1 patient were ultimately cured by com-
bined medical and surgical treatment. Seven patients had 
>1 procedure at outside hospitals before seeking treatment 
at UCH. Case-patients 4 and 5 required only a single surgi-
cal procedure at UCH for control of infection. Case-patients 
6 and 12 underwent planned 2-stage revision and required 
no further surgeries. The remaining 10 case-patients had 
initial procedures at UCH that were intended to definitively 
treat infection but proved unsuccessful. Surgical treatment 
at UCH consisted of aggressive debridement of infected 
bone and soft tissue, as well as explantation of any infected 
hardware with 2-stage revision of infected prostheses. Four 
patients with infections involving the knee also required 
placement of intramedullary nails coated with antibiotic-
loaded cement (case-patients 9, 10, 11, and 13). The medi-
an interval from initial diagnostic or therapeutic procedure 
to definitive surgical treatment was 14 months (range 4–52 
months) in the patients who required multiple procedures. 
One patient with disseminated M. abscessus (case-patient 
1) required a debridement of the femur, partial claviculec-
tomy, synovectomy of an ankle and a knee, and a fasci-
ectomy. The patient with disseminated M. massiliense in 
the setting of chronic immunosuppressive therapy (case-
patient 7) required >12 procedures including multiple de-
bridements and soft tissue excisions, removal of infected 
ankle fusion hardware, and osteotomy and arthrotomy of an 
infected elbow with extensive use of antimicrobial beads 
and bone cement. A patient with M. intracellulare infection 
disseminated to the left knee and right hip (case-patient 8) 
required multiple irrigations and debridements, total knee 
arthroplasty with antimicrobial spacer, and subsequent 
implantation of a tumor prosthesis. One patient with M. 
fortuitum infection (case-patient 5) had a debridement and 
eventually required amputation of her hand. One patient 
had cellulitis and abscess formation caused by M. marinum 
(case-patient 14) requiring a wide excision of the soft tis-
sue around her elbow. One patient with a hip-prosthetic 
infection caused by M. abscessus (case-patient 3) required 
hemipelvectomy due to the progressive spread of the infec-
tion despite >1 year of intravenous therapy, prosthetic hip 
explantation, and multiple debridements  (Table 2).

Histopathology and Microbiology
The species of NTM responsible for the musculoskeletal 
infection was known or identified in each patient. All pa-
tients had tissue specimens taken for culture during their 

1078 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 6, June 2019



Nontuberculous Mycobacterial Infections

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 6, June 2019 1079

 
Table 2. Surgical treatment of patients with nontuberculous mycobacterial musculoskeletal infections, Colorado, USA* 

Patient 
no. Site 

Previous 
surgeries 

Symptom 
onset to first 
surgery, mo 

 Time 
between 

surgeries, 
mo 

First visit to 
definitive 

procedure, 
mo 

Length of 
follow-up, 

mo 

Surgeries for control of infection at UCH 

First procedure(s) 
Definitive 
procedure 

1 Multiple 
joints†  

Multiple I&Ds, 
below-knee 
amputation 

UNK I&D, excision of soft-
tissue masses, 
debridement, 

synovectomy, amikacin 
bead implantation  

Wide excision of 
right calf 

36 22 
 

7 

2 Left foot Debridement, 
amputation L 

5th toe, nodule 
excision 

2 Debridement of dorsum 
of left foot 

Excisional 
debridement of 

left foot 

17 14 60 

3 Left hip 
(PJI) 

UNK UNK Debridement and 
polyethylene exchange 

Hemi-
pelvectomy 

31 38 14 

4 Left 
thigh 

None 18 NA Above-knee 
amputation 

stump revision 

NA 14 1 

5 Right 
hand 

None 9 NA Amputation of 
right hand and 

forearm 

NA 3 37 

6 Right hip 
(PJI) 

None 9 Resection arthroplasty, 
tobramycin cement 

spacer 

Revision THA 4 6 49 

7 Multiple 
joints‡ 

I&D 1 Hardware removal, I&D, 
amikacin bead 

implantation, arthrotomy 
and osteotomy with 

amikacin cement, soft-
tissue excisions 

Excisional 
debridement of 
left forearm and 
right foot with 
amikacin bead 

placement§ 

51 51 2 

8 Left 
knee, 

right hip 

None UNK I&D, amikacin cement 
spacer 

TKA with tumor 
prosthesis, 
gentamicin 

cement, 
amikacin beads 

7 8 48 

9 Left 
knee 
(PJI) 

Explant with 
antimicrobial 
spacer, I&D 

4 I&D, explantation, 
tobramycin spacer, 

intramedullary nail with 
tobramycin cement, 
revision of spacer 

Revision TKA 
with tobramycin 

cement and 
amikacin beads 

20 12 20 

10 Left 
knee 

Arthroscopic 
meniscectomy, 

synovial 
biopsy, 

aspirations, 
arthroscopic 
synovectomy 

2 Radical synovectomy, 
amikacin bead 

implantation, resection 
arthroplasty, knee-

spanning intramedullary 
nail with tobramycin 

cement 

TKA with tumor 
prosthesis and 

tobramycin 
cement 

40 12 4 

11 Right 
knee 
(PJI) 

None 12 Explantation, amikacin 
spacer, I&D, 

intramedullary nail with 
amikacin cement 

Revision TKA 
with gentamicin 

cement and 
amikacin beads 

7 11 17 

12 Left 
knee 
(PJI) 

I&D, 
polyethylene 

exchange 

0 Explantation, gentamicin 
cement spacer 

Revision TKA 
with tobramycin 

cement and 
amikacin beads 

12 5 20 

13 Right 
knee 
(PJI) 

Explant, I&D, 
antimicrobial 

spacers 

3 Revision TKA, I&D, 
intramedullary nail with 

amikacin cement 

Revision TKA 
with amikacin 
cement and 

amikacin beads 

14 6 1 

14 Right 
elbow 

None 8 Wide excision of right 
forearm, nodule excision 

Wide excision of 
right forearm 

4 10 47 

*I&D, irrigation and debridement; NA, not applicable; PJI, prosthetic joint infection, THA, total hip arthroplasty; TKA, total knee arthroplasty; UNK, 
unknown. 
†Infection was present in patient’s left thigh and knee, and right talus, ankle joint, and subtalar joint. 
‡Infection was present in patient’s left elbow, buttock, forearm, calf, right ankle and thigh, and both feet.  
§Because this patient is in treatment for chronic disseminated infection, definitive procedure is defined as the most recent surgical procedure. 
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procedure(s) at UCH. Eight patients had microbiologic di-
agnoses of NTM infection before transfer to UCH, and 6 of 
these patients were culture-negative at the time of surgery at 
UCH (case-patients 1, 2, 4, 8, 9, and 13). Antimicrobial ther-
apy was initiated at outside hospitals in 6 of the 8 patients 
who came to UCH with established microbiologic diagno-
ses; the other 2 patients were referred directly to infectious 
diseases specialists at UCH, NJH, or both for treatment. 

Seven patients were infected with a rapidly grow-
ing mycobacterial species, whereas the remaining 7 were 
infected with slowly growing species (Table 1). Ten pa-
tients had intraoperative biopsy specimens demonstrating 
granuloma formation, but only 2 of these had evidence of 
acid-fast bacilli on direct microscopy. Eight of 14 patients 
had intraoperative cultures that grew NTM, with specia-
tion consistent with prior data when available. All patients 
had visual evidence of infection at the time of operation. 

One patient who had M. marinum worked at a pet store 
that sold fish and aquariums and frequently submerged her 
hands and arms in the water, and her infection originated at 
a failed IV site. In the 5 patients with M. avium complex, 
3 had speciation available that identified M. intracellulare.

Antimicrobial Treatment
All patients were treated with combination antimycobac-
terial chemotherapy (Table 3) determined on the basis of 
antimicrobial drug sensitivities (Appendix Table, https://
wwwnc.cdc.gov/EID/article/25/6/18-1041-App1.xlsx) and 
recommendations from NJH. Thirteen of 14 patients were 
receiving antimycobacterial therapy at the time of surgery 
based on previous culture and drug susceptibility test re-
sults. Antimicrobial therapy was not administered around 
the time of surgery for case-patient 7 because of adverse 
effects from these medications. 
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Table 3. Microbiology and antimicrobial treatment of patients with nontuberculous mycobacterial musculoskeletal infections, Colorado, 
USA* 

Patient 
no. Species 

Oral therapy (duration, 
mo) 

Intravenous therapy 
(duration, mo) 

Total duration 
of therapy, mo 

Time from last surgery to 
cessation of antimicrobial 

therapy, mo Outcome 
1 M. abscessus 

 
Azithromycin (24) 

 
Tigecycline + 
amikacin + 

imipenem (24) 

24 0 Cured 

2 M. abscessus 
 
 

Azithromycin + linezolid 
(6) 

Amikacin + 
imipenem (6) 

6 0 Cured 

3 M. abscessus 
 

Azithromycin + 
clofazimine (20) 

Imipenem + 
amikacin (15) 

20 0 Cured 

4 M. abscessus 
 

Azithromycin + 
clofazimine (14) 

Cefoxitin + amikacin 
(8) 

14 0 Cured 

5 M. fortuitum Moxifloxacin (2) Imipenem (2) 2 1 Cured 
6 M. fortuitum Doxycycline + 

ciprofloxacin + 
trimethoprim/ 

sulfamethoxazole (5) 

Amikacin (3) 5 3 Cured 

7 M. massiliense Azithromycin, linezolid (4) Cefoxitin, tigecycline, 
linezolid, amikacin, 

azithromycin (4) 

4† 
 

NA Treatment 
failure 

8 M. intracellulare Azithromycin + 
ethambutol + rifabutin 

(14) 

Amikacin (8) 14 1 Cured 

9 MAC, speciation 
unavailable 

Azithromycin + 
clofazimine + ethambutol 

+ rifampin (39) 

Amikacin (2) 39 11 Cured 

10 M. intracellulare Azithromycin + rifampin + 
clofazimine + ethambutol 

(27) 

Amikacin (5) 27 7 Cured 

11 M. intracellulare Azithromycin + 
moxifloxacin + 
ethambutol (9) 

None 9 
 

5 Cured 

12 MAC, speciation 
unavailable 

Azithromycin + 
ethambutol + rifampin (7) 

None 7 3 Cured 

13 M. gordonae Azithromycin + 
trimethoprim/ 

sulfamethoxazole + 
ethambutol (16) 

Amikacin (2) 16 2 Cured 

14 M. marinum Azithromycin + 
ciprofloxacin (14) 

Imipenem (10) 14 10 Cured 

*All bacteria are Mycobacterium spp. MAC, Mycobacterium avium complex.  
†Patient elected to discontinue antimicrobial treatment after experiencing intolerable side effects from multiple medications, despite ongoing disseminated 
infection. 
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Amikacin-related toxicity occurred in 3 patients. Ototox-
icity occurred in 2 patients: case-patient 1 reported hearing  
loss after 9 months of parenteral amikacin and within 1 month 
of implantation of amikacin beads, and case-patient 6 experi-
enced tinnitus after 3 months of parenteral amikacin. Kidney 
injury occurred in case-patient 7 after 3 months of paren-
teral amikacin and 1 month after implantation of amikacin 
beads (creatinine level increased from 0.71 to 2.37 mg/dL). 
Tigecycline was also discontinued in case-patient 7 due to 
intractable nausea and vomiting within 2 days of initiation, 
and cefoxitin was discontinued due to fever within 3 days of 
treatment. Clofazimine also caused intractable nausea and 
vomiting upon initiation in this patient and was discontinued 
after 1 month. Apart from case-patient 1, who experienced 
permanent hearing loss, toxicity resolved with discontinua-
tion of medications. Two patients with M. avium complex in-
fection did not receive amikacin due to history of C. difficile 
infection (case-patients 10 and 11). 

The median duration of antimicrobial chemotherapy 
was 14 months (range 2–39 months). Among the 7 patients 
with rapidly growing NTM, the median duration was 6 
months. The median duration was longer in patients with 
slow-growing NTM, at 14 months. Twelve patients re-
ceived injectable antimicrobial drugs as part of their treat-
ment regimen, whereas 2 patients had oral therapy alone. 
The median duration of therapy with injectable agents was 
5 months; rapidly growing strains were treated for a median 
of 6 months and slow-growing strains for a median of 5 
months. The median duration of antimicrobial drug therapy 
after definitive surgery was 2 months. Patients infected 
with slow-growing NTM received a more protracted course 
of postoperative antimicrobial therapy, with a median du-
ration of 5 months, compared with <1 month in patients 
infected with rapidly growing strains.

Outcomes
During the follow-up period after surgical intervention 
(median duration 20 months, range 1–60 months), 13/14 
patients did not develop clinical or microbiological relapse 
and were cured. One (case-patient 7) had clinical and mi-
crobiological relapse and was deemed to have failed treat-
ment; the first relapse occurred 2 months after the first sur-
gery to control the infection. The relapse, a disseminated 
infection distant from the original surgical site, was a likely 
result of the patient receiving multiple immunosuppres-
sive medications to control systemic lupus erythematosus. 
She required 12 surgical procedures within the first year 
and subsequently required ≈1 procedure/year for control 
of chronic disseminated infection over the next 3 years, 
primarily in the form of debridement and excision of soft 
tissue mass. Of note, this patient chose to forgo antimicro-
bial therapy after the first 4 months of treatment because 
of intolerable side effects from multiple medications. Two 

instances of microbiologic relapse were documented for 
this patient.

Discussion
We present a series of cases of NTM musculoskeletal infec-
tions requiring surgical intervention and antimycobacterial 
chemotherapy that were managed at UCH and NJH over a 
6-year period. NTM musculoskeletal infections have been 
reported in the literature sporadically due to their rare oc-
currence; 2 previous case series documented 29 cases over 
13 years in South Korea (27) and 8 cases of PJI by NTM 
over 4 decades at the Mayo Clinic in the United States 
(26). In a 6-year period, we have identified 14 case-patients 
treated at our institutions with unique characteristics, in 
comparison to previous studies (25–28). Specifically, the 
cases we report indicate the importance of a low thresh-
old for suspicion and testing for NTM in any patient who 
has an unidentified musculoskeletal infection, particularly 
with evidence of granuloma formation on pathology. Fur-
thermore, for all of our case-patients, NTM infections de-
veloped at the site of a prior procedure (prosthetic joint or 
other intervention), raising the concept of early culture for 
mycobacteria in conjunction with or after negative results 
from conventional bacterial culture.

One of the most notable findings from the 3 previ-
ous case series studying NTM musculoskeletal infections 
was that, in all studies, the overwhelming majority of the 
patients were immunocompetent (26–28). In contrast, half 
the patients in our study were immunosuppressed as a re-
sult of either an underlying medical condition or a medi-
cation used to treat rheumatologic disease. While this may 
be a manifestation of the relationship between UCH and 
NJH, our report highlights the importance of hypervigi-
lance for possible NTM in immunocompromised patients 
with musculoskeletal infections. The most severely im-
munocompromised patients in our series (case-patients 
1, 7, and 8) had disseminated infection. Immunocompro-
mised patients with a history of musculoskeletal surgery 
should receive a mycobacterial workup as a component 
of their care.

Another crucial aspect of our case series is the observa-
tion that 10/14 cases occurred at the site of a previous mus-
culoskeletal surgery and 6 of these cases involved a joint 
prosthesis. Moreover, all 14 cases were preceded by an 
invasive procedure at the initial site of infection. In all but 
3 of our surgery-associated cases, the onset of symptoms 
occurred >3 months after the preceding surgical procedure, 
suggesting hematogenous spread, possibly due to transient 
mycobacteremia, with seeding of surgically altered tissue 
as the likely mechanism of inoculation. This mechanism is 
particularly likely in case-patients 1, 7, 8, 11, and 12, which 
comprise 3 cases of disseminated infection in severely im-
munocompromised patients and 2 late prosthetic joint 
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infections with more than a decade between initial pros-
thetic joint surgery and eventual infection. The previous 
report from South Korea noted a minority of periprosthetic  
infections, but most cases were related to trauma or iatro-
genic injections rather than surgery (27). 

The report from the Mayo Clinic focused on PJIs but 
noted only 8 cases over 4 decades (26). A recent series of 
6 cases of chronic trauma– or intervention-related joint in-
fection not responding to empiric therapy reported no cases 
of periprosthetic NTM infection (29). Our relatively rapid 
accumulation of surgery-related cases over a 6-year peri-
od is due to the relationship between UHC and NJH and 
NJH’s high volume of NTM cases; we cannot generalize 
this trend to the general US population, given the unique 
referral characteristics of our patient population. It is pos-
sible that improvements in detection and identification of 
NTM infections may contribute to this increased case vol-
ume, as has been suggested to explain the increasing in-
cidence and prevalence of pulmonary NTM (30). Regard-
less, infections in our study were more likely to occur at the 
site of a previous orthopedic surgery and in >4 cases led to 
severe complications requiring partial or full amputation, 
with 1 patient requiring hemipelvectomy. Three of these 
patients were infected with M. abscessus and 1 with M. 
fortuitum. M. abscessus is highly drug resistant and there-
fore responds poorly to antimicrobial therapy. It is difficult 
to ascertain if these amputations could have been avoided 
with earlier diagnosis and aggressive surgical therapy. In 
several cases, patients with long delays in diagnosis ulti-
mately required amputation; almost one third of patients in 
our series required amputation.

Given the importance in identifying NTM musculo-
skeletal infections in the immunocompromised or those 
with prior surgery, it is unfortunate that our data did not 
identify more substantial diagnostic criteria based upon 
inflammatory markers. Whereas the ESR in our patients 
was usually elevated, the C-reactive protein and leukocyte 
counts were typically normal. The patient who failed treat-
ment had one of the highest ESRs in our patient group, 
nearly double the median value of 38 at intake, perhaps be-
cause of her chronic autoimmune condition.

All patients had positive mycobacterial cultures at 
time of initial diagnosis. Thirteen of 14 patients were re-
ceiving mycobacterial therapy at the time of surgery at our 
institution and only half of them were persistently posi-
tive for mycobacterial growth despite ongoing symptoms 
and intraoperative observation of sinus tract formation and 
suppuration. We are familiar with this phenomenon, and 
therefore do not require a positive culture to define failure 
of therapy. If a patient has ongoing signs of infection while 
receiving effective antimicrobial drugs (based on drug 
sensitivity testing), then they need more aggressive resec-
tion of infected tissue. The 3 patients with PJI and rapidly  

growing NTM infection all required prolonged courses of 
IV and oral antimicrobial therapy. One of the 3 patients 
with M. avium complex–related PJI also required 2 months 
of concomitant IV amikacin. All patients with PJIs re-
quired explantation of the infected hardware followed by 
antimicrobial spacer placement for >3 months in addition 
to ongoing postoperative oral or intravenous antimicrobial 
therapy to achieve a successful outcome. In >5 cases, mi-
crobiologic diagnosis of mycobacterial infection was only 
confirmed during the initial surgical intervention, and in 
each of these cases, prior or subsequent surgeries were 
required for ultimate control of infection. Ultimately, the 
fact that 10/14 cases required multiple surgeries for control 
of infection with long intervals from onset of symptoms 
and initial seeking of care to identification of the infectious 
agent and finally definitive surgical treatment underscores 
the need for early identification and aggressive treatment of 
NTM infection.
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A recent hospital outbreak related to premoistened gloves 
used to wash patients exposed the difficulties of defining 
Burkholderia species in clinical settings. The outbreak strain 
displayed key B. stabilis phenotypes, including the inabil-
ity to grow at 42°C; we used whole-genome sequencing to 
confirm the pathogen was B. stabilis. The outbreak strain 
genome comprises 3 chromosomes and a plasmid, shar-
ing an average nucleotide identity of 98.4% with B. stabilis 
ATCC27515 BAA-67, but with 13% novel coding sequenc-
es. The genome lacks identifiable virulence factors and has 
no apparent increase in encoded antimicrobial drug resis-
tance, few insertion sequences, and few pseudogenes, 
suggesting this outbreak was an opportunistic infection by 
an environmental strain not adapted to human pathogenic-
ity. The diversity among outbreak isolates (22 from patients 
and 16 from washing gloves) is only 6 single-nucleotide 
polymorphisms, although the genome remains plastic, with 
large elements stochastically lost from outbreak isolates. 

Burkholderia is a diverse genus of gram-negative bac-
teria, with isolates identified from a variety of envi-

ronments, and ever more species being identified and 
classified. Whereas some Burkholderia species are associ-
ated with bioremediation potential and antimicrobial and  
antifungal production, others are animal and human  

pathogens that generally fall within the B. cepacia com-
plex (Bcc) (1). Burkholderia bacteria have large, flexible, 
multi-replicon genomes, a large metabolic repertoire, vari-
ous virulence factors, and inherent resistance to many anti-
microbial drugs (2,3).

An outbreak of B. stabilis was identified among hos-
pitalized patients across several cantons in Switzerland 
during 2015–2016 (4). The bacterium caused bloodstream 
infections, noninvasive infections, and wound contamina-
tions. The source of the infection was traced to contaminat-
ed commercially available, premoistened washing gloves 
used for bedridden patients. After hospitals discontinued 
use of these gloves, the outbreak resolved. 

Many instances of Bcc strain contamination of medical 
devices and solutions have been described (4), including an 
outbreak in Korea associated with a 0.5% chlorhexidine so-
lution (5). B. stabilis also has been identified in nosocomial 
infections (6–8).

We conducted in-depth characterization of the B. sta-
bilis strain from the Switzerland outbreak by using clinical 
methods and whole-genome sequencing (WGS). We gen-
erated a complete draft genome by combining short- and 
long-read genomic data and compared it to other outbreak 
isolates to provide a complete genomic assessment of this 
strain. We provide a thorough comparative genomic analy-
sis of this outbreak strain.

Methods

Bacterial Isolate Collection
Isolates were collected from 22 patients (labeled 1–22) 
and 16 contaminated washing gloves (labeled A–P) across 
Switzerland during the outbreak (4). For comparison, we 
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Analyses of Burkholderia stabilis Contamination

collected 14 unrelated Burkholderia spp. patient isolates in 
Switzerland (labeled O-1 through O-14; Appendix 1 Table 
1, https://wwwnc.cdc.gov/EID/article/25/6/17-2119-App1.
xlsx). We obtained a control strain, B. stabilis ATCC27515 
BAA-67, isolated in 1993 from sputum of a patient with 
cystic fibrosis in Belgium, from the American Type Culture 
Collection (ATCC, https://www.atcc.org).

Clinical Diagnostics
We performed routine identification using matrix-assisted la-
ser desorption/ionization time-of-flight (MALDI-TOF) mass 
spectrometry and biochemical species identification. For 
MALDI-TOF mass spectrometry, we used Biotyper MBT 
Smart (Bruker Corporation, https://www.bruker.com) with 
flexControl and MBT Compass version 4.1 software. We con-
sidered scores >2.0 high confidence identification and scores 
of 1.7–2.0 low confidence identification. We used VITEK 2 
gram negative identification card (bioMérieux, https://www.
biomerieux.com) for biochemical species identification. Phe-
notypic antimicrobial resistance profiles were determined 
using disk diffusion. We interpreted breakpoints according 
to Clinical and Laboratory Standards Institute (9) standards 
for Bcc (ceftazidime, trimethoprim/sulfamethoxazole, and 
meropenem) or Enterobacteriaceae (aminoglycosides, cip-
rofloxacin, piperacillin/tazobactam, and other β-lactams). We 
used XbaI to digest DNA before using previously described 
pulsed-field gel electrophoresis (PFGE) molecular typing 
principles (10). We used GelCompar (Applied Maths, http://
www.applied-maths.com) to analyze PFGE results.

Cellular Fatty Acid Analysis
We prepared and derivatized cellular fatty acids from out-
break isolates 7, 13, and O, with control strain Pseudomo-
nas aeruginosa strain ATCC27853, as previously described 
(11). We performed chromatography on an HP 6890 gas 
chromatograph (Hewlett Packard Enterprise, https://www.
hpe.com) and analyzed data in SHERLOCK MIS version 
6.2 (Midi Inc., http://midi-inc.com).

Genome Sequencing, Assembly, Annotation,  
and Mapping
We extracted DNA using EZ1 Advanced XL (QIAGEN, 
https://www.qiagen.com) or Wizard Genomic DNA Pu-
rification kit (Promega, https://www.promega.com) and 
then sequenced it on the Illumina MiSeq platform (https://
www.illumina.com) following Nextera XT library creation 
within the Division of Clinical Microbiology, University 
Hospital Basel (300-bp paired-end reads) or the Unit of Ge-
nomics of the Institute of Microbiology, Lausanne Univer-
sity Hospital (150-bp paired-end reads). We mapped data 
against the genome of B. cepacia ATCC25416 (GenBank 
accession nos. CP007746–8) for quality control and cov-
erage determination (Appendix 1 Table 1). We sequenced 

DNA from outbreak isolate 5 on a PacBio RS II platform 
(Pacific Biosciences, https://www.pacb.com) with 1 SMRT 
cell at the Functional Genomics Centre, Zurich. We sub-
mitted read data for all samples to the European Nucleotide 
Archive under project nos. PRJEB18658 and PRJEB19203 
(data previously analyzed; 12). 

We used CLC Genomics Workbench 9 (https://clc-ge-
nomics-workbench.software.informer.com/9.0) to assem-
ble Illumina reads from outbreak isolate E (1,736 contigs; 
assembly length 8,816,302 bp) and from unrelated isolates. 
We processed PacBio reads with CLC Genomics Work-
bench 9 using an error correction of 30 or 50 and assembled 
resulting reads or used them to correct the Illumina assem-
bly of E. We used Spades version 3.10.0 (13) to assemble 
the PacBio reads with Illumina reads from isolates E or 5. 
We manually compared assemblies in Artemis and ACT 
(14,15) to circularize and split chromosomes 1 and 2 ac-
cording to the genome of B. stabilis BAA-67 (GenBank ac-
cession nos. CP016442–4) (16). We found chromosome 3 
is a single contig that was not obviously circularizable. We 
used Prokka version 1.11 (17) for automated annotation 
and manually curated coding sequences (CDSs) by using 
Artemis and ACT. We submitted the genome draft to ENA 
under accession no. ERZ480954.

We performed mapping in CLC Genomics Workbench 
9, which we also used to generate k-mer trees (18) using 
default parameters. For single-nucleotide polymorphism 
(SNP) phylogenies, we used variant calling with 5× mini-
mum coverage, 5 minimum count, and 70% minimum fre-
quency and created SNP trees with 5× minimum coverage, 
5% minimum coverage, 0 prune distance, and multinucleo-
tide variants.

Database and Genome Comparisons
We used multilocus sequence typing (MLST; https://cge.
cbs.dtu.dk/services/MLST) to identify alleles from as-
semblies of isolate E and unrelated Burkholderia spp. (19) 
and compared these against Bcc MLST databases (https://
pubmlst.org/bcc) (20) for species designation. We per-
formed average nucleotide identity (ANI) determination 
using the ANI calculator (http://enve-omics.ce.gatech.edu/
ani) (21), and digital DNA-DNA hybridization (dDDH) 
with GGDC2.1 (http://ggdc.dsmz.de/distcalc2.php) (22). 
We used antiSMASH version 4.0.0 (https://antismash.
secondarymetabolites.org) (23) to predict gene clusters in-
volved in antimicrobial resistance and secondary metabo-
lite production.

Results

Clinical and Major Fatty Acid Characterization
We analyzed outbreak and unrelated Burkholderia spp. 
isolates by PFGE (Appendix 2 Figure 1, https://wwwnc.
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cdc.gov/EID/article/25/6/17-2119-App2.pdf). PFGE pat-
terns of outbreak isolates from patients and washing gloves 
formed a cluster separate from the unrelated isolates. Out-
break isolates shared 75.7% similarity by Pearson corre-
lation analysis; previous studies used a value of 80% for 
outbreak grouping (24).

We conducted MALDI-TOF mass spectrometry on 
12 outbreak isolates and identified B. cepacia group (n 
= 4), B. stabilis (n = 4), B. multivorans (n = 2), B. ceno-
cepacia (n = 1), and B. pyrrocinia (n = 1) with scores 
of 1.88–2.21. Because MALDI-TOF mass spectrometry 
is known to misidentify Bcc species (25), we used VI-
TEK 2 to conduct biochemical testing on isolates from 
3 patients and 1 washing glove and identified either Bcc 
group (scores of 91%–95%) or Acinetobacter lwoffii 
(scores of 86%–91%). 

Our outbreak isolates and control strain shared a de-
fining characteristic of B. stabilis, the inability to grow at 
42°C (26). Using VITEK 2, we saw 2 other key charac-
teristics of B. stabilis in the outbreak strain, absence of 
β-galactosidase activity and inability to oxidize sucrose 
(Table 1). In contrast to other B. stabilis strains, VITEK 
2 showed our strain was negative for adonitol acidifica-
tion, ornithine decarboxylase, and lysine decarboxylase. 
Phenotypic identification of Burkholderia spp. often is 
a tedious process (26), with high rates of misidentifica-
tion because of false negative reporting by VITEK 2 (29). 
Clinical standard identification on the VITEK 2 runs up to 
16 hours, but Burkholderia phenotypes can take up to 7 
days to develop. Our subsequent genome analysis identi-
fied genes encoding ornithine decarboxylase and lysine 
decarboxylase in the outbreak strain.

Cellular fatty acid profiling of 3 outbreak isolates 
showed profiles highly similar to the reference strains B. 
stabilis and B. cepacia (26,30), and expectedly distinct 
from control strain P. aeruginosa strain ATCC27853 (Ap-
pendix 1 Table 2; Appendix 2 Figure 2). Together, these 
assays identified the outbreak strain as a member of the 

genus Burkholderia within Bcc but did not enable a firm 
species-level identification.

Identification of Outbreak Isolate Clade in Bcc
We conducted WGS on 22 patient isolates and 16 isolates 
from washing gloves. We compared a full-length 16S 
rRNA gene sequence derived from the genome assembly 
of isolate E against the National Center for Biotechnolo-
gy Information nucleotide sequence database using blastn 
(http://blast.ncbi.nlm.nih.gov). We identified 2 top hits, 
both sharing 1,520 out of 1,521 nt identities, B. pyrrocinia 
DSM10685, and B. stabilis BAA-67. Many other Bcc spe-
cies shared >99% nucleotide identity, including B. stagnalis 
MSMB735WGS, B. cenocepacia AU1054, B. cenocepacia 
J2315, B. ambifaria AMMD, and B. lata 383. We mapped 
the WGS data of all outbreak isolates against a draft as-
sembly of isolate E and found 99%–100% coverage from 
all isolates, but only 60%–75% coverage from unrelated 
isolate sequences (Appendix 1 Table 1). K-mer analysis 
of outbreak and unrelated Burkholderia isolates showed a 
separate cluster of outbreak isolates (Appendix 2 Figure 3).
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Table 1. Biochemistry of Burkholderia stabilis outbreak strain from 
3 patient isolates and 1 environmental isolate collected from 
hospitals in Switzerland, 2015–2016* 

Reaction Result 

No. outbreak 
strains with 

result 

Expected  
B. stabilis 

result† 
Saccharose, sucrose‡ – 4 – 
β-galactosidase‡ – 4 – 
Maltose acidification + 3 + 
Adonitol acidification – 4 + 
Ornithine decarboxylase – 4 + 
Lysine decarboxylase – 4 + 
D-mannitol – 4 + 
D-glucose + 4 + 
D-cellobiose + 4 + 
Malonate – 4 + 
D-sorbitol – 4 + 
Urease – 4 + or – 
*Performed using VITEK 2.  
†From (26,28). 
‡Specific discriminatory test for B. stabilis. 

 

 
Table 2. Genome comparisons of Burkholderia stabilis outbreak strain CH16 from Switzerland against Burkholderia reference strains* 

Reference genome Genomovar GenBank accession nos. 
ANI,†  

1-way,% 
dDDH,‡ 

formula 2 
Probability 

dDDH >70% 
% G+C 

difference 
B. stabilis ATCC BAA-67 IV CP016442–4 98.4 87.8 94.98 0.08 
B. pyrrocinina DSM10685 IX CP011503–6 92.9 49.4 17.44 0.17 
B. stabilis LA20W§ IV GCA_001685505.1 92.5 49.3 17.3 0.16 
B. lata 383 

 
NC_007509–11 91.4 44.7 7.72 0.12 

B. cepacia ATCC25416 I NZ_CP012981–3 91.3 44.5 7.52 0.37 
B. cenocepacia J2315 III AM747720–3 91.1 44 6.68 0.55 
B. ambifaria AMMD VII NZ_CP009798–800 89.8 39.9 2.65 0.44 
B. latens AU17928 

 
CP013435–8 88.8 37 1.22 0.03 

B. dolosa AU0158 VI CP009793–5 88.8 37.2 1.27 0.66 
B. vietnamensis LMG10929 V CP009629–32 88.5 36.2 0.97 0.48 
B. multivorans DDS 15A-1 II CP008728–30 88.3 36 0.89 0.25 
B. multivorans BAA247 II CP009830–2 88.1 35.3 0.71 0.9 
*ANI, average nucleotide identity; dDDH, digital DNA-DNA hybridization. 
†Species cutoff 95%.  
‡Species cutoff 70%. 
§From these results, strain LA20W should not be classified as B. stabilis. 
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Identification of New B. stabilis Strain
We used MLST to extract alleles from the genome draft to 
obtain a new sequence type (ST), 1095, with the following 
genes: atpD (380, new), gltB (456), gyrB (213), lepA (70), 
phaC (348, new), recA (109), trpB (173). The top matches 
to this MLST profile are all B. stabilis isolates sharing <4 
of the 7 alleles. The matching isolates are from Canada, 
which had 4 matching alleles; and Czechia, Serbia, China, 
France, Italy, and the United Kingdom, each with 2 match-
ing alleles, including the B. stabilis type strain ATCC27515 
BAA-67.

We used ANI calculations of genomic relatedness to 
compare the isolate E genome draft to a comprehensive 
panel of sequenced Bcc strains (Table 2). B. stabilis BAA-
67 is the most closely related with an ANI of 98.4%, which 
is above the species cutoff of 95% (31). In addition, dDDH 
comparing the outbreak strain to the Bcc panel showed that 
the maximum score of the outbreak genome is with B. sta-
bilis BAA-67 at 84.2%, with the classic species threshold 
at 70%. These genomic parameters currently are the most 
robust for species designation (32–34) and we are confident 
that the outbreak strain belongs to the species B. stabilis. 
The high dDDH score might reflect the high genome con-
servation within this species, giving it its name (26).

Description of Draft of B. stabilis Strain CH16
A hybrid assembly of PacBio and Illumina data resulted 
in an improved, high-quality genome draft (35) of the out-
break strain, named CH16 because it occurred in Switzer-
land in 2016. This draft comprises 1 contig for each of the 3 
chromosomes. Comparison with the genome of B. stabilis 
BAA-67 (16) showed that the genomes are syntenic with 
the exception of a rearrangement on chromosome 1 be-
tween the rRNA operons, which might be a real inversion 
or an assembly artifact in 1 of the genomes (Figure 1). We 
detected a separate contig representing a predicted plasmid 
sequence, whereas none was found within strain BAA-67 
(J. Bugrysheva, US Centers for Disease Control and Pre-
vention, pers. comm., 2017 Jan 10) (Table 3).

In addition to being large and multireplicon, Burkhold-
eria genomes are characterized by the presence of multiple 
phages, genomic islands, and insertion sequences (IS ele-
ments) (3). The draft genome CH16 contains many inser-
tions of single or multiple genes relative to strain BAA-
67: 16 on chromosome 1; 34 on chromosome 2; and 10 on 
chromosome 3 (Figure 1). Appendix 1 Table 3 lists regions 
of difference (RDs).

The B. stabilis CH16 genome has a paucity of IS el-
ements. We have identified only 40, including 6 families 
with copy numbers of 3–12 (Appendix 1 Table 4), that 
cause disruption of 9 CDSs (Appendix 1 Table 5). CH16 
did not appear to be experiencing IS element expansion, 
which is associated with genome rearrangements, large- 

scale genomic deletions, and niche adaptation (36–38), 
but it has the potential for IS element expansion if it goes 
through a population bottleneck. 

Frameshifts and premature stop codons have created 11 
additional pseudogenes (Appendix 1 Table 5). The 20 pseu-
dogenes of CH16 contrast with 142 annotated in the genome 
of strain BAA-67, indicating that most of the CH16 genome 
is required for survival in diverse environments and that this 
strain is not adapting to a pathogenic lifestyle.

RDs and Virulence Factors of B. stabilis Strain CH16
Using genome-wide blastn comparisons, we determined 
that the CH16 genome carries 973 novel CDSs relative to 
BAA-67 of the total 7,629 CDSs (12.7%; Appendix 1 Table 
3), many of which are novel to all Burkholderia sequenced 
to date. Larger insertions containing >40 CDSs are putative 
phages or integrative and conjugative elements. Smaller in-
sertions of <10 CDSs appear to represent deletions in the 
BAA-67 strain relative to their common ancestor.

Factors that might contribute to the virulence of 
CH16 include adhesins and hemaglutinins, including 
BSTAB16_1184, _5825, _5829, _5874, _6110, _6684, 
_6804, and _6861, of which most have homologs in other 
Bcc strains; and Type II and Type VI secretion systems 
(BSTAB16_4657–74, _5069–91, and _5583–9). The many 
regulators within the CH16 genome and the RDs provide 
additional layers of translational control necessary in a 
genome of this size. We saw no evidence of the known 
Burkholderia virulence factors cable pilus or B. cepacia 
epidemic strain marker (36). The toxins we identified, for 
example BSTAB16_5843 containing the HipA domain, are 
antibacterial toxins rather than virulence factors.

The many efflux pumps found in the CH16 genome 
might explain its ability to grow in the wash solution,  
including members of the following families: resistance nod-
ulation and cell division, ATP-binding cassette, small mul-
tidrug resistance, multidrug and toxic compound extrusion, 
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Table 3. General properties of genome draft for Burkholderia 
stabilis strain CH16 from Switzerland* 
Property Value 
Draft genome size, bp 8,505,958 
Chromosomes  3  
Chromosome sizes, bp 3,705,321; 3,499,410; 1,230,432 
Plasmid size, bp 70,922 
% G+C content 66.3 
Predicted CDSs (per 
chromosome and plasmid) 

7,629 (3,402; 3,068; 1,075; 84) 

Coding density 86.40% 
Average gene length 965 bp 
Pseudogenes 20 
rRNA operons 6 
tRNAs 75 
Insertion elements 40 
*CDSs, coding sequences. 
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and major facilitator superfamily. Several secondary metabo-
lite synthesis pathways are predicted: 4 on chromosome 1; 5 
on chromosome 2; and 5 on chromosome 3 (Appendix 1 Ta-
ble 6). Most of these are shared with the BAA-67 reference 
genome, encoding the ability to produce signaling molecules, 
siderophores, terpenes, and a bacteriocin, among others.

The plasmid comprises largely novel sequences not 
seen before within the Burkholderia or elsewhere. It carries 
genes predicted to be involved in conjugation, indicating 
that it might be a mobile plasmid, such as 1 recently hy-
pothesized in B. cenocepacia (39). The rest of the plasmid 
largely comprises genes encoding hypothetical proteins.

Antimicrobial Drug Resistance of B. stabilis  
Strain CH16
We performed phenotypic antimicrobial drug susceptibil-
ity testing on a subset of outbreak isolates (Appendix 1 
Table 7) and used genomic findings to interpret the results. 
Breakpoints are not established clinically and are not rec-
ommended to guide patient therapy (40).

All Bcc isolates are intrinsically resistant to amino-
glycosides (40), which we confirmed in our isolates. In-
trinsic resistance also is described against chlorampheni-
col and tetracycline (40) (not tested) through the presence 
of efflux pumps. We identified several efflux pumps 
within the CH16 genome (BSTAB16_5335–6, _4605–6, 
and _7210–1), none of which are unique to the outbreak 
strain. Sensitivity to trimethoprim/sulfamethoxazole was 
a feature of the outbreak isolates; we did not identify trim-
ethoprim/sulfamethoxazole resistance determinants in the 
draft genome.

Bcc is considered to be intrinsically and clinically re-
sistant to many β-lactams through impermeability and the 
presence of inducible β-lactamases (40). All Bcc isolates 
tested were resistant to aminopenicillins, carboxypeni-
cillins, and first-generation cephalosporins. Phenotypic 
resistance to third-generation cephalosporins, ureidope-
nicillins, and carbapenems was more variable among Bcc. 
We identified several β-lactamases in the CH16 genome, 
representing class A (BSTAB16_4862 and _4440), class C 
(BSTAB16_6957), class D (BSTAB16_5918), and metallo-

β-lactamases (BSTAB16_ 3974 and _5115), none of which 
are unique to this strain.

The outbreak isolates are sensitive to ciprofloxacin, 
in contrast to B. stabilis BAA-67, with sporadic resis-
tance seen among other Bcc isolates. Resistance can be 
associated with efflux (40) or specific mutations in gyrA 
(BSTAB16_1445). The gyrA of CH16 differs from that of 
strain BAA-67 at I83T and A700S (numbered according to 
E. coli). In general, this strain does not display enhanced 
antimicrobial resistance compared with other clinical Bcc 
isolates or B. stabilis BAA-67 (2,41,42).

Of note, some of the outbreak isolates had anoma-
lous antibiograms, which we confirmed through repeated 
testing (Appendix 1 Table 7). This finding might relate 
to colony morphology because several morphotypes 
were observed during clinical work on the outbreak 
isolates. This phenomenon is known to occur within 
Burkholderia (43–46), resulting from reversible colony 
morphotype switching (44) or stable mutations (43,46). 
Altered genes often are involved in exopolysaccharide 
production, also causing changes in biofilm production, 
virulence, resistance, and motility (43–46), and might 
result from stress (44,45).

Comparison of Outbreak Isolates
PFGE and k-mer analyses showed that the outbreak iso-
lates cluster. We investigated how related the isolates are 
by comparing genomes using high-quality SNPs. The SNP 
phylogeny (Figure 2) indicates a maximum of 6 SNPs 
between isolates from the outbreak source, in agreement 
with Abdelbary et al. (12). The previously published core 
genome MLST (cgMLST) phylogeny used the same ge-
nome data but indicated up to 18 alleles difference be-
tween isolates (4), though these are likely artifacts of the 
methodology (47).

Washing glove isolates were located throughout the 
phylogeny; we observed diversity within a lot number 
(isolates E–F and L–O), and even within single packets 
(isolates A, B, and L–O). Patient samples also were found 
throughout the phylogeny, even those originating from the 
same city (isolates 5, 7, 9–13 are from a first city; 6, 8, 21, 
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Figure 1. Comparison of the genome of Burkholderia stabilis strain CH16 from Switzerland (top bar) with that of B. stabilis reference 
strain BAA-67 (bottom bar). Alternating orange and brown bar sections represent chromosomes 1, 2, 3, and a plasmid. Scale bar 
indicates identity between the genomes (determined by blastn, http://blast.ncbi.nlm.nih.gov). Colors above the CH16 genome indicate 
the following: purple, regions of difference between the 2 strains; green, putative integrative and conjugative element; blue, phage; and 
red, the plasmid. 
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and 22 are from a second city; and 14–20 are from a third 
city), reflecting trends seen from cgMLST data (4).

SNP locations (Appendix 1 Table 8) indicate that, of 
the 40 nonsynonymous SNPs, 15 are in genes predicted to 
encode regulators, 6 in transporters, and 3 in flagellin. We 
could not tell whether these are random mutations or have 
been subject to selective pressure, but all classes are repre-
sented in both glove and patient isolates.

In addition to the SNPs, we saw some large-scale 
genomic differences. By mapping read data against each 
individual replicon, we noted that isolates E and 20 do 
not carry the plasmid, which appears to be a stochastic 
event because the SNP phylogeny indicates that these 
isolates are not derived from a common ancestor. Iso-
lates D and E have highly similar PFGE patterns (Ap-
pendix 2 Figure 1), suggesting that the plasmid does 
not affect the PFGE results or was lost during labora-
tory culture. Patient isolate 22 also shows the loss of 
the first 52.5 kb of chromosome 3, representing an RD, 
which this isolate apparently lost spontaneously during 
the course of the outbreak. Because of this genome plas-
ticity, we hypothesize the CH16 genome was changing 
even during the course of the outbreak.

Discussion
We provide a thorough and detailed description of a Bur-
kholderia sp. outbreak resolved by WGS (4) and illustrate 

various associated challenges, including morphotype dif-
ferences, species designation, and a large genome with as-
sociated assembly, annotation, and interpretation issues. 
Defining species within Bcc is notoriously difficult (26), 
whether phenotypically by using biochemical or MALDI-
TOF mass spectrometry profiles, genomically by using 
16S rRNA gene sequences, or both. WGS provides the 
most thorough analysis and is increasingly cost and time 
effective, even compared with sequencing MLST loci, in-
terpretation of which also is complex. We saw anomalies 
between the phenotype of this B. stabilis outbreak strain 
and those described in the literature (26,27) due to shorter 
than optimal test incubation times in standard clinical phe-
notyping (29).

Several techniques can be used on WGS data to provide 
phylogenies. K-mer analysis (Appendix 2 Figure 3) pro-
vides an indication of clustering, but the branch lengths can-
not be relied on to provide a true phylogeny and do not truly 
reveal relationships within clades. With this technique, a lot 
of genomic information regarding the coding capacity of the 
genome is lost. cgMLST compares nucleotide sequences of 
CDSs common to a group of isolates, linking isolates with 
the highest numbers of identical alleles. During this process 
some genomic data necessarily are lost, with information 
from accessory genes and intergenic regions disregarded. 
However, both methods can be performed routinely with 
minimal training to enable rapid visualization of outbreak 
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Figure 2. Phylogeny 
of outbreak isolates of 
Burkholderia stabilis strain 
CH16 from Switzerland 
based on high-quality single 
nucleotide polymorphisms 
(SNPs). This phylogeny 
of all sequenced outbreak 
isolates might represent a 
conservative estimate of SNP 
numbers. Given the large 
genome size and possible 
mismapping to repeats, it 
is difficult to determine the 
ultimate number of SNPs 
between samples. This 
phylogeny was confirmed 
using several parameters and 
manual checking of called 
SNPs. The root was arbitrarily 
chosen to give the fewest root 
to tip SNPs (n = 6). Numbers 
represent isolates from 
patients; letters represent 
isolates from washing gloves, 
located in the root position. 
Scale bar indicates 1 SNP.
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clusters. Comparing reads from all outbreak isolates to an 
assembled draft genome to generate a SNP phylogeny in-
cludes all genomic information but requires more computa-
tion, time, and expertise. 

WGS is the optimal way to determine the detailed rela-
tionships between isolates, giving insights into an outbreak 
and providing a basis from which to develop further typing 
methods. For future cases, we suggest rapid WGS, extrac-
tion of MLST alleles from assemblies for species identifi-
cation as recommended by Mahenthiralingam et al. (48), 
and cgMLST typing for rapid outbreak identification. SNP 
detection can be a valuable subsequent step to determine 
accurate relatedness of isolates.

Bcc bacteria are known to survive in pharmaceuti-
cal and disinfectant materials (1,48,49). B. stabilis strains 
sharing MLST types can be isolated from the natural en-
vironment, hospitals, and patients (50), implicating the 
natural environment as a source of opportunistic Burk-
holderia and emphasizing the versatility of Bcc to survive 
and grow under diverse conditions. The CH16 genome 
displays features representative of Burkholderia in gen-
eral; it is large, highly plastic, and contains many novel 
elements that might be involved in pathogenesis or envi-
ronmental survival (36). The low number of pseudogenes 
and IS elements indicates that this strain has not under-
gone niche adaptation, and most likely is an opportunistic 
pathogen (36–38).

The cloud of diversity seen in the SNP phylogeny indi-
cates that the source of the original contamination was not 
clonal or that several mutations occurred during the incuba-
tion of CH16 within the patient washing gloves. The loss 
of genomic elements, including the plasmid, from some of 
the isolates, also demonstrates the flexibility and the re-
dundancy within such a large genome. Our study shows 
the importance of WGS in investigating and resolving this 
outbreak, which appears to have been caused by an envi-
ronmental Bcc strain.
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Everglades virus (EVEV), subtype II within the Venezuelan 
equine encephalitis (VEE) virus complex, is a mosquito-
borne zoonotic pathogen endemic to south Florida, USA. 
EVEV infection in humans is considered rare, probably be-
cause of the sylvatic nature of the vector, the Culex (Mela-
noconion) cedecei mosquito. The introduction of Cx. pano-
cossa, a tropical vector mosquito of VEE virus subtypes that 
inhabits urban areas, may increase human EVEV exposure. 
Field studies investigating spatial and temporal patterns of 
abundance, host use, and EVEV infection of Cx. cedecei 
mosquitoes in Everglades National Park found that vector 
abundance was dynamic across season and region. Ro-
dents, particularly Sigmodon hispidus rats, were primary 
vertebrate hosts, constituting 77%–100% of Cx. cedecei 
blood meals. Humans were fed upon at several locations. 
We detected EVEV infection in Cx. cedecei mosquitoes in 
lower and upper regions of Everglades National Park only 
during the wet season, despite an abundance of Cx. cede-
cei mosquitoes at other sampling times.

Everglades virus (EVEV) is a mosquitoborne alphavirus 
endemic to the state of Florida, USA, and is subtype 

II within the Venezuelan equine encephalitis (VEE) com-
plex (1). The mosquito Culex (Melanoconion) cedecei is 
the sole enzootic vector of EVEV (2–4); rodents, particu-
larly Peromyscus gossypinus (cotton mouse) and Sigmodon 
hispidus (hispid cotton rat), are the primary reservoir hosts 
(5–7). Clinical cases of EVEV infection in humans are con-
sidered rare; symptoms consist of nonspecific influenza-
like febrile illness that can culminate in serious neurologic 
damage (1). The recent introduction and establishment of 
Cx. panocossa mosquitoes into Florida (8) could increase 
human exposure to EVEV because this species is a vector 
of endemic VEEV strains in Central America (9,10) and is 
abundant in manmade waterways supporting water lettuce 

(8,11). Studies in Panama concluded that Cx. panocossa 
(as Cx. aikenii) mosquitoes were the most important VEE 
vector on the basis of high VEE experimental transmission 
rates (9), high experimental infection rates (9), high popu-
lation density (9), and feeding upon VEE reservoir hosts 
(10,11). The establishment of Cx. panocossa mosquitoes in 
urban areas could link sylvatic transmission foci of EVEV 
with densely populated areas such as the greater Miami 
metropolitan area through vegetated canals (8).

Evidence of sporadic human infections with EVEV in 
south Florida in the 1960s (12,13) spurred numerous field 
and laboratory studies to investigate the natural transmis-
sion cycle of the virus, focusing on determining the natural 
vectors and reservoirs of EVEV. These studies concluded 
that Cx. cedecei mosquitoes transmit EVEV between the 
amplifying rodent hosts (cotton mouse and hispid cotton 
rat) (2–6) in hammocks of the Greater Everglades ecosys-
tem. Although EVEV vector and reservoirs were firmly 
incriminated, researchers repeatedly encountered unex-
plained large heterogeneity in EVEV transmission, even at 
very small scales, in Florida. For example, Chamberlain et 
al. (2) found that EVEV infection rates in vectors ranged 
from 0.18% (n = 533) to 1.7% (n = 58) in Culex (Melano-
conion) spp. mosquitoes at 3 of 4 Everglades research areas 
in 1963 and 1964, but the virus was not recovered from Pa-
hay-okee Overlook, despite relatively high exposure rates 
(20%) in rodents at that site (2). At Mahogany Hammock, 
12 EVEV isolations were made from Culex (Melanoco-
nion) females (average infection rate 0.53%), even though 
exposure rates in rodents at Mahogany Hammock were 
lower than at Pa-hay-okee (2). In subsequent field studies 
north of Everglades National Park (ENP), Bigler et al. (14) 
demonstrated that EVEV appeared and circulated at differ-
ent time periods during the year at 2 hammocks, despite 
their similarity and proximity (<3 km). Although the den-
sity of cotton mice varied between hammocks, the popula-
tions and seasonal fluctuations in age ratios and breeding 
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activity were comparable (14). The moderate abundance 
and low levels of EVEV activity in vectors led the re-
searchers to hypothesize that mechanisms other than host 
densities, populations, age structure, and mosquito infec-
tion all contributed to fluctuations of EVEV transmission 
between the 2 hammocks (14).

We conducted our study to quantify the spatial and 
seasonal patterns of abundance, host use, and EVEV in-
fection of Cx. cedecei mosquitoes in ENP to explore po-
tential explanations for heterogeneity in EVEV prevalence 
observed in prior studies. We aspirated resting adult mos-
quitoes from 15 locations along ≈50 km of Main Park Road 
of ENP, where endemic EVEV transmission has been dem-
onstrated in past studies. We used PCR assays to quantify 
host associations and EVEV infection in the mosquitoes 
and used logistic regression to investigate associations be-
tween EVEV infection, vector abundance, and host use.

Methods
We sampled mosquitoes in a variety of habitats along Main 
Park Road from the Everglades Visitor Center to Flamingo 
(permit EVER-2015-SCI-0054). The sampling locations 

were divided into 3 regions, upper, middle, and lower, rep-
resenting natural physiographic regions of south Florida 
(Table 1; Figure 1). The upper region, from Royal Palm 
North (25°24′08.3′′N, 80°36′56.7′′W) to Pa-hay-okee South 
(25°25′56.0′′N, 80°46′38.9′′W), was dominated by large ex-
panses of upland pine or hardwood forest. The middle region, 
from just south of Pa-hay-okee South extending to Nine Mile 
Pond (25°15′14.1′′N, 80°47′53.5′′W), was dominated by wet 
sawgrass prairie (Everglades marsh) with smaller hardwood 
hammocks (tree islands). The lower region, from Snake Bight 
Trail to Bear Lake Trail (25°8′55.82′′N, 80°55′23.69′′W), 
was dominated by extensive mangrove swamp. 

We aspirated all mosquitoes from resting shelters (15), 
except at Mahogany Hammock, where we targeted natural 
resting sites, such as fallen logs and deep recesses, to abide 
by permit restrictions. We performed aspirations using a 
modified handheld battery-powered vacuum (DustBuster 
BDH1800S; Black and Decker Corporation, https://www.
blackanddecker.com) fitted with a funnel and stainless-steel 
mesh-bottom collection cup (BioQuip model 2846D; Bio-
Quip Products, Inc., https://www.bioquip.com), as described 
previously (16,17). Resting shelters were equivalent in size 
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Table 1. Collection of female Culex cedecei mosquitoes by sampling site, Everglades National Park, Florida, USA, 2016 

Region Site name and coordinates Habitat Mos. sampled 
No. resting 

shelter days* 
Total no. 
females 

No. females/ 
shelter-day 

Upper Royal Palm North, 25°247.43′′N, 
80°3656.40′′W 

Extensive hardwood 
hammock 

Feb, May, Jun, 
Aug 

60 810 13.50 

 Long Pine Key North, 25°253.00′′N, 
80°3820.00′′W 

Small island 
hammock 

Jun, Aug 8 147 18.38 

 Long Pine Key Campground, 
25°240.10′′N, 80°3935.40′′W 

Extensive pine 
rockland 

Feb 4 5 1.25 

 Pinelands, 25°2524.80′′N, 
80°4047.00′′W 

Extensive pine 
rockland 

May, Jun, Aug 44 107 2.43 

 Pa-hay-okee South, 25°2556.00′′N, 
80°4638.90′′W 

Small island 
hammock 

Feb, May 18 1 0.06 

 Pa-hay-okee Overlook, 
25°2627.20′′N, 80°471.60′′W 

Large island 
hammock 

Jun, Aug 24 24 1.00 

Middle Ficus Pond, 25°2124.00′′N, 
80°4920.00′′W 

Small island 
hammock 

Jun, Aug 8 47 5.88 

 Mahogany Hammock East, 
25°2020.00′′N, 80°494.80′′W 

Small island 
hammock 

Feb, May, Jun, 
Aug 

50 287 5.74 

 Mahogany Hammock,† 
25°1922.50′′N, 80°4959.40′′W 

Large island 
hammock 

May, Jun 4 2 0.50 

 Sweet Bay Pond, 25°1955.00′′N, 
80°4810.00′′W 

Small island 
hammock 

Jun, Aug 8 16 2.00 

 Paurotis Pond, 25°187.00′′N, 
80°4756.00′′W 

Small island 
hammock 

Jun, Aug 8 42 5.25 

 Nine Mile Pond, 25°1513.93′′N, 
80°4753.64′′W 

Ecotone of prairie 
and mangrove 

Feb, May, Jun, 
Aug 

53 942 17.77 

Lower Snake Bight Trail, 25°1159.87′′N, 
80°5227.08′′W 

Mangrove swamp Feb, May, Jun, 
Aug 

53 702 13.25 

 Coot Bay Pond, 25°1056.90′′N, 
80°5351.80′′W 

Mangrove swamp Feb 6 28 4.67 

 Bear Lake Trail, 25° 855.82′′N, 
80°5523.69′′W 

Extensive 
cottonwood 
hammock 

Feb, May, Jun, 
Aug 

58 253 4.36 

Totals 
 

 
 

406 3,413 6.40 
*Resting shelter days is no. of resting shelters deployed × total no. days sampled. 
†Natural aspirations were performed to abide by permit restrictions. 
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and shape to previous models (15) but were constructed of 
PVC pipe and fittings so that they could be easily disassem-
bled after each collecting trip, in accordance with permit re-
quirements. We sampled a total of 406 resting shelter days in 
ENP, at a rate of 14–27 resting shelters per sampling period; 
we placed 1–5 shelters at each site and sampled them for 3–5 
consecutive days between 7:00 am and 1:00 pm. We placed 
resting shelters in areas with maximum shade within 90 m of 
Main Park Road or 45 m of trails. Sampling occurred within 
the Everglades dry season (in February and May) and wet 
season (in June and August) of 2016.

We identified mosquitoes to species using morpho-
logical features of the adult (16). Because of well-known 
difficulties of identifying Culex (Melanoconion) females 
(17,18), we initially confirmed identifications by morphol-
ogy of the cibarial armature (17) and molecular assays tar-
geting the 18s mitochondrial gene (18). Narrow decumbent 
scales of the vertex (19) served as a helpful diagnostic fea-
ture to separate Cx. cedecei from other Culex (Melanoco-
nion) spp. in Florida. 

We performed blood meal analysis on individual 
blood-engorged Cx. cedecei females using published 
PCR-based techniques (20). We amplified extracted DNA 
using PCR assays targeting cytochrome B and 16s rRNA 
genes of vertebrate hosts. We initially screened samples 
to identify blood meals from mammalian and amphibian 
hosts, using primers L2513/H2714 (21) that target 16S 
rRNA of the host animal (20). We then screened samples 
that produced no amplicon using primer pairs L0/H1 and/
or L0/H0, both targeting the cytochrome b gene of birds 
(22), and primer pair 16L1/H3056 used in phylogenetic 
studies of reptiles (23,24). Primer sequences and cy-
cling conditions are described in Blosser et al. (20). We 
sent PCR products to Eurofins Scientific (https://www.
eurofins.com) for Sanger sequencing (forward direction 
only). We aligned sequences with published sequences 
in the National Center of Biotechnology Information se-
quence database using BLAST (https://blast.ncbi.nlm.
nih.gov/Blast.cgi). We considered nucleotide similarity 
>95% a positive match. We maintained cold chain for 
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Figure 1. Everglades National Park, Florida, USA, showing dominant habitat types and sampling sites along Main Park Road. Black 
lines indicate paved roadways. Black squares indicate sampling sites; asterisks (*) within black squares denote detection of Everglades 
virus RNA in pooled Culex cedecei females by quantitative reverse transcription PCR.
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all samples from the time of capture until DNA/RNA 
extraction. To minimize host DNA cross-contamination 
during sorting and processing, we handled specimens by 
their legs (to avoid puncturing the abdomen) using clean 
forceps and gloved hands. In general, blood-engorged 
females from resting shelters were fully intact, with no 
evidence of ruptured abdomens. We discarded any spec-
imen with ruptured abdomen.

We screened RNA extracts (QIAamp viral RNA 
mini kit; QIAGEN, https://www.qiagen.com) from 
pooled Cx. cedecei females for presence of EVEV RNA 
using quantitative reverse transcription PCR (qRT-
PCR) assay with (5′→3′) primers (forward: CGAG-
GAGCTGTTTAAGGAGTATAA; reverse: CCTC-
TATGGCTATTGGGCTATG) and probe (6-FAM/
CGTTAGGTGTGCCGTTGGGAGTT/3BHQ1/) targeting 
EVEV nucleocapsid structural protein (primers/probes 
design by Integrated DNA Technologies, https://www.
idtdna.com). Cycling conditions were 50°C (30 min), 95°C 
(2 min), then 40 cycles of 95°C (15 s) and 61°C (1 min). 
For assay validation we used EVEV strain FE3-7C, ob-
tained from the Centers for Disease Control and Preven-
tion, propagated on Vero cells using standard techniques 
(25,26). Mosquito pools consisted of <32 unfed and gravid 
Cx. cedecei females aggregated by month and site. We 
determined samples with Ct values <33 to be positive for 
EVEV RNA.

Statistical Analysis
We used Poisson regression modeling (27,28) to test for 
statistically significant differences in mosquito abun-
dance between wet and dry seasons for each of the most 
commonly collected mosquito species in each region, 
using Akaike information criterion (AIC) and the ratio 
of the Poisson regression coefficients to the SE (z) as 
test statistics. We calculated mosquito abundance as the 
number of females per shelter per sampling day. Only 
sites that were sampled during all sampling months were 
included in the analysis: Royal Palm North and Pine-
lands (upper), Mahogany Hammock East and Nine Mile 
Pond (middle), and Snake Bight Trail and Bear Lake 
Trail (lower). We performed χ2 test of independence to 
determine whether Cx. cedecei blood meals were dis-
tributed differently among host species between season 
and region. Using multiple logistic regression, we deter-
mined whether vector abundance or reservoir host use 
better predicted detection of EVEV RNA from pooled 
mosquitoes. We quantified reservoir host use as the 
number of hispid cotton rat or cotton mouse blood meals 
per resting shelter per day. We performed statistical tests 
using R Studio version 3.4.3 (https://www.rstudio.com) 
and SAS version 9.4 (https://www.sas.com). For all sta-
tistical tests, α = 0.05.

Results
Cx. cedecei mosquito abundance varied across season and 
region (Figure 2, panel A). Females were significantly 
more abundant in the wet season in upper (AIC = 228.22, 
z = 6.488; p<0.001) and middle (AIC = 295.24, z = 3.811; 
p<0.001) regions of the Everglades but significantly 
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Figure 2. Regional and seasonal abundance and host use 
of Culex cedecei mosquitoes in Everglades National Park, 
Florida, USA. Wet season is April–October, and dry season 
is November–March. Each asterisk (*) denotes a pool of Cx. 
cedecei females that tested positive for Everglades virus RNA 
by quantitative reverse transcription PCR. A) Average number of 
females aspirated from resting shelters by month. B) Host use by 
Cx. cedecei mosquitoes, represented as blood meals per resting 
shelter day by region and season.
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more abundant during the dry season in the lower region 
(AIC = 251.2, z = -3.897; p<0.001). No other mosquito 
species exhibited a pattern of greater abundance during 
the dry season in any region (Appendix Table 1, https://
wwwnc.cdc.gov/EID/article/25/6/18-0338-App1.xlsx). 
For all other commonly collected mosquito species, abun-
dance was greater during the wet season than dry season 
in all areas, although differences were not always signifi-
cant (Appendix Table 1). Even within a single region and 
sampling period, Cx. cedecei mosquito abundance varied 
considerably. For example, we collected 13.50 females 
per resting shelter at Royal Palm North (60 shelter days), 
whereas we collected 2.43 females per resting shelter at 
Pinelands (44 shelter days); the distance between the sites 
was only ≈6.7 km.

The distribution of host species blood meals was sig-
nificantly different spatially (χ2 = 90.90, df = 20; p<0.001) 
between the lower, middle, and upper regions of ENP (Fig-
ure 2, panel B) but not seasonally (χ2 = 14.49, df = 10; p 
= 0.152) (Figure 2, panel B). Rodents accounted for 77%–
100% of the 347 total identifiable blood meals (77.0% of 
451 samples returning >95% match), depending on season 
and region (Table 2). Blood meals from EVEV reservoirs 
(hispid cotton rat and cotton mouse combined) were a large 
percentage of total blood meals from all regions, constitut-
ing 48% of total blood meals from the lower, 84% from 
the middle, and 50% from the upper ENP region (Table 
2). Reservoir host blood meals originated overwhelmingly 
from hispid cotton rat (Table 2; Figure 2, panel B), regard-
less of region or season. However, cotton mouse blood 
meals were relatively more common in the dry season 
in the lower and middle ENP (Figure 2, panel B). Blood 
meals from invasive Rattus spp. rodents contributed to the 
significant difference in distribution of host blood meals 
by region, such that much higher numbers of Rattus spp. 
blood meals were encountered in upper (40%) and lower 
(30%) than middle (2%) regions of ENP (Figure 2, panel 
B). Blood meals obtained from humans constituted 7.53% 
of total blood meals and were detected in all 3 regions and 

seasons. All other hosts constituted <1% of Cx. cedecei 
host blood meals (Table 2; Appendix Table 2).

Although the distribution of blood meals from differ-
ent host species did not vary substantially between seasons, 
the number of blood meals from reservoir hosts by season 
and region did (Figure 2, panel B). The number of hispid 
cotton rat–fed females per resting shelter day was great-
est in the wet season in the upper region, peaking at 3.20 
hispid cotton rat blood meals per shelter-day in August in 
the upper region. By contrast, we encountered 0.02 hispid 
cotton rat blood meals per shelter-day in lower ENP that 
same month (Figure 2, panel B).

In total, we screened 3,673 females (1,326 in dry 
season, and 2,347 in wet season) for EVEV RNA by RT-
PCR (average pool size + SD of 22 + 6 females) (Table 
1), including 3,413 females from resting shelters and 260 
females aspirated from natural resting sites. We found 4 
pools of Cx. cedecei females, all of which were from the 
wet season (June or August), to be positive for EVEV by 
RT-PCR. These EVEV-positive pools included 1 pool of 25 
females from Pinelands (upper region) in June (Ct = 21.3), 
1 pool of 8 females from Bear Lake Trail (lower region) in 
August (Ct = 21.8), 1 pool of 25 females from Royal Palm 
North (upper region) in August (Ct = 24.8), and 1 pool of 
25 females from Long Pine Key North (upper region) in 
August (Ct = 24.5). Multiple logistic regression showed no 
association between EVEV RNA detected in pooled Cx. 
cedecei and Cx. cedecei abundance, reservoir (hispid cot-
ton rat plus cotton mouse) host use, or proportion of blood 
meals from reservoir hosts (χ2 = 4.08, df = 3; p = 0.252).

Discussion
The dynamic nature of Cx. cedecei mosquito abundance 
is probably shaped by seasonal fluctuations in water lev-
els through the seasonal filling and depletion of limestone 
solution holes (pits in karst that formed when sea level was 
lower than present levels), which constitute the primary 
habitat of Cx. cedecei larvae (29). The contrasting patterns 
of Cx. cedecei abundance in lower and upper regions of 
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Table 2. Culex cedecei mosquito blood meal host species, by park region and season, Everglades National Park, Florida, USA, 2016 

Vertebrate host species 
Lower 

 
Middle 

 
Upper  

Total Dry Wet Dry Wet Dry Wet  
Anolis sagrei 0 0  0 3  0 0  3 
Homo sapiens sapiens 6 1  2 9  0 16  34 
Lontra canadensis 0 0  0 0  0 1  1 
Neotoma floridana 0 0  0 0  0 1  1 
Odocoileus virginianus 1 0  0 1  0 1  3 
Oryzomys palustris 0 1  0 1  0 0  2 
Peromyscus gossypinus 3 0  4 6  0 1  14 
Procyon lotor 1 1  0 0  0 0  2 
Rattus spp. 12 3  1 1  5 52  85 
Sigmodon hispidus 12 9  21 73  5 81  201 
Sylvilagus floridanus 0 0  1 0  0 0  1 
Undetermined 6 5  9 53  2 29  104 
Total 41 20  38 147  12 193  451 
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ENP suggest that Everglades hydrology has a strong in-
fluence on the seasonal reproductive biology of Cx. cede-
cei mosquitoes, which may have consequences for EVEV 
transmission. In addition, the finding that Cx. cedecei was 
the only mosquito species more abundant in dry season in 
the lower region of ENP suggests that the positive associa-
tion between precipitation and abundance of other mosqui-
to species may not apply consistently for this species. Our 
study did not quantify precipitation nor the availability of 
larval habitat, so explanations of the links between season, 
region, and Cx. cedecei abundance are speculative. One 
possible explanation for the higher abundance of Cx. cede-
cei mosquitoes during the dry season in the lower region 
is seasonal drying in the low-elevation lower Everglades: 
during times of higher water, aquatic predators, particularly 
fish, disperse rapidly throughout ENP (30,31), whereas iso-
lated pockets of water without fish may be more abundant 
during the dry season. Detailed field and laboratory studies 
focusing on the ecology of immature stages are needed to 
understand the mechanisms driving these contrasting pat-
terns of Cx. cedecei abundance throughout the Everglades.

Variation in Cx. cedecei host use between regions has 
important implications for understanding the transmission 
of EVEV in Florida. Our data demonstrate that Cx. cedecei 
mosquitoes feed heavily on mammals; rodents make up a 
substantial portion of hosts, regardless of season or region. 
The finding that hispid cotton rat and cotton mouse together 
constituted a large portion (43.0%–86.2%) of Cx. cedecei 
blood meals confirms a strong association between Cx. 
cedecei mosquitoes and these EVEV reservoir host species 
(3,14). Both hispid cotton rat and cotton mouse are com-
mon throughout Florida, so their role in EVEV transmis-
sion is probably limited by the distribution and abundance 
of Cx. cedecei mosquitoes. However, the introduction and 
establishment of Cx. panocossa mosquitoes in Florida may 
change this dynamic, resulting in more areas at risk for 
EVEV transmission (8). 

The importance of Rattus spp. rodents as hosts of 
EVEV in lower and upper regions of ENP bears additional 
investigation, because these rats were relatively common 
hosts of Cx. cedecei mosquitoes in these regions (20.0%–
55.5% of total). We expect the lower and upper regions 
of the park, because of their proximity to park boundar-
ies, campgrounds, parking lots, and human activity, to host 
larger populations of invasive rats than the middle region of 
ENP, which is comparatively undisturbed. Little informa-
tion is available on the importance of Rattus spp. rodents 
as hosts of EVEV. Sanmartin et al. (32) made 4 isolations 
of VEEV from 41 Rattus spp. rodents sampled during an 
epizootic of VEEV in El Carmelo, Colombia, where sub-
types IAB and IC circulate. In Florida, Bigler (33) detected 
EVEV antibodies in 12.5% (n = 40) R. rattus rats sampled 
east of ENP. These findings suggest that these widespread, 

invasive rats might also support the transmission of EVEV 
in Florida, although laboratory host competence studies are 
needed to address this hypothesis. 

The regions of the park in which human footprint is 
greatest also had the greatest relative numbers of human 
blood meals (11.48% lower; 7.80% upper), compared with 
findings from the middle region (5.95%). These relatively 
high levels of feeding suggest that Cx. cedecei mosquitoes 
could serve not only as an enzootic and epizootic vector 
but also as a potential epidemic vector of EVEV where it 
comes into contact with humans.

The lack of a clear association between EVEV in 
pooled Cx. cedecei females and vector abundance or met-
rics of host use is perplexing. Three of 4 EVEV-positive 
pools were from upper ENP during the wet season (1 in 
June, 2 in August), when Cx. cedecei mosquitoes were 
more abundant (Figure 2, panel A) and obtained a large 
number of blood meals from cotton rats (Figure 2, panel 
B). Conversely, the EVEV-positive pool from lower ENP 
was also from the wet season (August), but Cx. cedecei 
mosquito numbers were relatively low (Figure 2, panel 
A), and we observed very few blood meals from rodents 
(Figure 2, panel B). It is possible that wet-season trans-
mission of EVEV is driven largely by the ecology and 
reproductive biology of cotton mouse and hispid cotton 
rat; however, a complex picture of rodent breeding and 
population dynamics emerges from past studies on this 
topic. Bigler et al. (14) concluded that the preponderance 
of EVEV amplification occurred between July and Oc-
tober, when dense populations of both cotton mice and 
cotton rats inhabited hammocks in the Pinecrest area on 
the ecotone between the Big Cypress Swamp and the 
Everglades ecosystem, ≈38 km northwest of the near-
est sampling sites in our study. Lord et al. (34) screened 
mammals for EVEV antibodies in both Big Cypress 
Swamp and the Everglades, including the upper (Royal 
Palm Hammock) and middle (Mahogany Hammock) re-
gions sampled in our study. Those results indicated that 
rodent breeding in these Everglades regions peaked in 
the dry season (January–February), a reversal of breed-
ing patterns found farther north (14). Smith and Vrieze 
(35), working on hammocks of Taylor Slough (southeast 
Everglades), stated that all rodent reproduction occurred 
in the wet season. These contrasting results indicate that 
S. hispidus rats and P. gossypinus mice are likely to time 
their breeding to coincide with local conditions, which 
may be substantially different across locales. Our results 
are evidence of spatial variation in seasonality of EVEV 
transmission as observed in our work and that of others.

It was surprising that we did not detect EVEV in Cx. 
cedecei mosquito samples from the middle region of ENP, 
despite relatively high Cx. cedecei abundance (Figure 2, 
panel A), a relatively high biting rate on hispid cotton rats 
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(Figure 2, panel B), and past evidence of EVEV circula-
tion in mosquitoes in that region (2). Most Cx. cedecei fe-
males sampled from the middle region (70.5%; 942/1,336; 
Table 1) were captured at Nine Mile Pond on the ecotone 
between sawgrass marsh and mangrove swamps (Figure 
1), a location for which historical data on EVEV preva-
lence is not available.

Although results of our work do not provide a com-
plete understanding of EVEV transmission in ENP, they 
may help to clarify the perplexing heterogeneity observed 
in previous studies of EVEV in south Florida. The absence 
of EVEV in mosquitoes at Pa-hay-okee Overlook (2), for 
example, could be due to a near absence of Cx. cedecei 
mosquitoes at that site (Table 1). Differences in EVEV 
transmission at 2 adjacent hammocks observed by Bigler et 
al. (14) could be a result of differences in vector abundance, 
contact rates, or both between vectors and reservoir versus 
nonreservoir hosts, as observed in our study. We did not 
quantify the actual abundance of reservoir hosts in the field, 
so it is possible that a given set of mosquitoes all could 
have fed on a small number (in low population settings) or 
a large number (greater populations) of rodents. Our mea-
sure of host usage could not account for those differences, 
nor could it account for how many of those rodents were 
actually susceptible hosts. The number of available suscep-
tible reservoir hosts is an important factor in maintaining 
enzootic cycling of viruses. Our data do support conclu-
sions of past studies that EVEV transmission occurs sea-
sonally and is heterogeneous across ENP. Relative number 
of feedings on reservoir hosts differs across regions of the 
park, indicating the vector infection ratio may be higher in 
specific habitats where Cx. cedecei mosquitoes have ample 
access to reservoir hosts, particularly young, virus-suscep-
tible rodents.

Quantifying the spatial and temporal variation in abun-
dance, host use, and virus infection of Cx. cedecei mosqui-
toes is a step toward understanding the ecology of EVEV 
transmission in the United States. Findings that Cx. cedecei 
mosquitoes feed on both reservoir hosts and humans in na-
ture suggests that this insect could serve as both enzootic 
and epizootic vector. The establishment of the Cx. pano-
cossa mosquito in Florida, and its putative spread, may 
change the spatial risk for EVEV transmission, if found 
to be a competent vector. Future work should evaluate 
the host competence of Rattus spp. rodents for EVEV and 
other VEEV subtypes, evaluate vector competence of Cx. 
panocossa mosquitoes for these viruses, and perform lon-
gitudinal studies of the focality of transmission in Florida.
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We estimated the economic impact of concurrent measles 
and rubella outbreaks in Romania during 2011–2012. We 
collected costs from surveys of 428 case-patients and care-
takers, government records, and health staff interviews. We 
then estimated financial and opportunity costs. During the 
study period, 12,427 measles cases and 24,627 rubella 
cases were recorded; 27 infants had congenital rubella syn-
drome (CRS). The cost of the outbreaks was US $9.9 mil-
lion. Cost per case was US $439 for measles, US $132 for 
rubella, and US $44,051 for CRS. Up to 36% of households 
needed to borrow money to pay for illness treatment. Ap-
proximately 17% of patients continued to work while ill to 
pay their treatment expenses. Our key study findings were 
that households incurred a high economic burden com-
pared with their incomes, the health sector bore most costs, 
and CRS costs were substantial and relevant to include in 
rubella outbreak cost studies.

Outbreaks of measles and rubella constitute serious 
public health events and entail a vigorous response 

from public health agencies. A typical response could in-
clude a range of complex activities, including isolation of 
case-patients, case–contact tracing, assessment of disease 
or vaccination history of each case-patient, identification of 
potentially susceptible persons, and, if required, vaccina-
tion or quarantine (1). Economic impact studies of measles 
and rubella outbreaks in high-income countries illustrate a 
high cost of outbreaks and response activities (1–5). How-
ever, little information is available on the economic im-
pact of measles and rubella outbreaks in a middle-income 
country, and in 2011, this impact was identified as a global 
research priority (6). Concurrent measles and rubella out-

breaks in Romania provided an opportunity to estimate this 
economic impact.

In coordination with other World Health Organization 
European Region countries, Romania has a goal of measles 
and rubella elimination by 2020. During 2000–2003, cov-
erage with a first dose of measles-containing vaccine in Ro-
mania was reported to be >95%; for 2004–2010, combined 
measles and rubella vaccine first dose coverage was >95% 
and second dose coverage was >88%. In spite of these high 
national coverage rates among recent birth cohorts, unvac-
cinated subpopulations exist among older age cohorts and 
subnationally, which create conditions for continued mea-
sles or rubella outbreaks.

During 2011–2012, Romania experienced concur-
rent outbreaks of measles and rubella. Measles cases 
were primarily reported among children from the north-
west part of the country, and rubella cases were reported 
primarily among adolescents and adults throughout Ro-
mania. The outbreaks resulted in 12,427 measles cases 
and 24,627 rubella cases during 2011–2012 (the number 
of measles cases officially associated with the outbreak 
was subsequently revised to 12,234 after our analysis 
was conducted) (7). We estimated the economic cost of 
these outbreaks and response activities incurred by the 
health sector and households of persons with measles or 
rubella infection.

Methods

Definitions and Costs
We assessed the cost of the measles and rubella out-
breaks by collecting data on direct and indirect costs 
from households and the health sector. We defined eco-
nomic cost as the sum of financial costs (i.e., the mon-
etary value of goods and services provided to treat 
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case-patients and to contain the outbreak) and op-
portunity costs (i.e., the value of the best alternative  
forgone by the health sector or households caused by 
measles or rubella illness or treatment) by using the soci-
etal costing perspective. The health sector included gov-
ernment entities from primary to tertiary level (i.e., health 
facilities, agencies, or departments) involved in providing 
treatment to measles or rubella case-patients and in de-
signing and implementing the public health response to 
the outbreaks.

Data Sources and Collection Process

Household Direct and Indirect Costs
To collect household costs, we conducted a survey among a 
purposely selected sample of households that had recent cases 
(within the previous 18 months to minimize recall bias) drawn 

from the national measles and rubella surveillance database 
(Table 1; Appendix Figure, https://wwwnc.cdc.gov/EID/
article/25/6/18-0339-App1.pdf). An initial sample of 1,217 
persons met the inclusion criteria; of these, 789 case-patients 
or their representatives could not be reached or declined to 
participate and 428 were interviewed (response rate 35%).

Healthcare Provider Costs
Reimbursement data were obtained from the National 
Health Insurance House (Casa Nationala de Asigurari de 
Sanatate), which covered all registered government health-
care providers in Romania (Table 1). There were ≈10,000 
primary care physicians or family doctors and >500 sec-
ondary or tertiary hospitals in the 42 health districts in 
Romania (8). Reimbursement fees are typically paid when 
doctors and hospitals submit claims to national health in-
surance funds for the service provided.
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Table 1. Definitions and data sources used for cost components during assessment of economic burden of concurrent measles and 
rubella outbreaks, Romania, 2011–2012* 
Cost component Definition Data sources 
Healthcare provider All reimbursements for diagnostic testing 

for measles and rubella, inpatient and 
outpatient care, emergency treatment, 

case management 

Reimbursement data from National Health Insurance 
House (CNAS) covering all registered government 
healthcare providers using the Romanian national 
clinical diagnosis codes associated with measles 
and rubella diagnoses, outpatient and inpatient 

care, and vaccinations (Appendix Table, 
https://wwwnc.cdc.gov/EID/article/25/6/18-0339-
App1.pdf) as submitted by healthcare providers 

National outbreak response Enhanced surveillance, laboratory 
diagnosis and confirmation, field activities 

such as case investigations, and 
outbreak response immunization, 

including actual expenses incurred for 
personnel, laboratory supplies, and 

vaccine doses provided to contacts of 
cases and to high-risk communities 

Interviews with key personnel, including the Director of 
the National Institute for Public Health, Romanian 
MOH; the Team Leads for Measles and Rubella, 
National Center for Surveillance and Control of 
Communicable Diseases, MOH; a measles and 
rubella epidemiologist from the District Public 
Health Authorities, MOH; the Director of the 

reimbursement department and an analyst at the 
National Health Insurance House (CNAS);  

and the Head of Country Office and a public 
health officer at the World Health Organization 

country office in Romania 
Direct medical and nonmedical 
household 

Medical costs (e.g., consultation fees, 
laboratory tests and medications) and 
nonmedical costs (e.g., transport, food 

and lodging) paid out-of-pocket by cases 
and caregivers 

Household survey of 428 recent case-patients  
(within last 18 months) by using structured 

telephone interviews 

Indirect household Workdays lost by cases and caregivers 
because of measles or rubella infections 

 

Household survey of 428 recent case-patients (within 
last 18 months) by using structured telephone 
interviews; 2012 Romanian national minimum 
wage of 700 Lei/month was used as proxy to 

quantify the value of lost workdays by patients and 
caretakers >18 y of age (8). 

CRS cases healthcare provider All diagnostic services, inpatient and 
outpatient care reimbursements related 
to CRS diagnostic codes for identified 

CRS cases during timeframe 

Reimbursement data from National Health Insurance 
House (CNAS) covering all registered government 

healthcare providers for the 27 CRS cases 
identified from the time of the outbreak up to the 
date of data collection; reimbursement data were 
obtained for 18 (11 surviving and 7 who had died) 

of the 27 case-patients 
CRS cases lifetime discounted 
indirect 

Workdays lost by CRS cases over 
assumed lifetime productive working 

years (18–63 y) 

2012 Romanian national minimum wage of 700 
Lei/month was used as a proxy to quantify the 

value of lost workdays by patients >18 y of age (8) 
*CNAS, Casa Nationala de Asigurari de Sanatate; CRS, congenital rubella syndrome; MOH, Ministry of Health. 
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National Outbreak Response Costs
To assess national outbreak response costs, personnel in-
volved in outbreak response activities were interviewed on the 
basis of referral from the National Institute for Public Health, 
Romanian Ministry of Health, which was charged with co-
ordinating the national outbreak response. These open-ended 
interviews were conducted by members of the research team 
in Romanian at the offices of respondents and focused on col-
lecting information about actual expenses incurred in measles 
and rubella outbreak response activities, including costs of 
enhanced surveillance, outbreak investigation, and outbreak 
response vaccination and vaccine stockpiling (Table 1).

Congenital Rubella Syndrome Costs
We requested reimbursement data for health services re-
ceived by the 27 identified congenital rubella syndrome 
(CRS) cases from birth up to the date of data collection (at 
which point the surviving 15 CRS case-patients were 3–4 
years old) from the National Health Insurance House; we 
obtained records for 18 (11 surviving and 7 who had died) 
of the 27 case-patients. The projection of their lifetime pro-
ductivity losses used the same data sources and definitions 
as the main analysis of costs during the outbreak (Table 1). 
These 27 CRS case-patients were the only CRS cases in-
cluded in the calculation of CRS costs during the outbreak.

All data collection activities occurred from mid-January 
through the end of May 2014. A post-hoc analysis of the 
costs of CRS cases was conducted in March–May 2016.

Data Analysis
We analyzed data by using Access and Excel (Microsoft, 
https://www.microsoft.com), and Stata version 13 (Stata-
Corp LLC, https://www.stata.com). We calculated district-
level weights on the basis of the number of measles and ru-
bella cases as a proportion of the total population in each of 
the 42 districts of Romania. We then applied these weights 
to the household survey data, with the costs reported by a 
respondent multiplied by the weight of the district in which 
that respondent resided, to estimate the mean, median, and 
interquartile range of treatment expenditures per household 
for measles and rubella infections and the proportion of 
cases receiving treatment by admission status.

We calculated the indirect costs of measles or rubella 
infections by first calculating the number of measles and 
rubella case-patients and caregivers >18 years of age who 
were employed (based on employment rates reported in the 
patient survey). We then assumed that each of these em-
ployed case-patients and caregivers >18 years of age lost 
the average number of workdays missed on the basis of the 
household survey. We valued each day of work missed at 
the minimum wage of Romania.

We used a human capital approach to estimate the lifetime 
productivity losses for CRS case-patients (9). We assumed 

that had these children not been born with CRS, their work-
ing years would have been 18–63 years of age (until median 
retirement age in Romania) with the same labor force partici-
pation, employment rates, minimum wage, and exchange rate 
during these years as those used in the main analysis (i.e., con-
stant 2012–2013 rates). We discounted lifetime productivity 
losses to 2013 US dollars by using a 3% discount rate. 

All costs were adjusted for inflation by using the Ro-
manian Consumer Price Index to 2013 prices and convert-
ed from Romanian local currency (Lei) into US dollars by 
using 2013 exchange rates (3.32 Lei/1 US dollar). Costs are 
presented in 2013 US dollars (10,11).

Sensitivity Analysis
We conducted univariate sensitivity analysis to character-
ize how total costs would change with different input val-
ues to reflect uncertainty. Reported number of outbreak 
cases, healthcare provider costs, and national outbreak 
response costs varied by ± 10%. Out-of-pocket treatment 
costs, number of days of work missed by cases and caregiv-
ers, and CRS case direct medical costs varied from the 25th 
to 75th percentiles, and proportion of cases receiving care 
varied from the 5th to 95th percentiles of the sample distri-
bution. CRS case indirect costs were also calculated from 
birth to an average life expectancy of 74 years.

Ethics Approval and Informed Consent
The assessment protocol was approved by the Romanian 
National Health Research Ethics Review Board and deter-
mined not to be human subjects research by the US Centers 
for Disease Control and Prevention. Informed consent was 
obtained from participants after the objectives of the assess-
ment were described to them. Participants were informed 
that the information would be confidential, there were no 
unique identifiers, and that participation was voluntary. The 
authors certify that this study has been conducted in an ethi-
cal way according to the international standards for authors.

Results
A retrospective review of the Romanian national measles 
and rubella surveillance database showed that 12,427 lab-
oratory-confirmed and epidemiologically linked cases of 
measles and 24,627 laboratory-confirmed and epidemio-
logically linked cases of rubella were reported during the 
2011–2012 outbreaks (Figure). In addition, 27 confirmed 
cases of CRS were reported.

Household Survey Results
The number of households with measles or rubella cases 
that were included in the survey was evenly split between 
urban and rural areas, and 46% of case-patients were em-
ployed (Table 2). Although approximately one third of re-
sponding measles or rubella case-patients were <18 years 
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of age, more case-patients in this age range were infants 
and preschoolers for measles (85%) than for rubella (44%). 
A slightly higher proportion of rubella case-patients (10%) 
sought care on multiple occasions compared with measles 
case-patients (4%). However, measles case-patients were 
3.5 times more likely to have been admitted to a hospital 
than rubella case-patients (Table 2). Few measles or rubella 
case-patients (<2%) sought care at a private health facil-
ity. The distribution of sampled case-patients by sex was 
similar to those for the outbreaks overall, whereas in terms 
of age the sampled case-patients included a higher share of 
adults >18 years of age than the outbreaks overall.

Household Direct Medical and Nonmedical Costs
More than 90% of responding households with either mea-
sles or rubella cases incurred some type of treatment expense 
(Table 2). Case-patients with measles (36%) and rubella 

(7%) reported having to borrow money to pay for costs relat-
ed to an episode of measles or rubella (Table 2). The largest 
share of household spending was on medications, followed 
by transportation. We found no notable differences in trans-
portation or overall spending for households residing in rural 
areas compared with those in urban settings, which might 
reflect the history of widespread geographic availability of 
healthcare by state-owned polyclinics throughout Romania.  
Average household spending for measles and rubella pa-
tients <18 years old was more than that for patients >18 years 
old (US $112.51 vs. US $45.85). Weighted median inpatient 
costs for measles were 2.2 times higher than for rubella, and 
outpatient costs for measles were 1.5 times higher than for 
rubella (Table 3). Total estimated direct medical and non-
medical household costs for treatment were US $888,338 for 
the 12,427 measles cases and US $477,261 for the 24,627 
rubella cases (Table 4).
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Figure. Reported cases of 
measles and rubella during 
concurrent outbreaks, Romania, 
2011–2012. Values reflect revision 
of official case counts after 
analysis was completed.

 
Table 2. Descriptive characteristics of case-patients responding to household survey for assessment of economic burden of 
concurrent measles and rubella outbreaks, Romania, 2011–2012 

Characteristic 
No. (%) case-patients 

Measles Rubella Total 
Total sample 219 209 428 
 Age <18 y 74 (34) 63 (30) 137 (32) 
 Male sex 109 (50) 107 (51) 216 (50) 
 Urban domicile 98 (55) 115 (45) 213 (50) 
 Multiple care visits 8 (4) 21 (10) 29 (7) 
 Admission to hospital 185 (84) 38 18) 223 (52) 
 Care at private clinics 3 (1) 4 (2) 7 (2) 
Age >18 y 145 146 291 
 Formal or informal employment 72 (50) 63 (43) 135 (46) 
 Students 13 (9) 66 (45) 79 (27) 
 Retired, unemployed, or housewives 60 (41) 17 (12) 77 (26) 
Age <18 y 74 63 137 
 Infants and preschoolers 63 (85) 28 (44) 91 (66) 
 Schoolchildren 11 (15) 35 (56) 46 (34) 
Treatment expenses 219 209 428 
 Incurred some treatment expenses 206 (94) 194 (93) 400 (93) 
 Borrowed money for treatment expenses 79 (36) 14 (7) 93 (22) 
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Household Indirect Costs
Among responding patients participating in the labor mar-
ket, a median of 11.45 days were lost for measles and 9.62 
days for rubella (Table 3). The maximum number of work-
days lost were 68 days for a single episode of measles and 
21 days for an episode of rubella. Of those >18 years of 
age, 27% reported working while ill. Among those who 
continued to work, the average number of days worked 
while ill with measles or rubella was 4 days. Students and 
schoolchildren reported an average of 10 days that they 
were unable to attend school because of measles or rubella 
infection. Total estimated indirect household costs were US 
$779,917 for the 12,427 measles cases and US $1,043,281 
for the 24,627 rubella cases (Table 4).

Total Estimated Household Costs
We determined total estimated direct and indirect house-
hold costs. These values were US $1.7 million for 12,427 
measles cases (US $133.84/case) and US $1.5 million for 
24,627 rubella cases (US $61.74/case) (Tables 4, 5).

Healthcare Provider Costs
Healthcare providers received direct reimbursement fees 
from health insurance. These totals were US $3,275,757 
for services provided to treat measles and US $674,633 for 
services provided to treat rubella infections during the out-
break (Table 4).

National Outbreak Response Costs
National response activities included enhanced surveil-
lance, laboratory diagnostic testing, and immunization of 
at-risk populations at a total cost of US $1,559,975, of 
which ≈60% were for activities related to diagnosis and 
containment of rubella (Table 4). Virtually equal amounts 
of national resources were spent on measles and rubella 
containment efforts per case (US $41.55/case for measles 
and US $42.38/case for rubella) (Table 5). Most (87%) 
costs were incurred for laboratory reagents, laboratory tests, 
and overtime salaries for laboratory technicians (Table 3).

CRS Case Costs
Estimated health service reimbursement costs for the 27 CRS 
cases up to May 2016 were US $130,143 (Table 4). Estimated 
discounted lifetime productivity losses for the 12 CRS case-
patients who had died by May 2016 were US $470,774. Un-
der the assumption that the 15 surviving CRS case-patients 
would also be unable to work during their lifetimes, their es-
timated discounted lifetime productivity losses would be US 
$588,467 (US $1,059,241 for all 27 case-patients) (Table 4).

Societal Costs
Total societal costs of the measles and rubella outbreaks were 
US $9.9 million, of which US $5.5 million was for measles-

related activities and US $4.4 million for rubella-related ac-
tivities (the rubella-related activities included US $1.2 mil-
lion in CRS-related costs) (Table 4). These costs translated 
to a total cost per case of US $439 for measles, US $132 for 
rubella (not including CRS), and US $44,051 for CRS (Table 
5). Sensitivity analysis showed that total costs varied between 
US $9,266,779 (when the lower bound of measles treatment 
costs was used) and US $10,989,560 (when the upper bound 
of lifetime CRS case indirect costs was used) (Table 4).

Discussion
The large concurrent outbreaks of measles and rubella in 
Romania provided a major opportunity for an economic as-
sessment of both diseases, as well as for CRS, in a middle-
income country setting. Our key study findings were that 
households incurred a high economic burden of measles or 
rubella infection compared with income, the health sector 
bore most of the economic cost of the measles and rubella 
outbreaks, and CRS case costs were substantial and rele-
vant to include in rubella outbreak cost studies. Our study 
contributes to the limited literature on measles and rubella 
outbreak costs in middle-income countries and to the evi-
dence gap in this global research priority.

The economic burden of the measles and rubella out-
breaks on the outbreak-affected households was substantial. 
Almost every household incurred costs relating to measles 
or rubella treatment. The direct household cost per case of 
measles or rubella was high compared with the average in-
come in Romania in 2012: 30% of monthly income and 
3% of annual income for measles, 9% of monthly income 
and 1% of annual income for rubella. Previous studies in-
dicated that, when illness-related economic costs are >10% 
of annual household income, it is considered catastrophic 
because it potentially forces households to cut consump-
tion of necessities, such as food and water, and leads to 
increased debt or greater poverty (12–14). Although direct 
household costs per case in our study in general did not 
exceed this threshold in Romania (≈US $263 in 2013), the 
highest cost households did; moreover, these costs were for 
only 1 medical event, and the financial burden would in-
crease if other illnesses were considered.

For households, the unexpected measles and rubella 
treatment costs had to be met in the short term. High medical 
costs incurred in a short period are considered more detri-
mental than high costs incurred over a long period (12). Ap-
proximately 36% of households with measles and 7% with 
rubella reported borrowing money to pay for these expenses. 
Similar medical bill coping strategies, including informal 
payments, have also been confirmed in other studies in Ro-
mania (15,16). As a consequence of these expenses, stud-
ies in Romania and other countries in eastern Europe have 
reported that up to 60% of patients are forced to postpone or 
completely forgo treatments because of lack of money to pay 
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Table 3. Main analysis input and sensitivity analysis values used for cost analysis of economic burden of concurrent measles and 
rubella outbreaks, Romania, 2011–2012* 
Cost 
component Disease Input Input value 

Median (25th–
75th percentiles) 

Proportion 
(95% CI) 

Sensitivity 
analysis LB 

Sensitivity 
analysis UB 

Case 
distribution 

Measles No. cases 12,427 NA NA 11,184 13,670 
Rubella No. cases 24,627 NA NA 22,164 27,090 
Rubella No. CRS cases 27 NA NA NA NA 
Rubella Patients who died as of May 2016 12 NA NA NA NA 
Rubella Patients who survived as of May 

2016 
15 NA NA NA NA 

Measles Cases in 2011, % 39 NA NA NA NA 
Measles Cases in 2012, % 61 NA NA NA NA 
Rubella Cases in 2011, % 16 NA NA NA NA 
Rubella Cases in 2012, % 85 NA NA NA NA 

Healthcare 
provider 

Measles Reimbursement to healthcare 
providers for diagnostic codes, 2011 

$1,313,049 NA NA $1,181,744 $1,444,353 

Measles Reimbursement to healthcare  
providers for diagnostic codes, 2012 

$1,962,708 NA NA $1,766,437 $2,158,979 

Rubella Reimbursement to healthcare 
providers for diagnostic codes, 2011 

$107,494 NA NA $96,745 $118,244 

Rubella Reimbursement to healthcare 
providers for diagnostic codes, 2012 

$567,138 NA NA $510,425 $623,852 

National 
outbreak 
response 

Measles Personnel time for  
outbreak response 

$5,164 NA NA $4,648 $5,680 

Measles Reagent/test for outbreak response $449,225 NA NA $404,303 $494,148 
Measles Emergency vaccine purchases $61,962 NA NA $55,766 $68,158 
Rubella Personnel time for  

outbreak response 
$10,437 NA NA $9,393 $11,481 

Rubella Reagent/test for outbreak response $907,951 NA NA $817,156 $998,746 
Rubella Emergency vaccine purchases $125,235 NA NA $112,712 $137,759 

Direct 
medical 
and 
nonmedical 
household 

Measles Out-of-pocket cost for inpatient care NA $66.87  
($21.27–$110.94) 

NA $21.27 $110.94 

Rubella Out-of-pocket cost for inpatient care NA $30.70  
($15.20–$82.06) 

NA $15.20 $82.06 

Measles Out-of-pocket cost for  
outpatient care 

NA $18.23  
($4.55–$39.51) 

NA $4.55 $39.51 

Rubella Out-of-pocket cost for  
outpatient care 

NA $12.50  
($6.07–$24.32) 

NA $6.07 $24.32 

Measles Patients receiving outpatient care, % NA NA 19 (24–60) 24 60 
Measles Patients receiving inpatient care, % NA NA 81  

(80–109) 
80 100 

Rubella Patients receiving outpatient care, % NA NA 62 (17–27) 17 27 
Rubella Patients receiving inpatient care, % NA NA 38 (24–91) 34 91 

Indirect 
household 

Measles Employment rate for case-patients 
and caregivers, % 

34 NA NA NA NA 

Rubella Employment rate for case-patients 
and caregivers, % 

32 NA NA NA NA 

Measles No. work days missed  
by case-patients 

NA 11.45 (7–18) NA 7 18 

Rubella No. work days missed  
by case-patients 

NA 9.62 (7–14) NA 7 14 

Measles Case caregivers who missed work, % 89 NA NA NA NA 
Rubella Case caregivers who missed work, % 68 NA NA NA NA 
Measles No. work days missed by caregivers NA 7 (3–10) NA 3 10 
Rubella No. work days missed by caregivers NA 4.5 (3–7) NA 3 7 

Both Minimum daily wage $10.44 NA NA NA NA 
CRS, direct 
medical 

Rubella Reimbursement to healthcare 
providers for patients who survived 

NA $6,455  
($1,749–$10,296) 

NA $1,749 $10,296 

Rubella Reimbursement to healthcare 
providers for patients who died 

NA $2,777  
($1,734–$3,309) 

NA $1,734 $3,309 

CRS, 
lifetime 
discounted 
indirect 

Rubella Minimum daily wage $10.44 NA NA    NA NA 
Rubella Years (range) of productivity loss 46 (18–63) NA NA NA 74 (LE) 
Rubella Labor force participation rate, % 65 NA NA NA 100 
Rubella Unemployment rate, % 11 NA NA NA 0 
Rubella Discount rate, % 3 NA NA NA NA 

*Monetary values are in US 2013 dollars. CRS is an outcome of rubella. CRS, congenital rubella syndrome; LB, lower bound; LE, life expectancy; NA, not 
applicable; UB, upper bound. 
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their medical bills (15,17). Because per capita health spend-
ing in Romania was less than that in the United States (US 
$580) during 2013 (18), the estimated direct household and 
health sector costs per case of measles (US $376) and rubella 
(US $89, not including CRS costs) were high.

The health sector bore 70% of the economic cost of the 
outbreak for measles and 39% for the outbreak of rubella. 

For measles, 86% of the health sector costs were for provider 
reimbursement. For rubella, 61% was for national outbreak 
response activities. More than 85% of the national outbreak 
response activities were for laboratory reagents and test kits 
for measles and rubella, but only 12% was for emergency 
vaccine purchase because large-scale supplemental immu-
nization activities were not conducted. Assuming a cost per 
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Table 4. Estimated total costs by component for base case and sensitivity analyses for assessment of economic burden of concurrent 
measles and rubella outbreaks, Romania, 2011–2012* 

Cost component 
Disease or 
outcome 

Main analysis 
base case 

Sensitivity 
analysis variable 

Sensitivity 
analysis LB 

Sensitivity 
analysis UB 

Total measles 
and rubella 

costs with LB 

Total measles 
and rubella 

costs with UB 
Healthcare 
provider 

Measles $3,275,757 Healthcare 
provider costs 

$2,948,181 $3,603,332 $9,555,968 $10,211,120 

Rubella $674,633 Healthcare 
provider costs 

$607,169 $742,096 $9,816,081 $9,951,007 

National 
outbreak 
response 

Measles $516,351 National outbreak 
response costs 

$464,716 $567,986 $9,831,909 $9,935,179 

Rubella $1,043,623 National outbreak 
response costs 

$939,261 $1,147,985 $9,779,182 $9,987,906 

Direct medical 
and nonmedical 
household 

Measles $883,338 Out-of-pocket 
inpatient and 

outpatient 
treatment costs 

$266,573 $1,572,347 $9,266,779 $10,572,553 

Proportion of 
patients receiving 

inpatient or 
outpatient 
treatment 

$716,509 $915,498 $9,716,715 $9,915,704 

No. cases $795,004 $971,672 $9,795,210 $9,971,878 
Rubella $477,261 Out-of-pocket 

inpatient and 
outpatient 

treatment costs 

$141,497 $1,136,431 $9,547,779 $10,542,713 

Proportion of 
patients receiving 

inpatient or 
outpatient 
treatment 

$310,302 $768,764 $9,716,584 $10,175,046 

No. cases $429,535 $524,988 $9,835,818 $9,931,270 
Indirect 
household 

Measles $779,917 No. work days 
missed by case-

patients 

$583,614 $1,068,856 $9,687,241 $10,172,484 

No. work days 
missed by 
caregivers 

$622,875 $897,698 $9,726,502 $10,001,325 

Rubella $1,043,281 No. work days 
missed by case-

patients 

$827,714 $1,403,658 $9,667,976 $10,243,920 

No. work days 
missed by 
caregivers 

$959,358 $1,183,153 $9,799,621 $10,023,416 

CRS cases 
direct medical 

Rubella $130,143 Reimbursement 
to healthcare 

providers for CRS 
cases 

$47,038 $194,145 $9,800,438 $9,947,546 

CRS cases 
lifetime 
discounted 
indirect 

Rubella $1,059,241 Productive years 
(labor force 

participation, 
unemployment 

rate) 

NA $2,165,257 NA $10,989,560 

Total Measles $5,455,363 NA NA NA NA NA 
Rubella $4,428,182 NA NA NA NA NA 

Both $9,883,545 NA NA    NA NA NA 
*CRS, congenital rubella syndrome; LB, lower bound; NA, not applicable; UB, upper bound. 

 



RESEARCH

dose administered of US $5, the cost of vaccinating all 36,861 
confirmed case-patients with measles or rubella with 2 doses 
of the measles and rubella vaccine before the outbreak would 
have cost the health sector 10% of the amount paid for health 
sector costs for the measles outbreak and 21% of the amount 
paid for health sector costs for the rubella outbreak. Any pre-
outbreak vaccination campaign would have had to vaccinate 
more than just the 36,861 persons who were infected during 
the outbreak to prevent the outbreak, and the costs of strategies 
to reach persistently unvaccinated subpopulations in Romania 
might be higher than typical campaign or routine immuniza-
tion costs. Even so, such preemptive campaigns to reduce im-
munity gaps, coupled with continued robust routine immuni-
zation delivery, would have provided protection and reduced 
costs to the health sector, not only during the 2011–2012 out-
breaks but also for future outbreaks. This finding is critical 
because Romania continues to have measles outbreaks.

Our study contributes to the ongoing efforts to docu-
ment evidence of the economic burden of vaccine-prevent-
able diseases in middle-income countries, with particular 
focus on measles and rubella. A study from Ethiopia re-
ported an estimated household cost of US $29.18/case of 
measles treated during a measles outbreak in 2011 (2). As 
in Romania, the Ethiopian health sector bore most (80%) 
of the outbreak cost. A study in Latin America found the 
costs of measles treatment to range from US $43 in Nica-
ragua to US $210 in Argentina; the average cost was US 
$190 for the entire Latin America region (19). As an upper-
middle-income country, economic costs for Romania are 
more comparable to those reported for countries such as 
the Netherlands, the United Kingdom, and Canada; a study 
from these countries in 2002 reported the societal costs of 
measles treatment as US $254 in Canada, US $276 in the 
Netherlands, and US $307 in the United Kingdom (20).

Our post-hoc analysis of CRS direct medical costs and 
estimated productivity losses adds to the limited literature 
on CRS costs in different economic settings (21). Studies 
from Brazil, Oman, and Uzbekistan reported that estimated 
CRS costs ranged from US $18,644 to >US $1.18 million/
case (22–24). More than 90% of these costs constitute in-
direct CRS costs. Future studies of CRS economic bur-
den in low- and middle-income countries are needed. In 
this assessment, we did not quantify the value of life lost  

because of measles or rubella infections occurring during 
the outbreak, aside from the CRS cost estimates.

Our cost estimates are subject to several limitations. 
The household cost estimates were retrospective, and some 
persons might have been susceptible to recall bias. The pur-
posive sampling of recent cases and district-level weighting 
procedures used for the household survey do not necessar-
ily provide a nationally representative estimate of household 
costs, and no adjustment was made to account for survey 
nonresponse (response rate 35%), which might introduce 
selection bias; household costs might be underestimated be-
cause of the smaller proportion of case-patients <18 years 
of age in our sample compared with the outbreaks overall. 
We only recorded the provider reimbursement claims that 
were actually paid by the national insurance companies. 
However, anecdotal information suggested that claims were 
sometimes reimbursed at lower standard amounts based on 
limited availability of funds at the national level. National 
outbreak response costs were based on interviews with key 
informants from the agencies responsible for response im-
plementation and are believed to be exhaustive of the costs 
incurred. However, other agencies might have also provided 
outbreak response and might not have been known to the 
national health authorities we used as key informants for the 
agencies involved in outbreak response.

For the CRS cost analysis, we did not obtain informa-
tion on 9 of the reported cases (response rate 67%), which 
might introduce selection bias in our results, although no 
systematic differences in clinical profiles between included 
and excluded cases were observed. Information on some 
types of future CRS care costs (e.g., special schooling, 
government disability payments) were not available and 
are therefore not included in the analysis. The CRS pro-
ductivity losses assume that all surviving case-patients are 
fully unable to work; this assumption might overestimate 
the indirect costs of CRS if some of these case-patients are 
ultimately able to work for income. Because of the non-
representative sampling techniques used and nonresponse, 
no uncertainty bounds were calculated for these cost esti-
mates. Finally, the estimation of economic costs was not 
fully comprehensive. The opportunity costs of healthcare 
workers devoting their time to doing other public health 
activities was not estimated because of incomplete data.
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Table 5. Estimated overall cost per case of measles, rubella, or congenital rubella syndrome during concurrent outbreaks, Romania, 
2011–2012* 

Cost type 
Cost per case (sensitivity analysis lower bound–upper bound; 2013 US $) 

Measles Rubella, not CRS CRS 
Household direct medical and nonmedical $71 ($21–$127) $19 ($6–$46) NA 
Household indirect $63 ($47–$86) $42 ($34–$57) NA 
Healthcare provider $264 ($237–290) $27 ($25–30) NA 
National outbreak response $42 ($37–46) $42 ($38–47) NA 
CRS cases direct medical NA NA $4,820 ($1,742–$7,191) 
CRS cases lifetime discounted indirect NA NA $39,231 (UB: $80,195) 
Estimated total societal/case $439 ($389–494) $132 ($118–$158) $44,051 ($40,973–$85,015) 
*CRS, congenital rubella syndrome; NA, not applicable; UB, upper bound of sensitivity analysis. 
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In conclusion, the costs of the 2011–2012 measles and 
rubella outbreaks in Romania were high, especially when 
compared with total average household incomes and na-
tional health expenditures per capita. In addition to the 
health consequences of these outbreaks, households faced 
major threats of financial insecurities during these out-
breaks and the long-term economic impacts of productiv-
ity losses. Preventing outbreaks through routine vaccina-
tion also reduces the economic burden on the health sector. 
This study makes a major contribution to identifying the 
overall societal economic burden of measles and rubella 
outbreaks in Romania and improves our understanding of 
the magnitude of the costs of measles and rubella outbreaks 
in middle-income economies.
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During 2014–2017, we isolated a novel orthobunyavirus 
from broiler chickens with severe kidney lesions in the state 
of Kedah, Malaysia; we named the virus Kedah fatal kidney 
syndrome virus (KFKSV). Affected chickens became listless 
and diarrheic before dying suddenly. Necropsies detected 
pale and swollen kidneys with signs of gout, enlarged and 
fragile livers, and pale hearts. Experimental infection of 
broiler chickens with KFKSV reproduced the disease and 
pathologic conditions observed in the field, fulfilling the 
Koch’s postulates. Gene sequencing indicated high nucleo-
tide identities between KFKSV isolates (99%) and moderate 
nucleotide identities with the orthobunyavirus Umbre virus 
in the large (78%), medium (77%), and small (86%) ge-
nomic segments. KFKSV may be pathogenic for other host 
species, including humans.

In recent years, numerous arboviruses have reportedly 
caused major outbreaks among domestic or wild birds 

(1,2). Most arboviruses associated with widespread 
epizootics are members of the Flaviviridae family, al-
though the poultry industry has been affected by other 
arboviruses (3–5). The order Bunyavirales comprises 
at least 9 families and 13 genera. Of the major genera, 
only viruses of the Orthobunyavirus, Orthohantavirus, 
Orthonairovirus, and Phlebovirus genera infect verte-
brates (6–8). Orthobunyavirus is the most diverse genus 
within the Bunyavirales order, comprising ≈170 viruses 
classified into >18 serogroups on the basis of antigenic 
relationships; this serology correlates well with the phy-
logenetic analyses (9). For birds, particularly domestic 
poultry, descriptions of natural infections with orthobu-
nyaviruses are scarce (10,11). Hubálek et al., in a recent 
comprehensive review on arboviruses, listed only a few 
orthobunyaviruses pathogenic to domestic poultry, most 

likely reflecting a minor role of orthobunyaviruses in 
poultry diseases (5). 

Since 2014, sporadic cases of a new disease in broiler 
chickens, manifested as clinical signs of lethargy accompa-
nied by some gastrointestinal symptoms and sudden death 
from severe kidney damage, have been reported in north-
western Malaysia. We identified and characterized the etio-
logic agent of this disease.

Materials and Methods

Detection and Identification of the Etiologic Agent
We collected samples of kidney and cecal tonsils from af-
fected chickens in the field that died and submitted them 
to the Scientific Support and Investigation Laboratory of  
Ceva-Phylaxia (Budapest, Hungary) for detection of pos-
sible viral agents. The tissue samples were homogenized 
to give ≈10% (wt/vol) suspension in phosphate-buffered 
saline pH 7.2. The homogenized samples were centrifuged 
at 1,000 × g for 15 min at 4°C and then filtered through 
a 0.45-µm membrane. We inoculated 0.2 mL of the fil-
tered supernatant via the chorioallantoic cavity into spe-
cific pathogen free (SPF) eggs, 9–11 days old, divided into 
groups of 5. After inoculation, we checked eggs daily for 
7 days and discarded those that died within 24 h. The cho-
rioallantoic fluid was harvested aseptically from embryos 
that died after 24 h, and these embryos were examined for 
the presence of gross pathologic lesions. If at the end of 
the 7-day observation period no embryos had died, we re-
moved the eggs with live embryos and kept them at 4°C for 
24 h and then collected the chorioallantoic fluid for the next 
passage. We conducted 3 blind passages before consider-
ing a sample negative for pathogens.

The chorioallantoic fluid of the embryos showing 
pathologic lesions was inoculated onto LMH (chicken 
hepatocellular carcinoma) and Vero (African green 
monkey kidney) cell cultures and checked for cytopatho-
genic agents. LMH cells were also used for propagation 
and titration of the isolated virus and for reisolation of 
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the virus from kidney samples from experimentally in-
fected chickens.

Supernatants of tissue cultures showing cytopathologic 
changes were centrifuged at 10,000 × g for 5 min, and 200 
µL of the supernatant was used for nucleic acid extraction 
by use of the ZiXpress32 Viral Nucleic Acid Extraction Kit 
and ZiXpress32 robot (Zinexts Life Science, http://www.
Zinexts.com). Random primed reverse-transcription PCR 
(RT-PCR) was performed as described elsewhere (12,13). 
We subjected 100 ng of cDNA to enzymatic fragmenta-
tion and adaptor ligation, following the manufacturer’s 
recommendations (NEBNext Fast DNA Fragmentation & 
Library Prep Set for Ion Torrent; New England Biolabs, 
https://www.neb.com). The resulting cDNA libraries were 
measured on Qubit 2.0 equipment by using the Qubit ds-
DNA BR Assay kit (Invitrogen, https://www.thermofisher.
com). The isothermal emulsion PCR that produced clonally 
amplified libraries was conducted according to the manu-
facturer’s protocol by using the IA 500 kit (Life Technolo-
gies, https://www.thermofisher.com). Enrichment of the 
templated beads (on an Ion OneTouch ES machine; Life 
Technologies) and further steps of presequencing setup 
were performed according to the manufacturer’s 200-bp 
protocol. We strictly followed the sequencing protocol rec-
ommended for the Ion PGM Hi-Q View Sequencing Kit on 
a 316 v2 chip (Life Technologies).

Sanger sequencing was used to validate results ob-
tained by the viral metagenomics approach. Primer pairs 
were designed to amplify 0.8–1.2-kb fragments (not 
shown). The BrightDye Terminator Cycle Sequencing Kit 
(NimaGen, https://www.nimagen.com) was used in the 
amplification reaction, and dye-labeled products were run 
on an ABI 3500 sequencer (Life Technologies).

Sequence reads obtained by next-generation sequencing 
were trimmed by using CLC Genomics Workbench version 
7 (http://www.clcbio.com). The minimal read length param-
eter was set to 40. The same software was used to assemble 
the genome sequence. After visually inspecting the sequence 
mappings, we created 1 consensus sequence for all 3 genome 
segments (small [S], medium [M], and large [L]). Sanger se-
quencing outputs were analyzed by using BioEdit software 
(14). Sequence contigs from the 2 sequencing platforms 
were assembled and further edited by using GeneDoc (15) 
and BioEdit software and then analyzed by similarity search 
with BLAST (14–16). We deposited newly generated nucle-
otide sequences into GenBank (accession nos. MK047401–
MK047415). Multiple alignments were prepared by using 
the TranslatorX online program (17) and manually adjusted 
in GeneDoc, whereas phylogenetic analysis by the maxi-
mum-likelihood and the neighbor-joining methods was per-
formed by using MEGA6 software (18). The coding poten-
tial was predicted by using ORF Finder (http://www.ncbi.
nlm.nih.gov/gorf/gorf.html).

Development of Diagnostic RT-PCR
For assay development and quantification of the novel or-
thobunyavirus genomic RNA in organ samples of the ex-
perimental animals, we extracted viral RNA as previously 
described and designed primers and probes for the S ge-
nomic segment of the novel orthobunyavirus. The reaction 
mixture of quantitative RT-PCR (qRT-PCR) that we used 
was composed of 10 µL 2× qPCRBIO Probe 1-Step Mix 
(PCR Biosystems, http://www.pcrbio.com), 1.6 µL S gene 
specific forward (5′ GGGTAGCACTAGCATTTATCCA 
3′) and reverse (5′ TGTAGACACCCACAAACGTATC 
3′) primers (each from 10 μM stock solutions), 0.5 µL S 
gene specific probe (5′ [FAM] AGCTCACATACGAG-
GATACACAGGA [BHQ] 3′) from a 10 μmol/L stock 
solution, 1 µL 20× RTase with RNase inhibitor, 0.3 µL 
nuclease-free water, and 5 µL RNA. The thermal profile 
of the qRT-PCR was as follows: reverse transcription at 
50°C for 10 min terminated by heating to 95 °C for 2 min, 
followed by amplification performed in 40 cycles consist-
ing of denaturation at 95°C for 5 s and hybridization and 
elongation at 60°C for 20 s. Throughout the study, we used 
a Mic qPCR cycler (Bio Molecular Systems, https://bio-
molecularsystems.com), kindly provided for the project by 
Péter Kisfali, Amplicon Ltd.).

To test the assay specificity, we used a number of vi-
ruses from our strain collection, including avian nephritis 
virus (Astroviridae); QX-like, 4/91-like, and Massachu-
setts-like infectious bronchitis virus strains (Coronaviri-
dae); representative isolates of avian metapneumovirus A, 
B, and C and Newcastle disease virus (Paramyxoviridae); 
isolates of influenza (H9N2) and (H5N8) viruses (Ortho-
myxoviridae); and Tembusu virus (Flaviviridae).

Experimental Reproduction of the Disease
We tested the pathogenicity of 1 of the isolates 
(D2756/1/2014/MY) in 5-day-old broiler chickens pur-
chased from a commercial hatchery in Hungary. We in-
oculated 10 chickens with 0.2 mL of 5.1 log10 50% tissue 
culture infective dose (TCID50) of the isolate by either the 
subcutaneous or oral route; for negative controls, we inocu-
lated 5 chickens of the same age with phosphate-buffered 
saline pH 7.2. We kept all birds in isolators with negative 
pressure and monitored them daily for overt clinical signs 
and death for 26 days after inoculation.

We recorded gross lesions of birds that died during 
the 26-day postinoculation period and collected samples 
from the spleen, liver, kidney, heart, pancreas, small in-
testine, bursa, and thymus and placed them in 10% buff-
ered formalin for histologic analysis. We also collected 
tissue samples (spleen, liver, kidney, heart, intestine, 
and bursa) from 5 chickens in the subcutaneously infect-
ed group and 4 chickens from the orally infected group 
that died and processed them for viral RNA detection by 
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using qRT-PCR. We euthanized all remaining birds and 
inspected them for gross pathologic lesions, collecting 
samples for histologic analysis (spleens, livers, kidneys, 
hearts, and bursa Fabricii) and qRT-PCR (spleens and 
kidneys from all; hearts, livers, bursa Fabricii, and cecal 
tonsils from a few).

Histologic Analyses
Tissue samples were processed according to standard histo-
logic procedures. Samples were embedded in paraffin, cut 
in 5-µm sections, stained with hematoxylin and eosin or 
trichrome, and examined under light microscopy.

Results

Epidemiologic and Clinical Observations
The first outbreaks of the disease occurred during July–
September 2014 and recurred during the same months each 
subsequent year. All cases were from broiler farms with 
open-sided houses in Kedah (Figure 1).

Several chickens in the affected flocks became listless 
and exhibited signs of diarrhea. Affected birds died soon 
after the appearance of the first clinical signs. The disease 
sometimes occurred in birds ≈1 week of age but more rou-
tinely in those 2–4 weeks of age. Mortality rates varied 
within a wide range, from a low percentage to 30%–40% 
(Figure 2). 

The most striking lesions in dead chickens were pale, 
swollen kidneys with uric acid deposits, frequently local-
ized in the tubules and ureters (Figure 3) and also found 
on the surface of serosa covering the visceral organs. The 
livers were moderately enlarged and fragile. The heart 
muscle was pale. No obvious gross lesions were seen in 
any other organs.

Etiologic Agent
From the kidney and cecal tonsil samples submitted from 
1 affected chicken in 2014 and 3 affected chickens in 2017, 
we obtained 5 virus isolates after 1 blind passage in SPF 
embryos. Embryo deaths occurred 3–5 days after inocula-
tion with the organ homogenates. The dead embryos ex-
hibited severe subcutaneous edema, congestion, and hem-
orrhages on the skin. No hemagglutinating agents were 
observed when chicken red blood cells were used in analy-
sis of allantoic fluid from dead embryos.

Cytopathic effect was evident at 48–72 hours after 
inoculation of LMH and Vero cell cultures with the allan-
toic fluid from dead embryos. Elongated or rounded dark 
cells were seen in irregular clusters, expanding very fast 
to affect the whole cell sheet within 24–36 hours. The vi-
rus grown on LMH cell cultures reached a titer of 6.3–6.5 
log10 TCID50/mL.

Viral metagenomics performed from 2 cell culture 
supernatants (D2756/1/2014/MY and D2756/2/2014/MY) 

Figure 1. Locations of cases of severe 
kidney disease in broiler chickens, 
Malaysia, 2014–2017. Black icons indicate 
locations of investigated outbreaks. 
Colored boxes indicate road numbers. Inset 
indicates area affected by outbreaks within 
Malaysia. 
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identified sequence scaffolds with greatest BLAST hits to 
the orthobunyavirus Umbre virus (Turlock serogroup). The 
most 3′ and 5′ ends of the genomic RNA could not be deter-
mined with this method. To confirm the sequencing results 
obtained by next-generation sequencing, we also performed 
Sanger sequencing. The obtained nearly full-length genome 
sequences (L segment ≈6.9 kbp, M segment ≈4.3 kbp, S 
segment ≈0.8 kbp) showed >99% nt sequence identities 
between isolates D2756/1/2014/MY and D2756/2/2014/
MY. When we compared sequences with Umbre virus, we 
identified 78% nt sequence identities along L, 77% along 
M, and 86% along S genomic segments.

Diagnostic qRT-PCR
The S genomic segment contained an ≈200-bp fragment 
that shared high sequence homology with Umbre virus. 
Primers and probes had been designed to detect Malaysia 
orthobunyavirus isolates and Umbre virus, although the 
assay was not tested against Umbre virus or other closely 
related strains within the Turlock serogroup. The assay 
exhibited high specificity when tested against a variety of 
viruses characterized by kidney tropism and was able to 
reproducibly detect the viral RNA from tissues that cor-
responded to as few as 3 TCID50/mL virus culture superna-

tant (or 0.03 TCID50 virus/5 µL RNA). The kidney samples 
submitted from the sick poultry in the field during 2014 and 
2017 contained RNA copies corresponding to a viral titer 
of 9.00 × 104 to 4.81 × 105 TCID50 of infectious virus per 
gram of organ specimen. Phylogenetic analysis based on 
the partial amino acid sequences of proteins encoded by the 
L, M, and S segments showed that all 5 isolates detected 
from 4 different outbreak cases over a 3-year period were 
highly similar in the regions analyzed (Figure 4).

Experimental Reproduction of the Disease
The pathologic condition of chickens in the field could be 
reproduced by experimental infection of chickens with 1 
of the selected isolates (D2756/1/2014/MY). From postin-
oculation day 3, chickens became listless and showed loss 
of appetite. Deaths occurred during postinoculation days 
3–5 in the subcutaneously infected group and started 2 days 
later (postinoculation day 5) in the orally infected group. 
The mortality rate was higher for the group infected by the 
subcutaneous route (Figure 5).

After clinical signs appeared, the chickens died within 
12–24 hours. In those that died, gross lesions were mainly 
confined to the kidneys, which were pale and swollen with 
distended ureters filled with uric acid (Figure 6, panel A). In 
some chickens, visceral gout also developed (Figure 6, panel 
B). Other gross lesions that could be observed in most dead 
chickens were accumulation of serous exudate in the abdom-
inal cavity and pericardium, signs of liver degeneration, and 
discoloration of the heart muscle. The chickens in the control 
group remained healthy throughout the observation period.

Histopathologic Findings
In the organs collected from the experimentally infected 
chickens that died, the predominant histologic lesions were 
in the kidney, liver, heart, and lymphoid organs. The most 
consistent lesions were tubulonephrosis with occasional tu-
bular epithelium necrosis; intraglomerular urolithiasis and 
multifocal interstitial lympho-histiocytic infiltration (Figure 
7, panel A); vacuolic degeneration and disintegration of liver 
cells with signs of hepatitis (Figure 7, panel B); acute serous 
myocarditis; and depletion of lymphocytes with scattered 

Figure 2. Daily mortality rates 
among broiler chickens with 
severe kidney disease, Malaysia, 
2014–2017. A) Flock affected by 
the 2014 outbreak. B) Four flocks 
affected by the 2017 outbreaks.

Figure 3. Gross pathologic appearance of kidney from a chicken 
with severe kidney disease naturally infected with a novel 
orthobunyavirus (Kedah fatal kidney syndrome virus), Malaysia, 
2014–2017.
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lymphocyte necrosis in the lymphoid organs (spleen, bursa 
Fabricii, and thymus) (Figure 7, panels C and D).

Histopathologic changes were nearly completely miss-
ing in the birds sampled at the end of the experiment. Only 
some focal interstitial nephritis, hepatitis, and myocarditis 
could be found in a few birds.

Viral RNA in Tissue Samples from Infected Chickens
High viral loads in the different organ samples of dead 
chickens were similar, irrespective of the route of infection 
and time of death (Table). These results suggest that the 
virus could cause a high level of viremia and could repli-
cate at a significant level in different organs (different cell 
types). The virus-specific nucleic acid was still present in 
the spleen of healthy chickens at the end of the observation 
period, but no viral RNA could be detected in kidney, cecal 
tonsil, and bursa tissues from these chickens.

Discussion
We found the causative agent of the disease outbreak of 
severe kidney damage among broiler chickens in Malaysia 
in 2014 to be a newly emerging orthobunyavirus. On the 
basis of the main pathologic features of the disease seen in 
the field and after experimental infection, we propose that 
the virus be designated Kedah fatal kidney syndrome virus 
(KFKSV) of broilers.

Analysis of the near full-genome sequence of 2 iso-
lates, D2756/1/2014/MY and D2756/2/2014/MY, dem-
onstrated that the virus is similar to Umbre virus, which 
belongs to the Turlock serogroup of the Orthobunyavirus 
genus (19). This serogroup is represented by 2 species and 
several virus isolates detected in Africa, Asia, Europe, and 

the Americas (20). So far, little information has been col-
lected about the pathogenic potential of viruses belonging 
to the Turlock serogroup. Antibody response and transient 
viremia have been observed in chickens experimentally in-
fected with Turlock virus (21).

Umbre virus was isolated during the 1950s from Cu-
lex mosquitoes and birds (22,23) from India and Malay-
sia, and antibodies have been measured in serum of wild 
birds and sentinel chickens from Malaysia (24). Although 
D2756/1/2014/MY, which we isolated, is genetically re-
lated to Umbre virus, we propose the name Kedah fatal 
kidney syndrome virus of broilers on the basis of its unique 
pathologic characteristics in meat-type chickens.

Several viruses within the Orthobunyavirus genus 
are of major veterinary and public health concern (5). 
Because KFKSV is a newly emerging virus, no experi-
mental data are available regarding its pathogenicity and 

Figure 4. Phylogenetic trees of novel orthobunyavirus (Kedah fatal kidney syndrome virus) identified as the cause of severe kidney 
disease, Malaysia, 2014–2017 (black diamonds) and reference orthobunyaviruses. A) Large geneome segment–derived tree;  
B) medium geneome segment–derived tree; C) small geneome segment–derived tree. Scale bars indicate nucleotide substitutions per site. 

Figure 5. Daily survival rates among chickens experimentally 
infected with a novel orthobunyavirus (Kedah fatal kidney 
syndrome virus), isolated from broiler chickens with severe kidney 
disease, Malaysia, 2014–2017. 
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transmissibility. Disease in chickens could be reproduced 
by oral infection even though most orthobunyaviruses are 
vectorborne and the field cases in Malaysia occurred dur-
ing mosquito season. Our results show that, after oral in-
fection, high levels of virus could be detected in internal 
organs (including intestines) of infected chickens, which 
suggests that direct bird-to-bird transmission may con-
tribute to the spread of this virus within an infected flock. 
The disease characteristics (e.g., sudden outbreaks, fast 
spread, and high morbidity rates) further support the ex-
istence of direct bird-to-bird transmission within a flock; 
however, the role of arthropods in introducing infection 
into a flock cannot be ruled out because of the seasonal 
occurrence of the disease. The fast spread of the disease 
in a flock and our experimental infection results, which 
proved that infection by the oral route is efficient, strongly 

suggest that mosquitoes may not be the exclusive vehicle 
for transmission of this virus within a flock.

The D2756/1/2014/MY isolate of KFKSV was highly 
pathogenic in young broiler chickens, causing mortality 
rates of 50%–70% and severe gross and histopathologic 
lesions in the kidneys and liver after experimental infec-
tion. The gross and histopathologic changes caused by the 
isolate were similar to those found in field-infected chick-
ens. The virus could be detected from all tested internal or-
gans of dead chickens, including intestines, but the spleen 
samples collected from asymptomatic chickens after recov-
ery were also positive for KFKSV 3 weeks after infection. 
Therefore, investigation of virus persistence and transmis-
sion is needed.

There are no commercially available or standardized tests 
for diagnosing bunyavirus infections in poultry. Establishing  

Figure 6. Gross pathologic 
appearance of chickens 
experimentally infected with a 
novel orthobunyavirus (Kedah 
fatal kidney syndrome virus) 
isolated from chickens with 
severe kidney disease, Malaysia, 
2014–2017. A) Swollen and pale 
kidney; B) uric acid crystals on 
viscera (gout).

Figure 7. Histologic 
appearance of lesions 
in tissues from chickens 
experimentally infected with a 
novel orthobunyavirus (Kedah 
fatal kidney syndrome virus) 
isolated from broiler chickens 
with severe kidney disease, 
Malaysia, 2014–2017.  
A) Kidney, showing urate 
deposits in the dilated 
Bowman’s capsule (arrows) 
and degeneration and 
dilatation of proximal 
convoluted tubules.  
Trichcrome stain; original 
magnification ×200.  
B) Liver, showing vacuolar 
degeneration of hepatocytes 
and disorganization of lobular 
structure. Hematoxylin and 
eosin (H&E) stain; original 
magnification ×400. C) Spleen, 
showing marked lymphoid 
depletion and lymphocyte 
necrosis in the Malpighian 
body and vacuolation of 
reticulocytes in the red pulp 
(arrow). H&E stain; original magnification ×400. D) Bursa Fabricii, showing atrophy of bursal follicles with marked lymphoid depletion 
in the medullary region (arrow). H&E stain; original magnification ×200.
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a diagnosis requires submitting samples to specialized refer-
ence laboratories. KFKSV can be isolated and grown in chick-
en embryos and can be propagated in LMH and Vero cells. 
When reported disease and clinical history of a flock includes 
kidney lesions, diagnostic laboratories can use the molecular 
diagnostic method we describe in this article to check submit-
ted materials for this newly discovered emerging species of 
orthobunyavirus. Similar kidney lesions could be observed af-
ter infection with avian infectious bronchitis virus, astrovirus, 
and leucocytozoonosis. Diagnosis of these infections is gen-
erally based on detection by RT-PCR and sequencing, virus 
isolation, and demonstration of an immune response by virus 
neutralization or enzyme immunoassay.

For determining a possible viral origin of an idiopathic 
disease, the viral metagenomics technique is useful, as is 
demonstrated by our investigation of this novel orthobun-
yavirus. The potential of this virus to spread to other animal 
species or humans cannot be excluded. Therefore, studies in 
which additional data are collected to elucidate the patho-
genic potential of this virus in avian and other animal spe-
cies should be initiated. Studies to scrutinize its potential as 
a public health hazard should also be considered. Because of 
the zoonotic nature of some orthobunyaviruses closely relat-
ed to KFKSV (5,25–27), we highlight the need for wider sur-
veillance of KFKSV in birds and mammals of other species 
in a more extended geographic area. Research in the surveil-
lance of putative disease vectors and the possible prevalence 
of this virus in livestock and wildlife should be encouraged. 
The molecular diagnostic assay that we developed could 
help these research and disease surveillance efforts in the af-
fected area, although the extent of its applicability against a 
broader diversity of orthobunyaviruses needs to be validated.
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We jointly estimated relative risk for dengue and Zika virus 
disease (Zika) in Colombia, establishing the spatial asso-
ciation between them at the department and city levels for 
October 2015–December 2016. Cases of dengue and Zika 
were allocated to the 87 municipalities of 1 department and 
the 293 census sections of 1 city in Colombia. We fitted 8 
hierarchical Bayesian Poisson joint models of relative risk 
for dengue and Zika, including area- and disease-specific 
random effects accounting for several spatial patterns of 
disease risk (clustered or uncorrelated heterogeneity) within 
and between both diseases. Most of the dengue and Zika 
high-risk municipalities varied in their risk distribution; those 
for Zika were in the northern part of the department and 
dengue in the southern to northeastern parts. At city level, 
spatially clustered patterns of dengue high-risk census sec-
tions indicated Zika high-risk areas. This information can be 
used to inform public health decision making.

Dengue and Zika virus disease (hereafter referred to as 
Zika) are infectious diseases caused by arboviruses in 

the family Flaviviridae. Dengue virus has 4 serotypes (1–
4); serotypes 2 and 3 are associated with severe disease in 
persons with second dengue infections. Zika virus infection 
is associated with congenital malformations in babies born 
from women infected during pregnancy and with Guillain-
Barré syndrome in infected adults (1).

Colombia is highly affected by vectorborne diseases. 
Villar et al. (2) reviewed the dengue epidemic in this coun-
try for 2000–2010 and reported an increasing epidemic 
trend for the period; outbreaks occurred in 2001, 2003, 
and 2010. In 2016, health authorities in Colombia reported 
>101,016 dengue cases that resulted in 289 deaths (3) and 
9,799 Zika cases that were laboratory confirmed and 96,860 
suspected Zika cases diagnosed by clinical signs (4).

For this study, we concentrated on the spatial patterns 
assessment of risk for dengue and Zika; in particular, we 

focused on the relative risk (RR) estimation for areal data 
by using hierarchical Bayesian models for these infections. 
RR represents the excess (or lack) of risk in a small area 
compared with the background risk. RR is mostly based on 
models and supported by Bayesian estimation methods (5). 
We used the following as study regions: the municipalities 
in the department of Santander, Colombia (1 of the depart-
ments where incidence of dengue and Zika for 2015–2016 
was highest), and the city census sections belonging to the 
capital city of Santander (1 of the cities most affected by 
dengue and Zika for the same period).

Racloz et al. (6) and Louis et al. (7) reviewed the spa-
tial patterns assessment of dengue risk; specifically for 
RR estimation of dengue, Ferreira and Schmidt (8) and 
Martínez-Bello et al. (9) estimated RR for dengue on a 
local spatial scale; and Restrepo et al. (10) and Martínez-
Bello et al. (11) applied methods for the spatiotemporal 
assessment of dengue risk. Examples for the spatial pat-
terns assessment of Zika risk run from merely descriptive 
methods to model-based approaches. For instance, in Co-
lombia, descriptive risk maps associating Zika incidence 
rates with environmental and sociodemographic factors 
have been produced in the departments of Sucre (12), Tol-
ima (13), Guajira (14), Santander, and Norte de Santander 
(15) and in the city of Pereira in the department of Ri-
saralda (16). Model-based spatial patterns assessment of 
Zika risk have been developed for the 33 departments in 
Colombia by using Poisson models for the RR for Zika 
(17). The distribution of risk for Zika transmission among 
counties/districts in Guangdong Province, China, was as-
sessed by using analytic hierarchy process models (18).

Zika, dengue, and chikungunya are also jointly studied 
by using the spatial patterns assessment of risk because the 
viruses share similar transmission routes (Aedes mosqui-
toes). On a large scale in Brazil, ecological studies have 
explored the risk factors for unusual spatial patterns of mi-
crocephaly, including dengue, Zika, and chikungunya data 
(19). Also estimated is the potential spatial risk for Zika 
and chikungunya according to socioenvironmental factors, 
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estimating the size of the populations at risk for both dis-
eases (20). On a small geographic scale, the risk factors for 
cocirculating arboviruses (dengue, Zika, chikungunya) at 
the community level have been evaluated (21).

In Colombia, Krystosik et al. (22) generated city-level 
risk maps of chikungunya, Zika, and dengue supporting 
vector-control strategies; Martínez-Bello et al. (23) esti-
mated the RR for dengue and Zika by using spatiotemporal 
interaction effects models for 1 department and 1 city in 
Colombia. Riou et al. (24) assessed the spatial patterns of 
risk for the 2013 Zika and chikungunya outbreaks in the 
French Polynesia islands, and Funk et al. (25) jointly mod-
eled Zika and dengue time series data from the Zika out-
break in Yap Island in the Pacific Ocean.

Our aim with this study was to jointly estimate the dis-
ease- and area-specific RRs for dengue and Zika by using 
hierarchical Bayesian joint models accounting for the spa-
tial association between both diseases. We used data from 
the 2015–2016 Zika outbreak in Colombia and analyzed 2 
levels of spatial data aggregation: the department level (dis-
ease counts aggregated per municipality) in the department 
of Santander and the city level (disease counts aggregated 
per census section) in the city of Bucaramanga (Santander).

Materials and Methods
Colombia (Figure 1, panel A), population 48.7 million, 
comprises ≈1.14 million km2 divided into 33 administra-
tive regions called departments, each 49.6–110,029.4 km2 
(Table 1). The department of Santander (Figure 1, panel B) 
covers 30,642 km2, is divided into 87 municipalities, and 
has >2 million inhabitants. Santander is in the northeastern 
region of Colombia, and its administrative center, Bucara-
manga (Figure 1, panel C), is in the northeastern region of 

the department. Bucaramanga covers 162 km2 (urban area 
49.6 km2), is divided into 293 urban census sections, and 
according to the 2016 census has a population of 528,575. 

The Zika epidemic started on August 9, 2015 (26). Up 
to the first epidemiologic week of 2017, Colombia reported 
106,659 Zika cases (219 cases/100,000 population) that 
were suspected by clinical signs and confirmed by labora-
tory. For the epidemiologic year 2016, the country reported 
101,016 dengue cases (207.6 cases/100,000 population; 
Table 2). Since 2001, one of the departments with the high-
est dengue incidence in Colombia has been Santander (2); 
in 2016, its dengue incidence was the sixth highest among 
the 33 departments (331.63 cases/100,000 population) (3); 
in 2015–2016, its Zika incidence was the seventh highest 
(493.09 cases/100,000 population) (4). The incidence rate 
for Zika in Santander was higher than the national aver-
age, accounting for 9.76% of the total cases in Colombia 
(3). With regard to dengue, in 2016 Santander reported 
6.67% of the total cases for Colombia (Table 2). Within the 
department, 35.52% of Zika cases (692.81/100,000) and 
35.62% of dengue cases (467.3/100,000) were reported in 
Bucaramanga (Table 2).

Department-Level Data
We aggregated cases of dengue and Zika for the study 
period (from epidemiologic week 42 in 2015 through epi-
demiologic week 52 in 2016) obtained from SIVIGILA 
(the public health surveillance system of Colombia) in the 
87 municipalities of Santander by using cartography from 
the National Geostatistical Framework (27). The case 
definitions for dengue and Zika correspond to codes 210 
(dengue), 220 (severe dengue), 580 (dengue mortality), 
and 895 (Zika), obtained from the SIVIGILA protocols 
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Figure 1. Location of the areas included in joint estimation of relative risk for dengue and Zika virus infections, Colombia, 2015–2016. 
A) Country of Colombia; inset shows location of Colombia in South America. B) Department of Santander; inset shows location of 
Santander in Colombia. C) City of Bucaramanga; inset shows location of Bucaramanga in Santander.
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for dengue (28) and Zika (29). We calculated expected 
values of dengue and Zika by municipality by using 2016 
population projections provided by the Colombia Ad-
ministrative Department of National Statistics. We first 
calculated incidence rates for dengue and Zika for 5-year 
patient age groups and for sex on the basis of observed 
cases recorded during the study period. We then multi-
plied these age- and sex-specific incidence rates to the 
population structure of each municipality, generating dis-
ease-specific expected values for both diseases. Last, we 
aggregated the age- and sex-specific expected values per 
municipality of dengue and Zika to obtain standardized 
expected counts per municipality for dengue and Zika.

City-Level Data
Cases of dengue and Zika, notified in Bucaramanga and 
obtained from SIVIGILA for the study period, were geo-
coded and allocated to 293 census sections in the city (27). 
A census section is a cartographic unit comprising 1–9 cen-
sus blocks, consisting of built or unbuilt lots bounded by 
public roads or pedestrian walkways (27). We calculated 
expected values of dengue and Zika by census sections by 
using a similar method to the one applied at the depart-
ment level. Using the 2016 population projections provided 
by the Colombia statistical office, we calculated incidence 
rates for dengue and Zika by 5-year patient age groups and 
sex for the study period. Next, we multiplied the incidence 
rates for the population structure (by sex and age group) of 
each census section obtained from the Colombia Census 
and aggregated the age- and sex-specific expected counts 
per census section to obtain the standardized expected val-
ues of dengue and Zika per census section.

Joint Models for Estimating Relative Risk
We assumed that the observed counts of dengue or Zika 
aggregated by area (87 municipalities at the department 
level or 293 census sections at the city level) follow a Pois-
son distribution, with mean parameter equal to the product 
of the disease- and area-specific expected values and RR. 
The logarithm of the RR is the additive result of disease- 
and area-specific random effects accounting for the uncor-
related and clustered spatial patterns of risk and possibly 
covariates (30). Random effects for spatially clustered pat-
terns of risk are unobserved variables recovering risk auto-
correlation between adjacent areas, indicating that risk in 
one area is highly associated with risk in neighboring areas. 
The lack of spatial risk autocorrelation is accounted for by 
spatial uncorrelated random effects (5,31).

A joint model of RR for dengue and Zika defines a struc-
ture for the nature of the spatial association between the dis-
eases (5). To that end, we fitted 8 Bayesian Poisson models 
(5,31) of joint estimation of RR to the dengue and Zika data 
at the department and city levels. Formulation of the statistical 
model is available in the Appendix (https://wwwnc.cdc.gov/
EID/article/25/6/18-0392-App1.pdf). Here we describe the 
spatial patterns of risk for every joint model.

Model 1 contains area- and disease-specific random 
effects capturing uncorrelated spatial patterns of dengue 
and Zika risk. Choosing this model implies that dengue and 
Zika high-risk areas are not associated with each other and 
show no clustering (Figure 2, panel A).

Model 2 incorporates area- and disease-specific ran-
dom effects capturing uncorrelated spatial patterns of den-
gue and Zika risk, where the random effects of both dis-
eases are spatially associated. Model 2 assumes that the 
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Table 1. Geographic divisions at national, department, and city levels, Colombia 
 
Level Division 

Area, km2 
Minimum Mean Maximum Total 

Colombia 33 departments 49.6 34,678.30 110,029.40 1,144,385 
Santander 87 municipalities 18.8 352.20 3173.80 30,642 
Bucaramanga 293 census sections 0.01 0.17 2.64 49.6 

 

 
Table 2. Zika and dengue suspected and confirmed cases reported in Colombia, department of Santander, and city of Bucaramanga, 
2015–2016 
Disease, level Suspected* Confirmed† Total‡ Incidence rate§ Population  1,000 
Zika      
 Colombia¶ 96,860 9,799 106,659 219.0 48,654 
 Santander# 9,420 547 9,967 493.1 2,090 
 Bucaramanga** No data No data 3,662 692.8 529 
Dengue      
 Colombia†† 100,117 899 101,016 207.6 48,654 
 Santander†† No data No data 6934 331.6 2,090 
 Bucaramanga** No data No data 2470 467.3 529 
*Based on clinical signs.  
†Laboratory confirmed. 
‡Suspected cases with laboratory confirmation. 
§(Total no. cases/population  1,000)  100,000. 
¶August 9, 2015–January 5, 2017 (3). 
#Epidemiologic week 45 of 2015 to epidemiologic week 52 of 2016 (3). 
**Epidemiologic week 45 of 2015 to epidemiologic week 52 of 2016 (this study). 
††Epidemiologic weeks 1–52, 2016 (2). 
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random effects for uncorrelated spatial patterns are linearly 
associated for both diseases; thus, dengue and Zika high-
risk areas occur at the same position (Figure 2, panel B).

Model 3 contains area- and disease-specific random 
effects representing spatially clustered patterns of dengue 
and Zika risk, where the random effects are not associated 
between diseases. In this model, dengue high-risk areas are 
clustered and Zika high-risk areas are clustered, but dengue 
and Zika high-risk clustered areas are not spatially associ-
ated (Figure 2, panel C).

Model 4 contains area- and disease-specific random 
effects revealing spatially clustered patterns of dengue and 
Zika risk, where the random effects are linearly associated 
between diseases. In this model, dengue and Zika high-
risk areas are spatially associated; thus, there are spatially 
clustered patterns of dengue and Zika high-risk areas at the 
same spatial locations (Figure 2, panel D).

Model 5 incorporates area- and disease-specific ran-
dom effects revealing uncorrelated spatial patterns of 
dengue and Zika risk, and the spatial association between 
both diseases is modeled by using shared components of 
clustered spatial patterns of dengue and Zika risk. In this 
model, dengue high-risk areas are next to Zika high-risk 
areas, but dengue high-risk areas are not clustered and Zika 
high-risk areas are not clustered (Figure 2, panel E).

Model 6 incorporates area- and disease-specific  
random effects revealing spatially clustered patterns of den-
gue and Zika high risk, and the spatial association between 
both diseases is accounted for by using shared random ef-
fects of spatially clustered patterns of dengue and Zika high 
risk. In this model, spatially clustered patterns of dengue 
high-risk areas are adjacent to spatially clustered patterns 
of Zika high-risk areas (Figure 2, panel F).

Model 7 contains area- and disease-specific random 
effects accounting for spatially clustered patterns of Zika 
high risk conditioned on random effects for spatially clus-
tered patterns of dengue high risk. Thus, dengue high-risk 
areas are determinants of the presence of Zika high-risk ar-
eas (Figure 2, panel G).

Model 8 contains area- and disease-specific random ef-
fects accounting for spatially clustered patterns of dengue 
high risk conditioned on random effects for spatially clus-
tered patterns of Zika high risk. Thus, Zika high-risk areas 
are determinants of the presence of dengue high-risk areas 
(Figure 2, panel H).

We summarized the association structure of the joint 
models of RR (Table 3); every model captures the nature of 
the spatial association between dengue and Zika risk. We fit-
ted the Bayesian Poisson models by applying Markov chain 
Monte Carlo simulations and using WinBUGS 1.4 software 
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Figure 2. Schematic representation of the spatial patterns of dengue and Zika risk revealed by the joint models of relative risk models, 
Colombia, 2015–2016. A) Model 1; B) model 2; C) model 3; D) model 4; E) model 5; F) model 6; G) model 7; H) model 8. For a set of 
small areas, high-risk areas are represented in red and low-risk areas are represented in green, depicting several patterns that could or 
could not be shared for both diseases in the same geographic area.

 
Table 3. Association structure assumed by relative risk models fitted to department-and city-level dengue and Zika data for the 2015–
2016 Zika virus disease outbreak, Colombia 

Model no. 

Spatially structured association 
between dengue and  
Zika high-risk areas Joint association between dengue and Zika high-risk areas 

1 No No 
2 No Yes, linear 
3 Yes No 
4 Yes Yes, linear 
5 No Spatially structured shared component 
6 Yes Spatially structured shared component 
7 Yes Zika risk conditioned by dengue risk 
8 Yes Dengue risk conditioned by Zika risk 
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(32) for Bayesian analysis. We selected noninformative prior 
distributions for the parameters and hyperparameters; model 
specifications are presented in the Appendix. Every model was 
fitted by using 100,000 burn-in iterations, 10,000 iterations for 
inferences, a thinning of 10, three chains, and 1,000 iterations 
per chain for final inferences. For model selection, we used the 
deviance information criterion (DIC) (33), for which the low-
est DIC estimates the model with the best predictions subject 
to the DIC difference between the model with minimum DIC 
and the next model being >5, as substantial evidence in favor 
of the first model with respect to the second (34).

Results
For the Santander department, the analysis included 10,051 
Zika patients (63.1% female, 36.9% male) and 7,891 dengue 
patients (48.6% female, 51.4% male). The analysis of Bu-
caramanga city included 3,662 Zika patients (61.2% female, 
38.8% male) and 2,470 dengue patients (49.3% female, 50.7% 
male). Figure 3 (https://wwwnc.cdc.gov/EID/article/25/6/18-
0392-F1.htm) shows the age- and sex-specific incidence rates 
for dengue and Zika in Santander (Figure 3, panel A) and 

Bucaramanga (Figure 3, panel B). At the department and city 
levels, reported Zika cases were consistently higher among 
female patients in the 10–14 and 55–59 year age groups, and 
reported dengue cases were highest among patients of both 
sexes in the 5–9 and 20–24 year age groups. The age- and sex-
specific incidence rates were slightly higher at the city level 
than the department level.

We mapped the incidence rates (cases/100,000 popu-
lation) and the standardized incidence ratios (observed 
values/expected values) for dengue and Zika (Figure 4). 
At the department level, the incidence rate for Zika was 
0–3,688 cases/100,000 population; for dengue, 0–4,285 
cases/100,000 population (Figure 4, panel A). At the de-
partment level, the incidence rate for dengue was highest in 
the southeastern municipalities; for Zika, in the northeast-
ern municipalities. The standardized incidence ratios for 
dengue and Zika at the department level follow the findings  
of the incidence rate map; however, the standardized in-
cidence ratio accounts for the expected number of cases, 
so some areas with a high observed incidence rate do not 
show a high standardized incidence ratio (Figure 4, panel 
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Figure 4. IRs and SIRs for dengue and Zika virus disease, Colombia, 2015–2016. A) Santander IR; B) Santander SIR; C) Bucaramanga 
IR; D) Bucaramanga SIR. IR, incidence rate; SIR, standardized incidence rate.
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B). We determined heterogeneous incidence rates for den-
gue and Zika at the city level (Figure 4, panel C); some 
high incidence rate census sections are in the northern and 
central areas of the city. We also determined the standard-
ized incidence ratio per census section (Figure 4, panel D); 
as before, the standardized incidence ratio map shows the 
findings of the incidence rate, smoothing the geographic 
incidence estimates by census sections in Bucaramanga.

We compiled the results of the selection statistics for 
the joint models of RR at the department level (Table 4). 
Based on the lowest DIC, model 5 (disease-specific random 
effects for uncorrelated spatial patterns of risk and shared 
random effects of spatially clustered patterns for both dis-
eases) is the selected model (deviance 808.3, DIC 942.9) 
for Santander; at the city level (Table 5), model 7 (Zika 
risk distribution conditioned by dengue risk) is the selected 
final model (deviance 2,869.7, DIC 3,119.3) for Bucara-
manga. We included the DIC differences between models, 
showing that after the final selected model, models 7 and 8 
were the closest models at the department level; models 8 
and 4, at the city level (Tables 4, 5).

Figure 5 displays the posterior mean RR and the lower 
bound of the 95% credible interval (CrI) of RR >1 (95% 
CrI RR >1) of dengue and Zika obtained from the selected 
final models in Tables 4 and 5. In Santander, the poste-
rior mean RR (Figure 5, panel A) shows the standardized 
incidence ratio pattern displayed in Figure 4, panel A; 
as a byproduct of the modeling process, Figure 5, panel 
B, shows the municipalities with 95% probability of RR 
higher than that for the other municipalities. Most of the 
dengue and Zika high-risk municipalities differ in risk  

distribution: Zika high-risk municipalities are in the north-
ern part of the department, and dengue high-risk munici-
palities are in the southern to northeastern parts. For Bu-
caramanga, the dengue and Zika posterior mean RR maps 
revealed the nonclustered risk pattern of the diseases (Fig-
ure 5, panel C), also displayed by the standardized inci-
dence ratio map in Figure 4, panel C. However, the model 
shrinks the posterior mean RR, capturing the close asso-
ciation between Zika and dengue high-risk distribution per 
census sections. We identified the census sections with 
95% probability of RR being higher than in the other areas 
(Figure 5, panel D), showing dengue high-risk census sec-
tions associated with Zika high-risk census sections at the 
city level.

Discussion
Our study illustrates the joint estimation of RR for dengue 
and Zika at the department and city levels in Colombia. A 
battery of joint models of RR captured the spatial association 
between the diseases during the 2015–2016 Zika outbreak. 
The model selection process was based on DIC statistics; 
and we assessed the model’s goodness-of-fit by using resid-
ual analysis, fitted-observed scatter plots, and the posterior 
predictive checks of overdispersion recovery (Appendix).

At the department level, the selected model 5 reveals 
spatially clustered patterns of high-risk municipalities for 
both diseases, while keeping disease- and area-specific 
uncorrelated spatial patterns of high-risk municipalities,  
precluding selection of other feasible but not optimal mod-
els, such as models 7 and 8, containing area- and disease-
specific spatially clustered patterns of high risk. The selected  
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Table 4. Selection statistics from the joint models of relative risk for dengue and Zika, department of Santander, Colombia,  
2015–2016* 

Model no. Deviance Parameter DIC 
Δ-DIC 

M2 M3 M4 M5 M6 M7 M8 
1 810.9 144.6 955.5 1.3 359.9 321.6 12.6 330.7 5.5 4.1 
2 814.2 140.0 954.2  361.2 322.9 11.3 332 4.2 2.8 
3 991.4 324.0 1315.4   38.3 372.5 29.2 365.4 364 
4 976.8 300.4 1277.1    334.2 9.1 327.1 325.7 
5 808.3 134.6 942.9     343.3 7.1 8.5 
6 987.3 299.0 1286.2      336.2 334.8 
7 810.4 139.6 950.0       1.4 
8 811.7 139.7 951.4        
*Blank cells indicate no data available. DIC, deviance information criterion; M, model; Δ-DIC, DIC difference. 

 

 
Table 5. Selection statistics from the joint models of relative risk for dengue and Zika, city of Bucaramanga, Colombia, 2015–2016* 

Model no. Deviance Parameter DIC 
Δ-DIC 

M2 M3 M4 M5 M6 M7 M8 
1 2870.1 364.9 3232.1 99.8 22.3 101.3 97.9 100 112.8 102.9 
2 2853.3 279.0 3132.3  122.1 1.5 1.9 0.2 13 3.1 
3 2922.4 331.9 3254.4   123.6 120.2 122.3 135.1 125.2 
4 2884.2 246.6 3130.8    3.4 1.3 11.5 1.6 
5 2856.8 277.4 3134.2     2.1 14.9 5 
6 2888.9 243.3 3132.1      12.8 2.9 
7 2869.7 249.6 3119.3       9.9 
8 2874.2 255.0 3129.2        
*Blank cells indicate no data available. DIC, deviance information criterion; M, model; Δ-DIC, DIC difference. 
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model shows that dengue- and Zika-specific high-risk mu-
nicipalities are not clustered but that dengue high-risk mu-
nicipalities are next to Zika high-risk municipalities.

At the city level, the selected model 7 contains con-
ditional random effects for spatially clustered patterns of 
high-risk census sections, where Zika high-risk census sec-
tions are conditioned on dengue high-risk census sections; 
thus, Zika high-risk census sections are highly associated 
with dengue high-risk census sections. Models 8 and 4 
were other feasible but not optimal options; although both 
models reveal the spatially clustered distribution of risk, 
the spatial data distributions do not support strong spatial 
association of dengue high-risk areas at the same loca-
tions as Zika high-risk areas. Model 7 shows that dengue 
or Zika high-risk areas are spatially clustered; dengue and 
Zika high-risk census sections are near other high-risk cen-
sus sections. Thus, at the city level, clustered census sec-
tions display favorable conditions for transmission of both  
diseases, justifying a deeper study of environmental, infra-
structural, and socioeconomic conditions associated with 
dengue and Zika high risk in those areas.

Model-based estimates of posterior means and low-
er bounds of CrIs of RR were represented in risk maps. 
These maps identified areas with a given risk probability 
and highlighted municipalities or census sections with high 
probable risk for dengue or Zika.

The area- and disease-specific risk estimates from the 
joint models accounting for the spatial association of both 
diseases (models 5 [department level] and model 7 [city 
level]) were more accurate than the estimates recovered ig-
noring the association of both diseases. It would be useful 
to compare risk estimates from joint models, with estimates 
ignoring the association structure of cocirculating arboviral 
diseases. For instance, Krystosik et al. (22) estimated the 
combined risk for dengue, Zika, and chikungunya but did 
not provide disease-specific risk estimates; Costa et al. (35) 
found associations in the spatial distribution of dengue, 
Zika, and chikungunya but did not use the information on 
the diseases’ association to improve the accuracy of the risk 
estimates. The special characteristics of the joint modeling 
of cocirculating arboviruses provide an epidemiologic tool 
for transmission control and disease mitigation (36).
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Figure 5. Posterior mean RR and 95% credible interval (CrI) of RR >1 (95% CrI RR >1), from model 5 for the department of Santander 
and from model 7 for the city of Bucaramanga, Colombia, 2015–2016. A) Posterior mean RR for Santander; B) 95% CrI RR >1 for 
Santander; C) posterior mean RR for Bucaramanga; D) 95% CrI RR >1 for Bucaramanga. RR, relative risk.
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Our study has some limitations. Although notification 
of dengue and Zika is compulsory in Colombia, a large pro-
portion of reported cases are diagnosed by clinical signs 
and not laboratory confirmed. Because we used suspect-
ed and confirmed dengue and Zika cases, some cases in-
cluded in the study may have been misdiagnosed. Another 
potential source of study bias is underreporting, as shown 
by Romero-Vega et al. (37) for dengue in Colombia; the 
National Health Institute of Colombia calculated an under-
reporting rate of 49% for Zika in a high-incidence town in 
Colombia (38). However, we used the same data that the 
Colombia authorities use to generate public health informa-
tion for making decisions about controlling and preventing 
activities of public and private health institutions, extend-
ing the current information produced by the public health 
surveillance system, supporting surveillance activities for 
Zika and dengue, providing information for monitoring the 
geographic distribution of both diseases, and characterizing 
spatially the disease distribution in the population (39).

Determinants of dengue and Zika risk as covariates 
within the joint models (e.g., using datasets such as the 
ecological and environmental spatial dataset developed by 
Siraj et al. [40] for Colombia) remain to be elucidated. Oth-
er joint models available in the spatial analysis literature 
should be tested, jointly modeling other arboviral diseases 
such as chikungunya together with dengue and Zika and 
including joint models of RR of dengue and Zika within 
real-time surveillance platforms (41). 

In summary, our method for mapping cocirculating den-
gue and Zika provides a tool for describing disease distribu-
tion, based on the epidemiologic complexities of both diseases. 
Information on the association between diseases is of value, 
especially in areas where multiple arboviruses cocirculate, and 
can be used to improve inferences and interpretations and thus 
contribute to informed public health decision making.
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During July 2007–June 2015, we enrolled 4,225 hospitalized 
children with pneumonia in a study to determine the season-
ality of respiratory syncytial virus (RSV) infection in Beijing, 
China. We defined season as the period during which >10% 
of total PCRs performed each week were RSV positive. We 
identified 8 distinctive RSV seasons. On average, the sea-
son onset occurred at week 41 (mid-October) and lasted 33 
weeks, through week 20 of the next year (mid-May); 97% of 
all RSV-positive cases occurred during the season. RSV sea-
sons occurred 3–5 weeks earlier and lasted ≈6 weeks longer 
in RSV subgroup A–dominant years than in RSV subgroup 
B–dominant years. Our analysis indicates that monitoring 
such RSV subgroup shifts might provide better estimates for 
the onset of RSV transmission. PCR-based tests could be a 
flexible or complementary way of determining RSV season-
ality in locations where RSV surveillance is less well-estab-
lished, such as local hospitals throughout China.

Respiratory syncytial virus (RSV) is a major cause of low-
er respiratory tract infection in young children world-

wide (1–3); 2.7–3.8 million hospitalizations and 94,600–
149,400 deaths occur each year among children <5 years of 
age as a result of RSV infection (4). Studies have also demon-
strated the contribution of RSV to respiratory tract infections 
in adults (5,6). However, no licensed RSV vaccine is avail-
able (7), and the only approved specific therapy, palivizumab 
(anti-RSV antibody), has limited uses among infants at high 
risk for severe respiratory illness in high-resource settings (8).

RSV causes epidemics in the winter in regions with tem-
perate climates (8,9). However, spatiotemporal variations 
have been observed in the timing of RSV activity (10,11), 
and knowledge of the exact timing is helpful for guiding 

healthcare providers and health officials on the timing of di-
agnostic testing and immunoprophylaxis for infants at high 
risk for infection (12). RSV circulation is monitored in the 
United States year-round through the National Respiratory 
and Enteric Virus Surveillance System (10) and in 15 coun-
tries of Europe through the European Influenza Surveillance 
Network (13). Since 2017, the World Health Organization 
has also conducted RSV surveillance to guide its global RSV 
prevention strategy (9) using the Global Influenza Surveil-
lance and Response System (14). However, most of the real-
time data on RSV seasonality comes from RSV surveillance, 
and data are lacking in many places of the world. Because 
disease surveillance is labor- and resource-intensive, infor-
mation on seasonality from other sources is needed.

China has a high burden of RSV infection (4), but RSV 
surveillance in this country is less established, and imple-
mentation of diagnostic tests is limited. Several previous 
studies reported an RSV prevalence of 17%–33% among 
children with severe acute respiratory illness (15,16), but 
few have assessed the seasonality or trends of RSV infec-
tions in China. Not having data available on RSV season-
ality in China could encumber implementation of therapy 
and prophylactic interventions for RSV.

Since July 2007, we have been monitoring for RSV 
infection among hospitalized children with pneumonia in 
Beijing, China. In this study, we evaluated the PCR results 
collected in 8 consecutive years (2007–2015) to characterize 
the seasonality of RSV by year. Also, because disease and 
death attributable to RSV varies from year to year (4,11,17), 
we explored the factors that might affect RSV activity.

Materials and Methods

Study Design
During July 1, 2007–June 30, 2015, we enrolled children 
with pneumonia who were admitted into wards of the De-
partments of Respiratory Medicine, Infectious Diseases, 
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and Emergency Medicine and the pediatric intensive care 
unit (PICU) of Beijing Children’s Hospital (Beijing, Chi-
na). We recruited children 28 days–13 years of age who 
had symptoms of acute infection, defined as fever (body 
temperature ≥38.0°C) or hypothermia (body temperature 
<35.5°C), leukocytosis (leukocyte count >15,000 cells/
mL for children <5 years of age or >11,000 cells/mL for 
children ≥5 years of age), or leukopenia (leukocyte count 
<5,000 cells/mL for children <5 years of age or <4,000 
cells/mL for children ≥5 years of age); had >1 respiratory 
sign or symptom (i.e., cough, sputum production, short-
ness of breath, tachypnea [>60 breaths/min for patients <2 
months of age, >50 breaths/min for patients 2–11 months of 
age, >40 breaths/min for patients 12–59 months of age, and 
>30 breaths/min for patients >5 years of age], wheezing 
or crackles, dyspnea, or chest pain); and had radiographic 
evidence suggestive of pneumonia (e.g., chest radiograph 
showing consolidation, infiltrates, or pleural effusion). We 
excluded children known to be immunosuppressed (defined 
as having received a solid organ or hematopoietic stem cell 
transplant, undergoing chemotherapy, having a history of 
HIV or AIDS, or using steroids for >30 days).

We obtained informed consent from each child’s par-
ents or guardians before enrollment. The study protocol 
was approved by the ethics review committee at the Insti-
tute of Pathogen Biology, Chinese Academy of Medical 
Sciences, Beijing, China.

Specimen Collection and Laboratory Testing
We transferred the nasopharyngeal aspirates of each en-
rolled patient into Universal Transport Medium (Copan 
Group, https://www.copangroup.com), distributed them 
into aliquots, and stored them at –80°C. We screened for 
RSV subgroups A (RSV-A) and B (RSV-B) and other 
common respiratory viruses, including influenza virus (A 
and B), human rhinovirus, human parainfluenza viruses 
1–4, human adenovirus, human enterovirus, human boca-
virus, human metapneumovirus, and human coronavirus 
(229E, OC43, NL63, and HKU1), using multiplex reverse 
transcription PCR and PCR assays as described (18).

Data Collection
At enrollment, using a standardized reporting form, we col-
lected demographic data (sex and age), epidemiologic data 
(date of illness onset and history of prematurity [defined as 
birth at gestational age <37 weeks]), and clinical data (signs, 
symptoms, and concurrent medical conditions). Concurrent 
medical conditions included congenital heart disease (CHD; 
i.e., children with an International Classification of Diseases, 
Ninth Revision [ICD-9], diagnostic code 745.xx, 746.xx, 
or 747.xx), chronic lung disease (e.g., bronchopulmonary 
dysplasia), chromosomal anomalies (e.g., Down syndrome), 
moderate to severe anemia (hemoglobin <90 g/L), and  

malnutrition. We also collected data on clinical outcomes, 
including PICU admission, noninvasive ventilation (e.g., 
continuous positive airway pressure), invasive ventilation 
(i.e., mechanical ventilation involving tracheostomy or endo-
tracheal tube), acute respiratory failure (ICD-9 code 518.81), 
shock (ICD-9 code 785.5x), sepsis (ICD-9 code 038.xx), and 
death, by abstracting data from medical charts.

Statistical Analysis
We fitted a logistic regression model (with sine and cosine 
functions of the illness onset week) to individual patient 
data and retained a seasonal curve as described previously 
(19). To profile the seasonality of RSV with a smooth sea-
sonal curve, we adopted an approach described previously 
by the US Centers for Disease Control and Prevention: we 
defined the RSV season as consecutive weeks during which 
the percentage of tests positive for RSV per week exceeded 
a threshold of 10% (20,21). The peak was expected to oc-
cur between the dates of onset and offset, unless an out-
break took place outside of the season.

We used a multivariable logistic regression model to 
explore the factors that could affect RSV transmission over 
a period of years. We introduced a pair of sine and cosine 
functions of illness onset week into the model as described 
in the previous paragraph. We modeled age and year using 
a restricted cubic spline with 5 knots (22). We also intro-
duced into the model other factors that differed significantly 
(p<0.10 in bivariate analysis), such as sex, dominant RSV 
subgroup in each season, concurrent medical conditions, 
and PICU admission during hospitalization. We conducted 
all analyses in R version 2.15.3 (https://cran.r-project.org) 
using mgcv package version 1.8–15 (23).

Results

Characteristics of Patients
During the study period, 9,950 children with a primary 
diagnosis of pneumonia (ICD-9 codes 480–488) were ad-
mitted to Beijing Children’s Hospital (Figure 1, panel A). 
Of these, 4,225 patients (2,604 [62%] boys, 1,621 [38%] 
girls) were recruited into the study (Table 1). Median age 
was 1.4 (interquartile range 0.4–6.1) years. Of the recruited 
patients, 493 (12%) had a concurrent medical condition at 
the time of hospital admission. The most frequent condi-
tion was CHD (7%, 278/4,225), followed by history of 
prematurity (4%, 182/4,225), chronic lung disease (1%, 
28/4,225), anemia (<1%, 21/4,225), malnutrition (<1%, 
13/4,225), and chromosomal anomalies (<1%, 3/4,225). 
During the 8-year study, the number enrolled decreased 
from 718 in the 2007–08 RSV year to 282 in the 2014–15 
RSV year, a 61% decrease. The age of children also dif-
fered each year (p<0.001); the last 2 years included more 
children >5 years of age.
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Overall, RSV was identified in 1,270 (30%) children 
among the enrolled cohort. We observed a holiday effect 
for the Chinese Spring Festival (occurring in late January 
or early February) each year. A sharp decrease in sample 
number and samples positive for RSV were observed each 
year during this event, resulting in a bimodal distribution 
curve (Figure 1, panel B). Overall, 785 (62%) RSV-pos-
itive samples were RSV-A and 485 (38%) were RSV-B. 
Although almost equal numbers of RSV-A and RSV-B 
were identified in 2013–14, we assigned 2013–14 as an 
RSV-B–dominant season for modeling purposes. This as-
signment does not subvert our findings that subgroups A 
and B alternate biennially. Each RSV subgroup dominated  

for 2 consecutive years during our study period, for a to-
tal of 4 years each (RSV-A during 2007–08, 2010–11, 
2011–12, and 2014–15; RSV-B during 2008–09, 2009–10, 
2012–13, and 2013–14) (Figure 1, panel B). Of 1,270 RSV-
positive children, 726 (57%) were ill during the winter (i.e., 
December–February), 669 (53%) were young infants 28 
days–5 months of age (Figure 2, panel A), 113 (9%) had 
CHD, and 61 (5%) had a history of prematurity. Among 
infants 28 days–5 months of age with pneumonia, the av-
erage proportion positive for RSV was 54% (669/1,235); 
the proportion increased to 61%–67% in RSV-A–dominant 
years (2007–08, 2010–11, and 2011–12) but was <50% in 
RSV-B–dominant years (Figure 2, panel B).
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Figure 1. Cases of pneumonia and RSV infection in hospitalized children 28 days–13 years of age, by month, Beijing, China, July 
1, 2007–June 30, 2015. A) Cases of pneumonia (defined as International Classification of Diseases, 9th Revision, codes 480–488), 
including children not enrolled in the study (n = 9,950). B) RSV-positive cases (n = 1,270), by subgroup. The shaded area represents 
the total number of children enrolled in study (n = 4,225). The horizontal ribbon on top of the chart denotes the dominant RSV subgroup 
for that year. We assigned 2013–14 as an RSV-B–dominant season for the purposes of modeling, although the numbers of RSV-A 
and RSV-B cases were almost equal. Orange vertical lines denote the Chinese Spring Festival; dashed vertical lines indicate divisions 
between seasons. RSV, respiratory syncytial virus; RSV-A, RSV subgroup A; RSV-B, RSV subgroup B.
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During the study, 335 (8%) hospitalized children with 
pneumonia were admitted into the PICU, and 8 died (medi-
an age 1.4 years, range 4 months–13 years). RSV-positive 
children were more likely than RSV-negative children to 
be admitted into the PICU (positive 10% vs. negative 7%; 
p = 0.001), receive noninvasive ventilation (positive 20% 
vs. negative 10%; p<0.001), and have respiratory failure 

(positive 16% vs. negative 9%; p<0.001) (Table 2). Of the 
8 deceased children, 2 were positive for adenovirus, 1 for 
enterovirus, and 1 for both human parainfluenza virus 1 and 
human bocavirus; none of the deceased children tested pos-
itive for RSV. All 8 deceased children were born at term, 
and only 2 had concurrent medical conditions at hospital 
admission (1 CHD, 1 IgA nephropathy).
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Table 1. Demographic characteristics of hospitalized children with pneumonia, Beijing, China, July 1, 2007–June 30, 2015, by 
respiratory syncytial virus year* 
Characteristics 2007–08 2008–09 2009–10 2010–11 2011–12 2012–13 2013–14 2014–15 p value 
No. patients 718 693 522 650 495 438 427 282 

 

Sex          
 M 455 (63) 418 (60) 363 (70) 387 (60) 309 (62) 260 (59) 251 (59) 161 (57) 0.003 
 F 263 (37) 275 (40) 159 (30) 263 (40) 186 (38) 178 (41) 176 (41) 121 (43)  
Age, y, median (IQR) 0.7 (0.2–

3.8) 
0.9 (0.3–

3.3) 
0.8 (0.2–

2.7) 
2 (0.6–

6.1) 
1.4 (0.4–

6.1) 
2.2 (0.5–

7.3) 
5 (2.1–

8.6) 
3.8 (0.6–

7.5) 
<0.001 

Age group, mo†         <0.001 
 1–5  304 (42) 228 (33) 210 (40) 140 (22) 147 (30) 108 (25) 38 (9) 60 (21)  
 6–11 127 (18) 154 (22) 89 (17) 84 (13) 68 (14) 60 (14) 28 (7) 28 (10)  
 12–23 54 (8) 94 (14) 71 (14) 104 (16) 69 (14) 48 (11) 39 (9) 19 (7)  
 24–59 78 (11) 82 (12) 61 (12) 118 (18) 60 (12) 63 (14) 110 (26) 55 (20)  
 >60 155 (22) 135 (19) 91 (17) 204 (31) 151 (31) 159 (36) 212 (50) 120 (43)  
Underlying medical condition 68 (9) 103 (15) 65 (12) 88 (14) 71 (14) 44 (10) 32 (7) 22 (8) <0.001 
 History of prematurity‡ 8 (1) 23 (3) 24 (5) 36 (6) 29 (6) 27 (6) 22 (5) 13 (5) <0.001 
 Congenital heart disease§ 49 (7) 76 (11) 38 (7) 47 (7) 38 (8) 13 (3) 10 (2) 7 (2) <0.001 
 Chronic lung diseases¶ 6 (1) 5 (1) 2 (0) 6 (1) 4 (1) 3 (1) 0 2 (1) 0.700 
 Anemia# 5 (1) 2 (0) 5 (1) 4 (1) 1 (0) 3 (1) 0 1 (0) 0.424 
 Malnutrition 5 (1) 2 (0) 2 (0) 3 (0) 0 1 (0) 0 0 0.337 
 Chromosomal anomalies** 2 (0) 1 (0) 0 0 0 0 0 0 0.441 
*Values are no. (%) except where indicated. IQR, interquartile range. 
†Some columns do not add up to 100% because of rounding. 
‡Prematurity was defined as birth at gestational age <37 weeks. 
§Congenital heart disease (defined as International Classification of Diseases, Ninth Revision, codes 745.xx, 746.xx, or 747.xx) was diagnosed at hospital 
admission. 
¶For example, bronchopulmonary dysplasia. 
#Moderate to severe anemia, defined as hemoglobin <90 g/L at hospital admission. 
**For example, Down syndrome. 

 

Figure 2. Hospitalized children 
with pneumonia testing positive 
for RSV, by age group, calendar 
season, and RSV subgroup, 
Beijing, China, July 1, 2007–
June 30, 2015. A) Number of 
RSV-positive children (indicated 
by numbers above bars) by age 
group and season. Summer is 
defined as June–August, autumn 
as September–November, 
winter as December–February, 
and spring as March–May. B) 
Percentage of infants aged 
28 days–5 months positive 
for RSV, by RSV season. The 
horizontal ribbon on top of the 
chart denotes the dominant 
RSV subgroup for that season. 
We assigned 2013–14 as an 
RSV-B–dominant season for 
the purposes of modeling, 
although the numbers of RSV-A 
and RSV-B cases were almost 
equal. Dashed line indicates 50% positivity. C) Percentage of infants 28 days–5 months of age positive for RSV, by RSV subgroup. RSV, 
respiratory syncytial virus; RSV-A, RSV subgroup A; RSV-B, RSV subgroup B.
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Trends of RSV Infection
We identified 8 distinctive RSV seasons during the study 
period (July 1, 2007–June 30, 2015) using our model 
(p<0.001 for all), even though the number of RSV-positive 
children varied (from 41 to 280) by study year. The per-
centage of PCR tests positive for RSV each week through-
out the summer months typically exceeded 3% but was 
<10%; once the 10% positivity threshold was exceeded, 
the percentage of tests positive for RSV increased rapidly. 
Overall, 97% of RSV-positive PCRs occurred within the 
period defined by the 10% threshold (Table 3; Figure 3). 
Using the 10% cutoff point and a fitted seasonal curve, we 
determined the following RSV season parameters for each 
of the 8 years of our study: season onset (first of 2 con-
secutive weeks during which RSV positivity in seasonal 
curve exceeded 10%), duration, peak (week with highest 
RSV positivity in seasonal curve), offset (last week that 
RSV positivity in seasonal curve exceeded 10%), and per-
centage of RSV-positive samples captured within the sea-
son. Data show that the average season onset occurred at 
calendar week 41 (mid-October) and lasted 33 weeks, 

through week 20 (mid-May) of the next year (Table 3). The 
peak of RSV activity occurred at calendar week 3 (mid-
January). RSV circulated at low levels during off-seasons. 
Overall, 24 (3.3%) of 724 children tested were positive for 
RSV in summer, a finding consistent with Broberg et al. 
(13). Variations in RSV activity were observed from year 
to year (Figure 4). RSV activity in 2007–08, 2011–12, and 
2014–15 (RSV-A–dominant years) peaked early (during 
calendar week 1) and in 2009–10 and 2013–14 (RSV-B–
dominant years) peaked late (calendar week 7, in Febru-
ary). In general, the RSV season started earlier (RSV-A 
week 40 vs. RSV-B week 45), lasted longer (RSV-A 34 
weeks vs. RSV-B 28 weeks), and peaked earlier (RSV-A 
week 2 vs. RSV-B week 5) in RSV-A–dominant seasons 
than in RSV-B–dominant seasons (Table 3).

Factors Associated with RSV Infection
We explored factors that significantly affected RSV activ-
ity by using multivariable modeling. After adjusting for 
week of illness onset, year, PICU admission, and CHD, age 
had a strong decreasing monotonic effect on RSV infection 
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Table 2. Clinical outcomes of children with pneumonia, by RSV positivity, Beijing, China, July 1, 2007–June 30, 2015* 
Characteristic All children, n = 4,225 RSV-positive children, n = 1,270 RSV-negative children, n = 2,955 p value 
Admission into PICU 335 (7.9) 127 (10.0) 208 (7.0) 0.001 
Mechanical ventilation 606 (14.3) 264 (20.8) 342 (11.6) <0.001 
 Invasive 108 (2.6) 29 (2.3) 79 (2.7) 0.524 
  Tracheostomy 37 (0.9) 6 (0.5) 31 (1.0) 0.072 
  Endotracheal tube 99 (2.3) 25 (2.0) 74 (2.5) 0.319 
 Noninvasive† 553 (13.1) 258 (20.3) 295 (10.0) <0.001 
Respiratory failure 466 (11.0) 208 (16.4) 258 (8.7) <0.001 
Shock 21 (0.5) 2 (0.2) 19 (0.6) 0.053 
Sepsis 94 (2.2) 21 (1.7) 73 (2.5) 0.112 
Death 8 (0.2) 0 8 (0.3) 0.115 
*All values are no. (%). PICU, pediatric intensive care unit; RSV, respiratory syncytial virus. 
†Includes continuous positive airway pressure. 

 

 
Table 3. RSV positivity, by subgroup, and RSV season characteristics defined by the 10% positivity threshold, Beijing, China, July 1, 
2007–June 30, 2015* 

RSV year 

No. RSV positive 

 

 Season 
duration, 

wk 
% RSV-positive 
PCRs captured Total 

RSV-A:RSV-B 
ratio 

Calendar week no. of season (date of last day of week) 
Onset Peak Offset 

2007–08 280 273:7  38 (2007 Sep 15) 1 (2008 Jan 5) 19 (2008 May 10) 35 95 
2008–09 211 33:178  43 (2008 Nov 25) 3 (2009 Jan 17) 17 (2009 Apr 25) 28 92 
2009–10 157 19:138  52 (2009 Dec 26) 7 (2010 Feb 13) 18 (2010 May 1) 20 93 
2010–11 210 192:18  40 (2010 Oct 02) 3 (2011 Jan 15) 22 (2011 May 28) 36 94 
2011–12 198 184:14  40 (2011 Oct 01) 1 (2012 Jan 7) 17 (2012 Apr 21) 31 98 
2012–13 105 8:97  49 (2012 Dec 01) 5 (2013 Feb 2) 16 (2013 Apr 20) 21 94 
2013–14† 68 35:33  48 (2013 Nov 30) 7 (2014 Feb 15) 19 (2014 May 10) 25 90 
2014–15 41 41:0  43 (2014 Oct 25) 1 (2015 Jan 3) 13 (2015 Mar 28) 24 90 
2007–15 combined‡ 1,270 785:485  41 (mid-Oct) 3 (mid-Jan) 20 (mid-May) 33 97 
RSV-A dominant§ 729 690:39  40 (early Oct) 2 (early Jan) 20 (mid-May) 34 96 
RSV-B dominant¶ 541 95:446  45 (early Nov) 5 (early Feb) 19 (early May) 28 95 
*RSV season was defined as consecutive weeks during which the percentage of RSV-specific PCRs testing positive per week exceeded a 10% threshold. 
RSV, respiratory syncytial virus; RSV-A, RSV subgroup A; RSV-B, RSV subgroup B. 
†We classified 2013–14 as an RSV-B–dominant season for the purpose of modeling, even though an almost equal number of RSV-A and RSV-B cases 
were identified in that season. 
‡All children (n = 4,225) in the 8 years of the study (2007–2015) were included in a model to give an average estimate of RSV seasonal characteristics for 
2007–15 combined. 
§Children who were ill during the 2007–08, 2010–11, 2011–12, and 2014–15 seasons (n = 2,145) were included in a model to give an average estimate 
of RSV seasonal characteristics for RSV-A–dominant seasons. 
¶Children who were ill during the 2008–09, 2009–10, 2012–13, and 2013–14 seasons (n = 2,080) were included in a model to give an average estimate 
of RSV seasonal characteristics for RSV-B–dominant seasons. 
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(p<0.001; Figure 5, panel A). We also observed a yearly cy-
clic pattern with a distinct periodicity of 4 years for RSV 
year in the response plot (p<0.001; Figure 5, panel B). How-
ever, when we introduced RSV-A–dominant year into the 
model as a factor to be adjusted for, the cyclic trends and the 
year’s association with RSV activity diminished (p = 0.11).

Discussion
We performed a PCR-based RSV screening in a cohort 
of children with pneumonia in Beijing to assess RSV sea-
sonality. Our findings show that on average the RSV sea-
son starts at calendar week 41 (mid-October) and lasts 33 
weeks through week 20 of the next year (mid-May); 97% 
of total RSV-positive PCRs occur during this period. This 
seasonal pattern is highly consistent with that reported 

in the United States (10), a country at the same latitude 
as China in the Northern Hemisphere. The World Health 
Organization is expecting an RSV vaccine on the market 
within 5–10 years (24); ≈62 RSV vaccine candidates are 
under development, and 19 of them are undergoing clinical 
trials. Our study of RSV seasonality and trends in Beijing 
could inform vaccine development and the optimization of 
future vaccination strategies, such as the timing of adminis-
tration (year-round or seasonal), target population (mothers 
or infants), and ingredients, for China, the country with the 
largest population in the world.

We used RSV percent positivity to determine RSV 
seasonality because this method is highly sensitive and can 
be used to define RSV season not only retrospectively at 
the end of the season but also during the year in real-world 
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Figure 3. Average percentage of 
PCR tests positive for respiratory 
syncytial virus (RSV) per week 
among hospitalized children 
28 days–13 years of age with 
pneumonia, Beijing, China, July 1, 
2007–June 30, 2015. Graph begins 
at calendar week 27. A seasonal 
curve is superimposed onto the 
graph. RSV season was defined 
as consecutive weeks during which 
the percentage of RSV-specific 
PCRs testing positive per week 
exceeded a 10% threshold. Season 
onset and offset are indicated by 
the 2 orange vertical lines.

Figure 4. RSV season duration 
and peak, by year, Beijing, 
China, July 1, 2007–June 30, 
2015. RSV season was defined 
as consecutive weeks during 
which the percentage of RSV-
specific PCRs testing positive 
per week exceeded a 10% 
threshold. Graph begins at 
calendar week 27. *We assigned 
2013–14 as an RSV-B–dominant 
season for modeling purposes, 
although almost equal numbers 
of RSV-A and RSV-B were 
identified that season. RSV, 
respiratory syncytial virus; 
RSV-A, RSV subgroup A; 
RSV-B, RSV subgroup B.
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practice. The main disadvantage of this strategy is that re-
sults can be driven in large part by the denominator; the 
presence of other cocirculating pathogens that cause pneu-
monia, especially influenza viruses, can influence the pa-
rameters of the RSV season.

Although the number of PCRs performed each year 
varied considerably and a shift toward older age was evi-
dent among affected children in the last 2–3 years of the 
study, the seasonal pattern each year remained consistent 
and reproducible when classifying the study year by the 
prevailing RSV subgroup. During the 8 consecutive years 
of the study, the number of children admitted with pneu-
monia dropped from 718 in the first year to 282 in the 
last; RSV positivity also decreased remarkably, from 280 
in the first year to 41 in the last. The reasons for this de-
crease might be attributable to a decrease in the occurrence 
of RSV-associated pneumonia in the pediatric popula-
tion or, more likely, a fall in pediatrician interest for en-
rolling patients into the study over time, given we did not 
observe a simultaneously drastic drop of pneumonia cases 
in the hospital (Figure 1, panel A). Moreover, the demo-
graphic characteristics of patients also differed throughout 
the study years. In the first study year, more children 28 
days–5 months of age (42%) were enrolled, and in the last, 
more children >5 years of age (43%) were enrolled. De-
spite this change, the observed seasonal characteristics in 
each year changed little if any, indicating that viral factors 
rather than demographic factors had more of an influence 
over RSV seasonality. When study years were classified by 
the prevailing RSV subgroup, the observed season onset, 
peak, and offset showed good reproducibility. We found 
that >90% of RSV-positive PCRs could be captured dur-
ing the RSV season for all 8 study years, and the average 
capture was 97% for 2007–2015 combined. The method 
we used in our study (PCR-based testing) can be used by 
local hospitals in China where surveillance data are lacking 
to compile the extensive amount of data needed to assess 
RSV seasonality.

The shifting in dominance from RSV-A to RSV-B ev-
ery 2 years was repeatedly observed in our study and others 
(25). These shifts have been shown to be strongly associ-
ated with changes in the dominant RSV strain circulating 
(11,25); however, this phenomenon has not been investi-
gated in detail. Similar to previous studies (8,26,27), the 
positivity for RSV-A (19%, 785/4,225) was significantly 
higher than that for RSV-B (11%, 485/4,225; p<0.001) in 
our study. The season onset and peak in RSV-A–prevail-
ing years occurred ≈3–5 weeks earlier and duration was 
≈6 weeks longer than those observed in RSV-B–prevail-
ing years. The response plot showing the effect of year 
on RSV activity also indicated patterns of regular peaks 
in the years RSV-A prevailed (i.e., 2007–08, 2010–11, 
2011–12, and 2014–15), but the effect of the year dimin-
ished when RSV-A–prevailing year was adjusted for as a 
factor in the model, suggesting that repeated shifting be-
tween RSV-A and RSV-B might play a substantial role in 
driving RSV transmission dynamics in populations. This 
observation is also supported by a model proposed by 
White et al., who found that the transmission rate of RSV-
A (8%) was slightly higher than that of RSV-B (25). Just 
like the influencing factors explored in other studies (e.g., 
geographic latitude and longitude, social and demographic 
factors, population density, and climate) (11,13,22), RSV 
subgroup replacement might play a key role in the activity 
of RSV. The alternating nature of RSV subgroups could 
explain the alternating early-big or late-small pattern and 
year-to-year variation in epidemic size and timing of RSV 
transmission observed previously (11,25). Our finding that 
RSV subgroup shifting was associated with RSV activity 
suggests that when using RSV seasonal data or conducting 
RSV surveillance, one should pay attention to the prevail-
ing subgroups in the season to optimize the timing of im-
munoprophylaxis. This finding indicates the significance of 
genotyping in RSV surveillance.

Although RSV-A cases outnumbered RSV-B in our 
study, we did not determine the reason for this finding, 
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Figure 5. Analysis of nonlinear influence of age and RSV year on RSV activity among children 28 days–13 years of age hospitalized with 
RSV infection, Beijing, China, July 1, 2007–June 30, 2015. Graphs show effect of age (A) and RSV season (B) on probability of infection 
(p<0.001 for both). The rug plot along the x axis shows the observed values; gray shading indicates 95% CIs. RSV, respiratory syncytial virus.
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whether RSV-A caused more symptomatic illness or trans-
mitted more quickly than RSV-B among children. The 
relationship between RSV subgroup infection and disease 
severity is still controversial (8,26,28,29), and this issue 
warrants further study.

In our study, more than half of the RSV hospital-
izations occurred in infants 28 days–5 months of age. 
A monotonic decreasing effect on the activity of RSV 
with age was observed in the response plot (Figure 5, 
panel A), indicating that younger age is a risk factor for 
RSV infection. Children who were in their first months 
of life had the highest risk for RSV infection (3,30). 
Administration of 1 dose of palivizumab (15 mg per kg 
body weight) each month for 5 months has been recom-
mended to protect children at high risk for severe respi-
ratory infection (e.g., preterm infants and infants with 
CHD in their first year of life) (12). As of March 2019, 
palivizumab is not licensed for use in China, and no im-
munoprophylaxis is available to prevent severe RSV in-
fection. One third (30%) of children in our study with 
pneumonia requiring hospitalization had RSV infection; 
this finding is similar to previous estimates of 28%–34% 
in other countries (1,2). Considering the high positivity 
rate of RSV in children with pneumonia, RSV-associat-
ed illness should be considered a high priority for public 
health authorities in China. Our study of the relationship 
between age and RSV infection gives urgency to devel-
oping RSV diagnostics and indicates the need to study 
long-lasting and high-affinity new therapeutics and vac-
cines in the future (9,31).

Our study has some limitations. First, our study was 
conducted at 1 local hospital. Because no national RSV 
seasonality data were available for comparison, whether 
our results could represent other regions in China with an 
RSV burden is unknown. However, overall, our data are 
comparable with those observed in the United States. In 
addition, a previous study conducted in 15 countries of 
Europe showed that RSV seasons peaked later and lasted 
longer with increasing latitude (13). Because China is a 
large country that spans several geographic zones and 
climates, further studies are needed at other locations to 
fully characterize RSV seasonality in China. Second, our 
study was conducted in children with pneumonia, a popu-
lation that usually has a high RSV positivity rate. Sea-
sonality should also be evaluated in children with mild 
symptoms and in adults. Third, we did not evaluate the 
size of the local hospital or the minimum number of tests 
needed each year to conduct a more reliable analysis of 
RSV seasonality. Fourth, we excluded children without 
fever from our study. Because illness caused by RSV can 
manifest without fever, particularly among infants (32), 
the case definition used in our study was suboptimal, and 
we might have missed some children infected with RSV. 

Considering no international RSV case definition exists 
(13), we encourage researchers in future studies to deter-
mine a working case definition that can balance the many 
attributes (e.g., accuracy, feasibility, flexibility, and use-
fulness) of the various definitions that have been used to 
conduct RSV surveillance or study disease burden.

In conclusion, RSV infection showed distinctive sea-
sonal patterns in Beijing, China. The prevailing RSV sub-
group in a given season appears to affect the timing of RSV 
activity. Monitoring alterations of RSV subgroups might 
provide a better and more comprehensive description of 
RSV transmission and trends. A PCR-based diagnostic 
test at local hospitals could be a useful tool to determine 
RSV seasonality in circumstances where RSV season is un-
known or surveillance is less established.
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Most tickborne disease studies in the United States are 
conducted in low-intensity residential development and for-
ested areas, leaving much unknown about urban infection 
risks. To understand Lyme disease risk in New York, New 
York, USA, we conducted tick surveys in 24 parks through-
out all 5 boroughs and assessed how park connectivity and 
landscape composition contribute to Ixodes scapularis tick 
nymphal densities and Borrelia burgdorferi infection. We 
used circuit theory models to determine how parks differen-
tially maintain landscape connectivity for white-tailed deer, 
the reproductive host for I. scapularis ticks. We found forest-
ed parks with vegetated buffers and increased connectivity 
had higher nymph densities, and the degree of park con-
nectivity strongly determined B. burgdorferi nymphal infec-
tion prevalence. Our study challenges the perspective that 
tickborne disease risk is restricted to suburban and natural 
settings and emphasizes the need to understand how green 
space design affects vector and host communities in areas 
of emerging urban tickborne disease.

Lyme disease, or Lyme borreliosis, is the most common-
ly reported arthropodborne disease in the United States 

and Europe (1). In the eastern United States, this disease is 
caused by Borrelia burgdorferi sensu stricto (hereafter B. 
burgdorferi), a spirochete transmitted by the blacklegged 
tick, Ixodes scapularis, and maintained in a horizontal 
transmission cycle between larval and nymphal I. scapu-
laris ticks and a vertebrate reservoir host community (2). I. 
scapularis ticks vector 6 other tickborne pathogens, includ-
ing Babesia microti (the cause of human babesiosis) and 
Anaplasma phagocytophilum (the cause of human granu-
locytic anaplasmosis). The geographic expansion of these 
pathogens has followed the spread of their shared vector 
across the northeastern and midwestern United States over 

the past 50 years (3). The range expansion of I. scapularis 
ticks is attributed to reforestation (4), the increase in deer 
populations (4), and climate-facilitated expansion (5). Al-
though historically associated with the incursion of subur-
ban and exurban development into rural areas (4), tickborne 
diseases are an emerging urban threat, indicated by an un-
precedented increase in locally acquired cases in New York 
City (NYC), NY, USA (6), and B. burgdorferi–infected I. 
scapularis in Chicago, IL, USA (7). In contrast with several 
European studies on urban Lyme borreliosis (8), the risk for 
acquiring B. burgdorferi infection in US cities is unknown.

As tickborne diseases spread into urban areas, key 
issues are what ecologic and sociobehavioral conditions 
enable establishment of the enzootic cycle and pathogen 
spillover to humans. Landscape modification, such as for-
est fragmentation (breaking up of large continuous forests 
into smaller patches), has been linked to increased trans-
mission risk for Lyme disease (9,10). Forest fragmentation 
increases edge habitat and might reduce host biodiversity 
by increasing densities of white-footed mice (Peromyscus 
leucopus), a major host for immature I. scapularis ticks and 
B. burgdorferi, relative to less competent hosts. Fragmen-
tation might also favor white-tailed deer (Odocoileus vir-
ginianus) (hereafter deer), the reproductive host for adult 
I. scapularis ticks, through increased forage quality and 
predator release (9,10), and might bring humans in closer 
contact with forests and tick vectors, increasing human–
tick contact rates (10). However, extreme fragmentation of 
suitable habitat patches within an impermeable urban ma-
trix might decrease disease risk if connectivity is reduced 
to the point of limiting host and tick movement (11). This 
connectivity might be partially restored by establishing 
green spaces and habitat corridors within cities, which can 
lead to an introduction of tick populations and pathogens 
into new areas (7,12,13).

With high human densities in cities, emerging tick-
borne infections can cause a major public health burden 
(12). Human risk for acquiring Lyme disease is dependent 
on the density and infection prevalence of nymphal I. scap-
ularis ticks, the hazard, or potential source of harm (14). 
Thus, understanding the drivers of vector and pathogen 
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distribution is critical for designing effective intervention 
strategies. Because of increasing incidence of locally ac-
quired Lyme disease cases on Staten Island (6), a borough 
of NYC, and the potential for expansion to other boroughs, 
we sought to determine the hazard posed by I. scapularis 
ticks in public parks in NYC, and characterize the effect 
of landscape composition and connectivity in and around 
parks on nymphal I. scapularis tick densities and B. burg-
dorferi infection prevalence.

Materials and Methods

Site Selection
We surveyed 24 public parks in NYC (Figure 1; Table 
1): 13 on Staten Island, 2 in Manhattan, 2 in Brooklyn, 
3 in the Bronx, and 4 in Queens. Fifteen of these parks 
are included in ongoing tick surveillance by the NYC  
Department of Health and Mental Hygiene. The inclusion 
criteria we used to select the parks were location (repre-
senting all 5 boroughs), size (26–794 ha), and forest area 
(7–433 ha) gradients.

Nymphal Tick Collection
We performed tick collections under a City of New York 
Parks and Recreation research permit and a New York 
State Department of Environmental Conservation license 
to collect. We surveyed parks twice, with a minimum of 2 
weeks separation, during the nymphal activity peak (15) of 
May 30–June 30, 2017 (Table 1). All tick collections were 
conducted by the same 2 persons. We scaled transect cov-
erage by the park area and restricted transects to continuous 
forest patches that were large enough to complete 100-m 
transects (Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/25/6/18-1741-App1.pdf). Within each park, we di-
vided the effort by 50% along trail/forest edge and 50% 
perpendicular to the trail into interior forest. We collected 
ticks every 20 m along the transects by dragging a 1 m2 
white corduroy cloth (16), then removed ticks with forceps, 
placed them in vials containing 100% ethanol, and identi-
fied them to species and life stage by using a standard key 
(17). We recorded global positioning system waypoints at 
the beginning of each transect and every 20 m. Surveys 
were not conducted on days with rain.

Figure 1. Study area for analysis 
of Ixodes scapularis nymphal  
tick densities and Borrelia 
burgdorferi infection prevalence, 
New York, New York, USA, 
2017. Open circles indicate 
parks where tick sample size 
was too low to estimate nymphal 
infection prevalence. Inset 
shows location of study area in 
New York state. NIP, nymphal 
infection prevalence; NYC,  
New York City. 

Risk for Lyme Disease, New York, New York, USA
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Screening of I. scapularis Ticks for Infection  
with B. burgdorferi
We screened ≈50 nymphal ticks for B. burgdorferi infec-
tion in each park (with 1 exception, Bloomingdale Park [n 
= 39]). We considered this screening conservative because 
we estimated that >10 ticks should be screened to be 95% 
confident the site is negative for B. burgdorferi if the ex-
pected infection prevalence is 26.6%. We homogenized 
ticks and extracted genomic DNA by using the DNeasy 
Blood and Tissue Kit (QIAGEN, https://www.qiagen.com) 
or DNA-zol BD (Molecular Research Center, https://www.
mrcgene.com) according to the manufacturers’ recommen-
dations with modifications (18). We used PCRs to screen 
for infection with B. burgdorferi by using primer sets for 
flagellin (19), 16S rRNA (20), and outer surface protein A 
(21) genes (thermocycling conditions provided in the Ap-
pendix). DNA isolated from B. burgdorferi strain 2591 cul-
ture and from uninfected laboratory-reared ticks were used 
as positive and negative controls in all PCRs. We identified 
positive samples by their band size and sequenced ampli-
con subsamples to confirm the genetic product identity.

Landscape Analyses

Land Cover Layers
We used a high-resolution (1 m × 1 m) land cover dataset for 
NYC derived from 2010 Light Detection and Ranging (https://
catalog.data.gov/dataset?tags=lidar) data and 2008 4-band or-

thoimagery. Data were classified by using a rule-based expert 
system into 7 land cover classes: tree canopy, grass/shrub, 
bare soil, water, buildings, roads, and other paved surfaces 
(22). We combined buildings, roads, and paved surfaces into 1 
impervious surface land cover class. We extracted the 24 park 
polygons from the NYC Open Spaces file (23) and quantified 
the park area and forest area within each park.

Land Cover Composition Surrounding Parks
We used buffering, a geographic information system pro-
cedure, to extract the proportion of each land cover class 
within a fixed width area surrounding the park boundaries, 
excluding coastal waterways. To assess the most predic-
tive buffer size, we calculated the percentage of each land 
cover class (tree canopy, grass, soil, water, and impervious 
surfaces) for 5 buffer widths spaced every 100 m from 100 
through 500 m. We used the buffer surrounding the park 
edge as a predictor of I. scapularis tick density within the 
park to indicate the accessibility of the park to hosts carry-
ing feeding ticks or the pathogen.

Landscape Connectivity Metrics
For parks in all boroughs, we calculated the Euclidean dis-
tance between each pair of park centroids. We set all values 
in the distance matrix >4.8 km to 0 (distance threshold; i.e., 
all parks that were >4.8 km were considered unconnected); 
all park pairs <4.8 km were set to 1. This threshold is based 
on the average deer movement on Staten Island of 4.0–4.8 

 
Table 1. Sampling effort for study of enhancement of Lyme disease risk by landscape connectivity, New York, New York, USA* 

Park Borough 
Geographic 

coordinates, N, W 
No. Ixodes scapularis ticks tested for 

Borrelia burgdorferi/no. collected 
No. sampling 

efforts 
Alley Pond Park Queens 40.7476, 73.7425 0/0 2 
Bloomingdale Park Staten Island 40.5334, 74.2105 39/39 2 
Blue Heron Park Staten Island 40.5314, 74.1746 54/422 2 
Bronx Park Bronx 40.8716, 73.8740 0/0 2 
Central Park Manhattan 40.7982, 73.9561 0/0 3 
Clay Pit Ponds State Park Preserve Staten Island 40.5393, 74.2321 52/156 2 
Clove Lakes Park Staten Island 40.6185, 74.1139 0/1 2 
Conference House Park Staten Island 40.5010, 74.2516 51/83 2 
Floyd Bennett Field Brooklyn 40.5983, 73.8967 0/0 2 
Forest Park Queens 40.7033, 73.8508 0/1 2 
Freshkills Park Staten Island 40.5763, 74.1835 57/82 2 
Great Kills Park Staten Island 40.5463, 74.1252 0/5 2 
High Rock Park Staten Island 40.5825, 74.1232 51/122 2 
Highland Park Queens 40.6873, 73.8871 0/0 2 
Inwood Hill Park Manhattan 40.8732, 73.9250 0/1 2 
Kissena Park Queens 40.7435, 73.8057 0/0 2 
Latourette Park Staten Island 40.5880, 74.1395 105/622 3 
Lemon Creek Park Staten Island 40.5115, 74.1977 0/0 2 
Pelham Bay Park Bronx 40.8673, 73.8106 52/85 4 
Prospect Park Brooklyn 40.6606, 73.9712 0/1 2 
Silver Lake Park Staten Island 40.6276, 74.0932 0/2 2 
Van Cortlandt Park Bronx 40.9020, 73.8823 0/1 2 
Willowbrook Park Staten Island 40.6005, 74.1581 49/72 2 
Wolfe’s Pond Park Staten Island 40.5242, 74.1952 50/60 2 
*Sampling effort describes how many visits were made to the park during the sampling period. All ticks were collected from the environment while 
questing. 
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km (24) and the assumption that new tick populations are 
established from female adult ticks dropping off of deer. We 
used the total number of connections between park pairs ac-
cording to the distance threshold as a model covariate.

We conducted connectivity analyses based on circuit 
theory only for Staten Island because this borough had a 
large number of established tick populations with variable 
densities among parks. We calculated a metric called flow 
centrality by using the programs Circuitscape (25), Link-
age Mapper, and Centrality Mapper to assess the impor-
tance of each sampled park in maintaining connectivity 
across the island for deer, ticks, and pathogens (Appendix). 
We considered the outline of the parks as nodes, or the 
population sources, and the remaining raster pixels as the 
matrix. We assigned resistance values to each land cover 
class in the matrix according to its resistance to deer move-
ment (26–28) and gene flow (29). Although focusing on 
deer, the resistance values broadly represented connectiv-
ity for other known host species of I. scapularis ticks and 
B. burgdorferi (Appendix Table 2). We applied Linkage 
Mapper (30), which uses parameters from Circuitscape to 
identify the least cost paths (LCPs), the single best path of 
lowest resistance that an animal may use to move through 
the matrix. We used the LCP network in Centrality Map-
per, which assigns each link between nodes a resistance 
equivalent to the cost-weighted distance of the correspond-
ing LCP. Centrality Mapper applies 1 amp of current into a 
pair of nodes, iterating through each possible pair of nodes, 
to calculate the flow centrality score or the current sum 
across all nodes and connections. Flow centrality is a mea-
sure of the contribution of a park to maintaining network 
connectivity on Staten Island and was used as a covariate 
in tick density and infection prevalence models.

Model Development

Covariate Standardization and Buffer Size Selection 
We developed 1 model to examine the presence of I. scapu-
laris ticks in parks across all NYC boroughs and 2 models 
with only Staten Island data to determine the best predictors 
of I. scapularis tick density and nymphal infection preva-
lence. We standardized all landscape covariates used in the 
3 models by subtracting the mean and dividing by 1 SD. To 
determine the most predictive buffer size of I. scapularis 
nymphs, we ran univariate negative binomial generalized 
linear models (GLMs; glm.nb in the MASS package [31] in 
R [32]) for all land cover buffer sizes. We included an offset 
term, the natural log of the total transect length in a given 
park, to account for sampling effort. We compared the uni-
variate models of the 5 buffer sizes for each land cover class 
by using the Akaike Information Criterion (AIC) scores (33) 
and retained the buffer size with the lowest AIC for future 
analyses (Appendix Table 3).

Model Selection
We used GLMs (binomial and negative binomial families) 
without interactions or random effects to examine the NYC-
wide and Staten Island data. For all global models, we as-
sessed multicolinearity between the covariates by using the 
variance inflation factor (VIF) (34) and retained covariates 
for each final analysis that had a VIF score <4 (34). We used 
an information theoretic approach (33) and AIC for small 
sample sizes (AICc) to identify the best-fitting models de-
scribing presence, density, and infection prevalence of I. 
scapularis ticks. We used multimodel inference, which uses 
model averaging (MuMIn package [35] in R [32]) to include 
information from competing models that significantly ex-
plain the data. The averaged model is based on a subset of 
models within 95% of the cumulative AIC weights. The rela-
tive importance (RI) of each covariate ranges from 0 through 
1 and describes the sum of the Akaike weights in each model 
in which the covariate is present. If there were no closely 
competing models (within ∆AIC <2 from the lowest AICc 
score), we did not use model averaging and selected the fi-
nal candidate model with the lowest AICc score. We evalu-
ated model fit with McFadden R2 (36) for logistic regression 
models and assessed the root mean squared error (RMSE) 
for the negative binomial model. We included the same off-
set term as above in all models.

I. scapularis Nymphs in NYC
We used a binomial GLM to examine drivers of presence 
of I. scapularis ticks at parks throughout the 5 boroughs. 
We considered established parks those where >6 ticks were 
collected during 2 surveys. This threshold was used by 
Dennis et al. (37) and Eisen et al. (38) to classify US coun-
ties and was meant to distinguish reproductive tick popula-
tions from individual immature ticks that might have de-
tached from a bird. Covariates used to model tick presence 
were tree canopy area within the park (square meters); the 
number of connections to other parks within 4.8 km (range 
0–5 connections); and the land cover composition of the 
park buffers, including tree canopy, impervious surfaces, 
water, grass/shrub (percentage within 100 m of park edge), 
and soil (percentage within 300 m of park edge).

Density of I. scapularis Nymphs on Staten Island, NY
We used a negative binomial GLM to examine relation-
ships between landscape metrics and tick density (nymphal 
count/transect length). The negative binomial error struc-
ture was selected by using a likelihood ratio test that com-
pared the fit with a poisson error structure. The covariates 
included in the models were the same as the presence/ab-
sence model for NYC, with the addition of the flow cen-
trality scores (range 14.9–41.3) (Figure 2). We examined 
the global spatial autocorrelation of residuals from the tick 
density regression model by using a Moran’s I test (39).

Risk for Lyme Disease, New York, New York, USA
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Prevalence of I. scapularis Nymphs Infected  
with B. burgdorferi on Staten Island
We used a binomial GLM model to assess the best covari-
ates to predict the nymphal infection prevalence (NIP) at 9 
parks on Staten Island. The covariates included in the models 
were the same as those used in the nymphal density model 
for Staten Island in addition to the density of nymphs.

Results

Buffer Size Selection
The coefficient signs stayed constant for all buffer sizes 
within the same land cover class in the univariate GLMs 
(Appendix Table 3). All models examining percentage of 
tree canopy in the buffer showed a positive effect on tick 
density; all models that included percentage of grass, soil, 
water, and impervious surfaces in the buffer had negative 
effects on tick density. A buffer size of 100 m was the best 
fit for all land cover classes except bare soil, for which a 
300 m buffer had the lowest AIC (Appendix Table 3).

I. scapularis Ticks in NYC
At least 1 I. scapularis nymph was found at 17 of 24 parks 
surveyed throughout NYC. Of these parks, 10 had >6 
nymphs and were categorized as established for I. scapu-
laris populations; all of these sites were on Staten Island, 
except for Pelham Bay Park in the Bronx (Table 1). The 
model with the lowest AIC included the number of con-
nections a park had to surrounding parks within 4.8 km (p 
= 0.005) (Appendix Figure 1). This model explained mod-
erate levels of variation with a McFadden R2 of 0.38.

Density of I. scapularis Ticks on Staten Island
Because 9 of 10 parks with established tick populations 
were on Staten Island, we limited the analysis of I. scapu-
laris density to this borough. Blacklegged ticks were most 
abundant in the central and southern regions of the island 
(Figure 1). We removed 1 covariate that had a VIF >4, per-
centage of grass in the buffer. We identified 4 multivariate 
models with considerable support (∆AIC <2), these were 

within 95% of the cumulative AIC weights that composed 
the averaged model. Flow centrality, percentage tree canopy, 
soil, and water within the buffer were the major covariates 
(RI = 1.00) and were present in all 4 models comprising the 
averaged model (Table 2; Appendix Table 4). The percent-
age impervious surfaces within a 100-m buffer (RI = 0.36) 
and the tree canopy area within the park (RI = 0.65) showed 
no major effect on I. scapularis tick density (CIs include 0) 
in the averaged model, although tree canopy area showed 
major positive effects in a subset of models that comprised 
the averaged model. The RMSE of the model residuals was 
1.04; a total of 64.8% of the values fell within 1 RMSE and 
98.9% of the values fell within 2 RMSE. Residuals from 
the regression model were not spatially autocorrelated  

Figure 2. Current centrality for parks and linkages on Staten 
Island, New York, USA, 2017. In connectivity analysis, the park 
outlines were used as nodes, and gray indicates the matrix used 
for the resistance layer. The parks and linkages are color-graded 
according to their centrality values. Lighter colors indicate lower 
centrality, and darker colors indicate higher centrality for the 
network. Amps is the unit used to describe the flow of charge 
through the nodes. LCP, least cost path.

 
Table 2. Averaged model for Ixodes scapularis tick density in study of enhancement of Lyme disease risk by landscape connectivity, 
New York, New York, USA* 
Variable Coefficient estimate 95% CI RI 
Intercept 3.0262 3.20 to 2.84 NC 
Flow centrality, amps 0.4058 0.13 to 0.67 1.00 
Tree canopy area in park, m2 0.1821 0.001 to 0.55 0.65 
% Trees† 0.5068 0.27 to 0.73 1.00 
% Impervious†‡ 0.0454 0.13 to 0.38 0.36 
% Water† 0.4285 0.64 to 0.20 1.00 
% Soil§ 0.5684 0.88 to 0.25 1.00 
*Values are for 13 parks on Staten Island. If the CI includes 0, there was no significant effect of the covariate on tick density. NC, not considered; RI, 
relative importance. 
†Within 100-m buffer. 
‡Buildings, roads, and paved surfaces. 
§Within 300-m buffer. 
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according to the Moran’s I test results (p = 0.09), indicating 
the tick surveys can be considered independent.

Prevalence of I. scapularis Nymphs Infected  
with B. burgdorferi on Staten Island
We estimated NIP for 9 parks on Staten Island and 1 park 
in the Bronx (Table 3). A total of 8%–40% of ticks test-
ed at each site were positive for B. burgdorferi (Table 3; 
Figure 1), and the average NIP across all sites was 26.6% 
(149/560) positive for B. burgdorferi.

We assessed the VIF of the global model limited to 
the NIP for Staten Island and removed 2 covariates with 
VIF scores >4, percentage of tree canopy within a 100-m 
buffer, and density of nymphs. The univariate model with 
flow centrality had a model weight of 0.45, and no other 
model combinations were within <2 ∆AIC from the low-
est AIC. Therefore, we did not apply model averaging and 
determined that flow centrality was the significant factor (p 
= 0.009) in predicting NIP at parks on Staten Island (Figure 
3). The McFadden R2 for this model showed low explained 
variation (R2 = 0.13), likely caused by small sample size.

Discussion
We examined how urban landscape composition and 
configuration reflects the environmental and ecologic 
conditions driving the distribution of ticks and their 
pathogens. We found the distance between urban parks 
best explained whether I. scapularis ticks were pres-
ent and that flow centrality of parks, an indicator of the 
connectivity of parks for deer and other hosts, had the 
largest positive effect on the density and infection preva-
lence of I. scapularis nymphs. Covariates that describe 
the composition of the landscape surrounding each park 
also had a major positive (percentage tree canopy) or 
negative (percentage water and soil) effect on the densi-
ties of I. scapularis nymphs.

Environmental conditions can limit I. scapularis tick 
population establishment and persistence. The negative ef-
fect of bare soil surrounding parks might reflect deer aver-
sion to open habitats and tick physiology. To prevent desic-
cation, ticks seek microclimates that have higher ambient 
humidity (40). Ticks achieve water replenishment when 
they descend to lower vegetation layers (40), often leaf lit-
ter. Without vegetation, ticks might quickly desiccate when 
dropped in bare soil. Furthermore, the amount of water 
surrounding the park negatively affected I. scapularis tick 
density, suggesting that water might also serve as a barrier 
for deer movement into particular parks and could limit tick 
population persistence. Our findings are consistent with 
studies that have found agricultural fields, large urbanized 
areas (27), and a combination of landscape features with 
low permeability, such as waterways and roads, to impede 
deer movement (29), potentially slowing tick expansion.

The introduction of I. scapularis ticks into new habi-
tats can occur through multiple pathways. Because these 
ticks move only a few meters during each life stage, host 
movement and habitat use during tick feeding determine 
dispersal patterns (41). Landscape structure and connectiv-
ity might differentially affect reservoir (rodents, medium-
size mammals, and birds) and reproductive host (deer) 
movement. Adult I. scapularis ticks are mainly distributed 
by deer (41); they serve as the primary host for adult ticks, 
and >90% of female I. scapularis ticks feed on deer (42). 
Although locally dispersing or migrating passerine birds 
play a role in moving immature ticks longer distances (43), 
deer are key hosts for establishing new populations locally 
because 1 female adult tick will lay ≈2,000 eggs after a 
successful blood meal from a deer (44). We were unable 

 
Table 3. Ixodes scapularis tick nymphal infection prevalence for 
Borrelia burgdorferi in study of enhancement of Lyme disease 
risk by landscape connectivity, New York, New York, USA* 

Park 
No. nymphs 

positive/no. tested Site NIP 
Bloomingdale Park 5/39 0.128 
Blue Heron Park 22/54 0.407 
Clay Pit Ponds State Park 
Preserve 

11/52 0.211 

Conference House Park 12/51 0.235 
Freshkills Park 12/57 0.210 
High Rock Park 13/51 0.254 
Latourette Park 30/105 0.285 
Pelham Bay Park 21/52 0.403 
Willowbrook Park 4/49 0.081 
Wolfe’s Pond Park 19/50 0.380 
Total 149/560 0.266 
*Screening results for B. burgdorferi infection in nymphal I. scapularis ticks 
from 1 park in the Bronx and 9 parks on Staten Island. Ticks were 
screened from parks with >39 collected ticks. NIP, nymphal infection 
prevalence. 

 
 

Figure 3. Ixodes scapularis tick nymphal infection prevalence 
and flow centrality model for Staten Island, New York, USA, 
2017. The centrality score of 9 parks was the best predictor for 
nymphal infection prevalence. Shown are results of the binomial 
generalized linear model (p = 0.009). SE (± 0.1040) is indicated in 
gray. The coefficient estimate is 0.2714.

Risk for Lyme Disease, New York, New York, USA
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to sample larvae and adults; however, a previous study has 
shown a positive linear relationship between the density of 
larvae and nymphs (9). Without sufficient deer available, 
tick populations cannot be sustained or are sustained at 
much lower levels (42). The lack of deer reported in parks 
where we did not find established I. scapularis tick popula-
tions (45) indicates a strong link between deer and presence 
of I. scapularis ticks in NYC parks.

Landscape structure and connectivity also impacts the 
distribution and movement of small and medium-size mam-
mals that are hosts for immature ticks and B. burgdorferi. 
Rodent hosts can contribute to a slower range expansion 
of B. burgdorferi and infected immature ticks (46). Ro-
dent movement is determined by their ability to penetrate 
habitats, and sources of landscape resistance imposed on 
movement of white-footed mice, Eastern chipmunks, and 
red squirrels are similar between these host species (47).

Our results show that landscape composition and con-
figuration have direct implications on urban Lyme disease 
risk. This finding is especially useful because >80% of per-
sons in North America now reside in urban centers (48), 
the distribution of I. scapularis ticks continues to expand 
(38), and interest is increasing in urban green space serving 
as a key moderator of poverty, health, health equity, and 
environmental justice (49). Initiatives that increase urban 
green space have clear benefits for human well-being, cli-
mate change mitigation, and wildlife conservation. How-
ever, our study calls attention to the need to understand the 
drivers of tick distribution and densities within urban green 
spaces in the United States. Our findings on the role of flow 
centrality in maintaining tick and pathogen populations in-
dicate a potential nonlinear effect of forest fragmentation 
on tickborne disease risk by emphasizing that fragment 
connectivity is a neglected key factor (however, see reports 
by Mechai et al. [47] and McClure and Diuk-Wasser [50]). 
A better understanding of how landscape shapes host com-
munities, their movement, and tick habitat in urban and 
suburban regions is critical to ameliorate the risk for tick-
borne diseases.
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Nipah virus (NiV) is a zoonotic pathogen that causes high 
case-fatality rates (CFRs) in humans. Two NiV strains have 
caused outbreaks: the Malaysia strain (NiVM), discovered 
in 1998–1999 in Malaysia and Singapore (≈40% CFR); and 
the Bangladesh strain (NiVB), discovered in Bangladesh 
and India in 2001 (≈80% CFR). Recently, NiVB in African 
green monkeys resulted in a more severe and lethal dis-
ease than NiVM. No NiV vaccines or treatments are licensed 
for human use. We assessed replication-restricted single-
injection recombinant vesicular stomatitis vaccine NiV vac-
cine vectors expressing the NiV glycoproteins against NiVB 
challenge in African green monkeys. All vaccinated animals 
survived to the study endpoint without signs of NiV disease; 
all showed development of NiV F Ig, NiV G IgG, or both, as 
well as neutralizing antibody titers. These data show protec-
tive efficacy against a stringent and relevant NiVB model of 
human infection.

Nipah virus (NiV) and Hendra virus (HeV) are high-
ly pathogenic zoonotic agents in the paramyxovirus 

genus Henipavirus. Human case-fatality rates (CFRs) for 
these viruses historically have ranged from 40% to >90% 
(1). NiV is categorized as a Biosafety Level 4 (BSL-4) 
pathogen because of the substantial illness and death it 
causes and the lack of approved vaccines and therapeutic 
drugs for human use. In 2015, the World Health Organiza-
tion listed NiV as a priority pathogen because it is likely 
to cause severe outbreaks and, in early 2018, placed NiV 
on the Blueprint list of priority diseases (https://www.who.
int/blueprint/priority-diseases). This WHO designation was 
bolstered because of a deadly NiV outbreak (CFR 89%) 
during spring 2018 in southwestern India, where NiV had 
not previously been reported (2).

Bats of the genus Pteropus are the primary reservoir in 
nature for NiV (3), but several other mammal species can 
be infected by NiV (4–7). Analysis of NiV genomes has 
identified 2 NiV strains responsible for outbreaks: Malaysia 
strain NiVM and Bangladesh strain (NiVB). NiVM caused the 
first identified outbreak of NiV during 1998–1999 in Ma-
laysia and Singapore (≈270 persons infected; CFR ≈40%) 
(8,9) and perhaps was responsible for a 2014 outbreak in 
the Philippines (CFR ≈52%); however, this speculation is 
based on short genomic reads, so the NiV strain that caused 
this outbreak is not known (10). NiVB has caused repeated 
outbreaks in Bangladesh and northeastern India; outbreaks 
occurred almost every year during 2001–2015 (11–15). 
These NiVB outbreaks had higher CFRs, averaging ≈80% 
(14), and showed documented human-to-human transmis-
sion (11,16).

Eight experimental preventive candidate vaccines 
against henipaviruses have been evaluated in NiVM animal 
models: 1) canarypox and 2) vaccinia viruses encoding the 
NiVM fusion protein (F) or the NiVM attachment protein (G) 
that have shown protection against NiVM in hamsters and 
pigs (17,18); 3) a recombinant adeno-associated vaccine 
expressing the NiVM G protein that completely protected 
hamsters against homologous NiVM challenge (19); 4) re-
combinant vesicular stomatitis viruses (rVSVs) expressing 
the NiVM F protein or the NiVM G protein that had 100% ef-
ficacy in hamsters against NiVM (20); 5) rVSVs expressing 
the NiVB F protein or the NiVB G protein that completely 
protected ferrets from NiVM disease (21); 6) an rVSV ex-
pressing the Zaire ebolavirus (EBOV) glycoprotein (GP) 
and the NiVM G protein (rVSV-EBOV-GP-NiVG) that 
demonstrated efficacy in NiVM hamster (22) and African 
green monkey (Chlorocebus aethiops) (23) models; 7) a 
recombinant measles virus vector expressing the NiVM G 
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protein that had efficacy in the NiVM African green monkey 
model (24); and 8) a recombinant subunit vaccine based 
on the HeV G protein (sGHeV) that completely protected 
small animals against lethal HeV and NiVM infections 
(25–27) and was efficacious in the robust African green 
monkey model of HeV (28) and NiVM infection (29). Of 
8 vaccines, the sGHeV vaccine is furthest along in evalua-
tion; it has received licensure as a veterinary vaccine for 
HeV in horses (Equivac HeV, Zoetis, https://www.zoetis.
com) in Australia and is being considered as a human vac-
cine against NiV. When tested against NiV, these 8 vac-
cine vectors have been tested only against NiVM infection 
in animal models, and although the antigenicity of these 
vaccines should not be a concern given that HeV G is an 
immunogen against NiVM infection, there are new data on 
the NiVB African green monkey model to consider as far as 
dose/regimen of vaccines. 

NiVB infection in African green monkeys is more 
pathogenic than NiVM infection (30). This difference result-
ed in significantly reduced efficacy of antibody therapy be-
cause of temporal differences in viral load. Specifically, the 
human monoclonal antibody m102.4 that had been shown 
to completely protect African green monkeys against lethal 
NiVM disease when treatment was delayed until day 5 after 
virus exposure provided no protection when African green 
monkeys were challenged with NiVB and treated beginning 
at day 5 after virus challenge (30,31). Considering these 
new data, the current vaccines against NiV need to be eval-
uated for possible differences in dose/regimen against the 
more pathogenic NiVB infection in the robust African green 
monkey model. To assess single-dose vaccine efficacy, we 
evaluated the rVSV vaccine vectors expressing either the 
NiVB F or NiVB G proteins 28 days after a single-dose vac-
cination in the NiVB African green monkey model, which 
most faithfully recapitulates human disease (5,30).

Methods

rVSV Vaccine Vectors and NiVB Challenge Stock
We recovered the rVSV NiVB vaccines (rVSV-∆G-NiVB/
F-GFP and rVSV-∆G-NiVB/G-GFP) and rVSV-∆G-GFP 
using methods as previously described (21,32). The isolate 
of NiVB used in this vaccine study was obtained from a 
fatal human case (200401066) described previously (30).

Statistical Analyses
Animal studies in BSL-4 and nonhuman primate work gen-
erally restrict the number of animals used, the volume of 
biological samples that can be obtained, and the ability to re-
peat assays independently and thus limit statistical analysis. 
Consequently, we present these data as the mean calculated 
from replicate samples, not replicate assays, and error bars 
represent SD across replicates (Figure 1, panels B, C, and D).

Animal Ethics Considerations and Experiments
Healthy adult African green monkeys were handled in the 
animal BSL-4 containment space at the Galveston Nation-
al Laboratory (Galveston, TX, USA). Research was ap-
proved under animal protocol 1310040 by the University 
of Texas Medical Branch Institutional Animal Care and 
Use Committee (Appendix, https://wwwnc.cdc.gov/EID/
article/25/6/18-1620-App1.pdf).

We used 10 adult African green monkeys weighing 3.5–
6.0 kg in this study. One animal served as control (received 
GIn* rVSV-∆G-GFP), and 3 animals per vaccine group re-
ceived G* rVSV-∆G-NiVB/F-GFP, G* rVSV-∆G-NiVB/ 
G-GFP, or rVSVΔG-NiVB/F/G. For vaccination, animals 
were anesthetized with ketamine and vaccinated with ≈107 
PFU by intramuscular injection (day –28). Twenty-eight 
days after vaccination, the animals were exposed to ≈5 × 105 
PFU of NiVB; the dose was equally divided between the in-
tratracheal and the intranasal routes for each animal. Animals 
were monitored for clinical signs of illness (i.e., temperature, 
respiration quality, blood count, and clinical pathologic find-
ings) at 0, 3, 6, 8, 10, 15, 21, and 28 days postchallenge (dpc).

NiVB Serum Neutralization Assays
We determined neutralization titers against NiVB using a 
conventional serum neutralization assay. In brief, we seri-
ally diluted serum 5-fold or 2-fold depending on magni-
tude of neutralization titers and incubated with ≈100 PFU 
of NiVB for 1 h at 37°C, as previously described (30).

RNA Isolation from NiVB-Infected African  
Green Monkeys
We isolated RNA from NiVB-infected animals as de-
scribed previously (30). For viremia, we added 100 µL 
of blood to 600 µL of AVL viral lysis buffer (QIAGEN, 
https://www.qiagen.com) for RNA extraction. For vi-
rus load in tissue, we stored ≈100 mg in 1 mL RNAlater 
(QIAGEN) for 7 d to stabilize RNA, removed the RNA 
later completely, and homogenized tissues in 600 µL RLT 
buffer (QIAGEN) in a 2-mL cryovial using a tissue lyser 
(QIAGEN) and ceramic beads.

Detection of NiVB Load
We isolated RNA from blood or tissues and assessed it 
using primers and probe targeting the N gene and the in-
tergenic region between N and P genes of NiVB for quan-
titative reverse transcription PCR (qRT-PCR). The probe 
used was 6FAM-5′CGT CAC ACA TCA GCT CTG ACA 
A 3′-6TAMRA (Life Technologies, https://www.thermo-
fisher.com), as described previously (30).

Hematology and Serum Biochemistry
We assessed clinical pathology of NiVB-infected African 
green monkeys by hematology and serum biochemistry 
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analysis as described previously (30). We performed the 
hematology assays using a laser-based hematologic analyz-
er (Beckman Coulter, https://www.beckmancoulter.com) 
and serum biochemistry analysis using a Piccolo point-of-
care analyzer and Biochemistry Panel Plus analyzer discs 
(Abaxis, https://www.abaxis.com). 

Histopathology and Immunohistochemistry
We performed necropsies on all animals and collected tis-
sue samples of all major organs. We performed histopatho-
logic and immunohistochemical examination and analyses 
as described previously (30).

Results

Immunization of African Green Monkeys and Measur-
ing the Humoral Immune Response
Previously, single-injection, single-round replication 
rVSV vaccine vectors expressing the NiVB F or NiVB G 
proteins were described, characterized, and shown to be 
efficacious against NiVB challenge in ferrets (21). To as-
sess the efficacy of these vectors in the NiVB African green 
monkey model, 4 groups of African green monkeys re-
ceived a single intramuscular vaccination of rVSV vectors 
on day –28 (Figure 2). To analyze the antibody response 
to rVSV-∆G-NiVB vaccinations, we assessed circulating 
antibodies for neutralization activity against NiVB before 
and after vaccination by using a 50% plaque-reduction 
neutralization titer (PRNT50) assay. All 4 groups had no 

detectable neutralizing antibody titers before vaccination 
(Table 1, day –28). On the day of challenge, the control 
animal (C-1) did not have detectable neutralizing antibody 
titers against NiVB, whereas all animals from the specific 
NiV protein vaccination groups (F, G, and F/G) had de-
tectable neutralizing antibodies against NiVB (Table 1, 
day 0). Overall, the detectable neutralizing antibody re-
sponse against NiVB reached a 1:640 dilution titer in the 
G and F/G groups and from 1:160 to 1:640 in the F group.

NiVB Challenge and Viral Load of Vaccinated African 
Green Monkeys
To determine the efficacy of the rVSV-∆G-NiVB vectors 
against NiVB disease in African green monkeys, we chal-
lenged these animals by combined intratracheal and intrana-
sal routes with a lethal challenge dose of NiVB on day 0 (Fig-
ure 1). All African green monkeys were closely monitored 
for up to 28 dpc for clinical signs of illness. The NiVB anti-
gen vaccinated animals in the F (F-1–3), G (G-1–3), and F/G 
(F/G-1–3) groups showed no signs of clinical illness (Table 
2) and were 100% protected against NiVB challenge (Figure 
1, panel A), whereas the animal in the nonspecific vaccinated 
control group (C-1) exhibited clinical signs of disease (Table 
2) and died of infection on day 8 (Figure 1, panel A). In ad-
dition, the control animal was the only NiVB-infected animal 
to have lymphopenia and serosanguinous nasal discharge 
during the course of disease (Table 2).

To determine the level of NiVB replication in animals 
after challenge, we assessed viral load by qRT-PCR on 
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Figure 1. Protection of African 
green monkeys (Chlorocebus 
aethiops) from Nipah virus 
Bangladesh strain (NiVB)–
mediated disease and viral 
load. A) Kaplan-Meier survival 
curve for each vaccine group 
and historical controls after NiVB 
challenge: controls (vaccine, n = 
1; historical, n = 14), F group (n 
= 3), G group (n = 3), and F/G 
group (n = 3). C–D) Viral load in 
the animals as detected by NiVB 
GEq by reverse transcription 
quantitative PCR from nasal 
swab samples: as GEq per 
swab (B), oral swab samples as 
GEq per swab (C), and blood as 
GEq/mL (D). Red, control group 
(GInd*rVSV-∆G-GFP expressing 
no glycoprotein); blue, F group 
(GInd* rVSV-NiVB /F-GFP 
expressing the NiVB F protein); 
yellow, G group (GInd*rVSV-
NiVB/G-GFP expressing the 
NiVB G protein); green, F/G 
group (single-cycle infectious virions with NiVB F and G proteins on the cell surface). Error bars indicate SD. C, control; F, fusion; G, 
attachment; GEq, genome equivalent.
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nasal and oral swab samples and whole blood samples 
(Figure 1, panels B–D). We detected NiVB genome equiv-
alents (GEq) from nasal swab samples (Figure 1, panel 
B) in the control, F, G, and F/G groups. The following 
animals were positive for viral RNA: C-1 at 6 dpc; F-1 
at 3 dpc; F-2 at 3, 6, and 10 dpc; G-1 at 3 dpc; G-3 at 6 
dpc; F/G-1 at 3, 6, and 8 dpc; and F/G-3 at 3 dpc. At 6 
dpc, when C-1 was positive for NiV RNA in nasal swab 
samples, the levels were >1 log higher than they were for 
the NiV-antigen vaccinated groups F, G, and F/G. Oral 
swab samples were negative for NiV RNA in all animals 
in the G-vaccinated group (Figure 1, panel C), and NiVB 
GEq were detected from oral swab samples in the control, 
F, and F/G groups. The following animals were positive 
for viral RNA: C-1 at 3 and 6 dpc, F-1 at 3 dpc, and F/G-
1 at 3 and 6 dpc. Within these oral swab sample results, 
C-1 had NiV RNA levels up to 100-fold higher than the 
F and F/G animals that had positive oral swab samples 
(Figure 1, panel C). Unlike the results for swab samples, 
which represent tissues initially exposed to NiV, systemic 
and circulating NiVB GEq were not detected in whole 
blood from animals in the F, G, and F/G groups, where-
as the control animal was positive in the blood sample 
from 6 dpc (Figure 1, panel D). The lack of systemic and  

circulating detection of NiVB RNA correlated with sur-
vival (Table 2; Figure 1, panel A).

Gross Pathologic, Histopathologic, and  
Immunohistochemical Analyses of NiVb-Infected  
African Green Monkeys
In the F, G, and F/G groups, we observed no gross patho-
logic findings at study endpoint. However, in the control 
animal that died of NiVB infection, gross pathologic find-
ings included serosanguinous pleural effusion, failure of all 
lung lobes to collapse with severe pulmonary hemorrhage 
and congestion, and multifocal to coalescing hemorrhage 
of the mucosal surface of the urinary bladder.

Lung sections examined from the control animal had 
moderate lymphoplasmacytic interstitial pneumonia char-
acterized by a diffuse thickening of alveolar septae by mod-
erate numbers of lymphocytes, plasma cells, polymerized 
fibrin, and edema fluid. The alveolar spaces were flooded 
by edema fluid, polymerized fibrin, foamy alveolar macro-
phages, and cellular debris. Endothelial syncytial cells were 
most apparent in medium- to small- caliber vessels (Figure 
3, panel A). The animals in the F, G, and F/G groups had 
no major histologic findings in the lung sections (Figure 3, 
panels C, E, G). Immunohistochemical analysis revealed 
strong NiV antigen immunoreactivity within scattered al-
veolar macrophages and the endothelium of the alveolar 
septae and syncytial cells within medium- to small- caliber 
vessels in up to ≈75% of the examined pulmonary tissues 
(Figure 3, panel B). The lung sections of the F, G, and F/G 
groups were devoid of detectable NiV antigen (Figure 3, 
panels D, F, H).

Spleen sections from the control animal were deplet-
ed of lymphocytes in the multifocal follicular germinal 
centers within the splenic white pulp and were effaced 
by hemorrhage, fibrin, syncytial cell formation (Figure 
4, panel A). Spleens from the F, G, and F/G groups had 
no major histologic findings (Figure 4, panels C, E, G). 
Immunohistochemical analysis of the spleen from the 
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Table 1. NiVB serum neutralization titers in vaccinated African 
green monkeys (Chlorocebus aethiops)* 
Vaccine Animal no. Day 28† Day 0† Day 28† 

None C-1 <20 <20 40‡ 

F only vaccine F-1 <20 640 1,280  
F-2 <20 160 2,560  
F-3 <20 320 5,120 

G only vaccine G-1 <20 640 5,120  
G-2 <20 640 5,120  
G-3 <20 640 5,120 

F+G vaccine F/G-1 <20 640 2,560  
F/G-2 <20 640 5,120  
F/G-3 <20 640 2,560 

*Titers are reciprocal serum dilution at which 50% of virus was neutralized. 
NiV, Nipah virus; NiVB, NiV Bangladesh strain. 
†Day postchallenge. 
‡Terminal day 8 postchallenge. 

 

 
Table 2. Clinical findings and outcome of Nipah virus Bangladesh strain–challenged African green monkeys* 
Animal no. Sex Group Clinical illness Clinical and gross pathology findings† 
C-1 F Control G 

vaccine 
Loss of appetite (d 6–
8); labored breathing 
(d 6–8). Died on d 8. 

Lymphopenia (d 6); serosanguinous nasal and oral discharge (d 8), 
serosanguinous pleural fluid, severely inflated, enlarged lungs with 

severe congestion and hemorrhage of all lobes, multifocal to coalescing 
hemorrhage of the mucosal surface of the urinary bladder. 

F-1 F F vaccine None Thrombocytopenia (d 15); >3 fold increase in ALT (d 6), >3 fold increase 
in AST 

F-2 M F vaccine None None 
F-3 M F vaccine None Increase in CRP (d 6) 
G-1 F G vaccine None None 
G-2 M G vaccine None None 
G-3 M G vaccine None None 
F/G-1 F F + G vaccine None Increase in CRP (d 8) 
F/G-2 M F + G vaccine None Thrombocytopenia (d 21, d 28); increase in CRP (d 8, d 10, d 15) 
F/G-3 M F + G vaccine None Thrombocytopenia (d 8) 
*ALT, alanine aminotransferase; AST, aspartate aminotransferase; CRP, C-reactive protein. 
†Lymphopenia is defined as a >30% decrease in number of lymphocytes; thrombocytopenia is defined as a >30% decrease in number of platelets.  
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control animal revealed strong immunoreactivity for NiV 
antigen within the endothelium, syncytial cells, and scat-
tered mononuclear cells in up to ≈50% of the examined 
splenic tissue (Figure 4, panel B), whereas the spleen sec-
tions of groups F, G, and F/G were devoid of detectable 
NiV antigen (Figure 4, panels D, F, H).

Discussion
An important step in the preclinical development of a 
vaccine is efficacy testing in standards of animal mod-
els of disease. For NiV, the standard is the African green 
monkey model. Although the initial studies on the NiVM 
model in African green monkeys were reported as near 
uniformly lethal, data from several groups have revealed 
the model is not 100% lethal, depending on dose and route 
of infection (5,24,29–31,33,34). Combining the con-
trol animals from these studies, in which African green 
monkeys were challenged with various combinations of 
routes (e.g., intratracheal, intranasal, intraperitoneal, oral, 
small particle aerosol) at various doses, revealed that 18 
(72%) of 25 animals died; however, most of the control 
animals were positive for circulating NiV RNA and had 
signs of clinical disease to varying degrees. Historically, 
our previous studies with the NiVB model has resulted in 
the deaths of all 14 control African green monkeys; the 
mean time to death was 7.14 days (Figure 1, panel A). We 
recently compared the pathogenesis of NiVM and NiVB 
strains in African green monkeys and observed that NiVB 
caused more pulmonary and splenic pathologic findings 
(30). We also observed the efficacy of time to treatment 
post-NiV challenge with a human monoclonal antibody 
m102.4 was shorter for NiVB-infected animals than for 
NiVM-infected animals (30). With these animal data in 
mind and the fact that NiVB has been responsible for most 
NiV outbreaks since 2002, we wanted to test our rVSV 

NiV vaccine vectors expressing NiVB F and G proteins 
as immunogens, which had 100% efficacy against NiVM 
challenge in ferrets (21), against NiVB challenge in Afri-
can green monkeys.

In this study, we vaccinated 1 control African green 
monkey with a nonglycoprotein rVSV vector control, 
GInd* rVSV-∆G-GFP, and 3 groups of 3 African green 
monkeys with NiV antigen vectors: GInd* rVSV-∆G-
NiVB/F-GFP, GInd* rVSV-∆G-NiVB/G-GFP, or GInd* 
rVSV-∆G-NiVB/F/G-GFP. The control animal, C-1, did 
not develop NiVB neutralizing antibodies by the day of 
challenge; had detectable circulating NiV RNA at 6 dpc; 
had clinical signs of NiV-mediated disease; and ultimate-
ly died of infection, showing typical NiV gross pathology 
and histopathologic findings. Conversely, the 3 rVSV NiV 
vaccine groups had animals in which detectable circulat-
ing NiV F, G, or F and G IgG developed, and circulating 
neutralizing antibody titers developed in all 3 groups by 
28 days postvaccination. Each vaccine cohort had detect-
able NiVB RNA in nasal swab samples and only the F and 
F/G groups in oral swab samples, but none of the cohorts 
had any detectable circulating NiVB RNA throughout the 
course of the study. Consistent with the vaccine response 
from each cohort and the control of systemic spread of 
NiVB infection and control of NiV-mediated disease, all 
of the specifically vaccinated African green monkeys sur-
vived NiVB challenge.

The results of this study are similar to what we ob-
served with these rVSV NiV constructs in the ferret mod-
el, which showed 100% protection regardless of the vac-
cine construct (21). Differences were that we found higher 
PRNT50 results for neutralizing antibody titers on day of 
challenge in this study and detected no circulating NiV 
RNA in the African green monkeys but did have detect-
able viral RNA at 6 dpc in the ferret study. Although we 
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Figure 2. Groups of African 
green monkeys (Chlorocebus 
aethiops) receiving recombinant 
vesicular stomatitis virus 
(rVSV) vaccine against Nipah 
virus Bangladesh strain (NiVB). 
Triangles indicate days of 
vaccination; arrows indicate 
days of sampling; and asterisk 
(*) indicates day of challenge. 
Red indicates control group 
(GInd*rVSV-∆G-GFP expressing 
no glycoprotein); blue indicates 
F group (GInd* rVSV-NiVB/F-
GFP expressing the NiVB F 
protein); yellow indicates G 
group (GInd*rVSV-NiVB /G-GFP 
expressing the NiVB G protein); 
F/G group (single-cycle infectious virions with NiVB F and G proteins on the cell surface). F, fusion; G, attachment
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did not detect circulating viral RNA in the African green 
monkeys, the increase of neutralizing antibody titers at 
the study endpoint suggests sterilizing immunity was not 
achieved, and dosing or regimen will require further test-
ing to reach sterilizing immunity with this single-round 
replication vaccine vector.

The single-round replication rVSV NiV vectors in 
this study and the replication-competent rVSV-EBOV-
GP-NiVG (23) are the only vaccine vectors to show 
100% single-dose vaccine efficacy against NiV in the Af-
rican green monkey model. Although both studies used 
this model, they differed in several ways. Our study used 
NiVB and challenged through the intratracheal and intra-
nasal routes, whereas the other study used NiVM by the in-
tratracheal route only (intratracheal challenge route used 
in initial model [5]). Here, we report detectable levels of 
NiV RNA in nasal swab samples at early times postchal-
lenge, whereas the rVSV-EBOV-GP-NiVG study did not 
report any detectable NiV RNA in nasal swab samples. 
Whether these differences resulted from use of the intra-
nasal route as part of the challenge cannot be determined 
here; however, neither study reported circulating levels of 
NiV RNA, indicating the prevention of systemic spread 
of NiV infection. Both studies reported the detection of 
circulating neutralizing antibodies on the day of challenge 
(28 [this study] and 29 days postvaccination). However, 
we reported on PFU reduction, and the rVSV-EBOV-
GP-NiVG study reported on reduction of 200 50% tissue 
culture infectious dose in a tissue culture infectious dose 

assay, so the peak neutralizing titers at NiV challenge 
cannot be directly compared. 

The PRNT50 titers we reported can be directly com-
pared with the recombinant subunit sGHeV vaccine NiV 
study in African green monkeys that also was 100% ef-
ficacious (29), whereas we detected higher PRNT50 titers 
against NiV from the single injection of single-round 
replication vectors (from 160 to 640; Table 1) versus the 
PRNT50 titers 2 weeks after boost vaccination (from 28 
to 379) for the recombinant subunit sGHeV vaccine. How-
ever, these lower titers most likely are due to the sGHeV 
vaccine being heterotypic because the PRNT50 titers 
against HeV in a similar African green monkey study 
were 640–1,280 on day of challenge (28). The devel-
opment of neutralizing antibodies to the NiV glycopro-
teins after vaccination are important for protection, as 
highlighted by a single monoclonal antibody against the 
henipavirus G protein, m102.4, that is 100% protective 
against HeV, NiVM, and NiVB when administered at least 
3 dpc (30,31,35). 

In our study, the F cohort did not produce as consistent a 
neutralizing antibody titer response as did the G and F/G co-
horts. Further analysis also revealed that, although no major 
changes occurred in hematologic and blood chemistry results 
for any of the vaccine cohorts, minor changes occurred in the 
F and F/G cohorts (Table 1). These data, taken together with 
the lack of detectable NiVB RNA in the oral swab samples 
of the G group, suggest the rVSV NiV G vector might be the 
better option among the 3 vaccine vectors.
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Figure 3. Results of testing for Nipah virus (NiV) in lung tissue from representative vaccinated African green monkeys (Chlorocebus 
aethiops). A, C, E, G) Hematoxylin and eosin staining; B, D, F, H) immunohistochemistry of tissues labeled with NiV N protein–specific 
polyclonal rabbit antibody. In stained tissue from the control animal (A), diffuse thickening of alveolar septae by moderate numbers of 
lymphocytes, plasma cells, polymerized fibrin, and edema fluid within the alveolar spaces were found; stained sections examined from 
the NiV F (C), NiV G (E), and NiV F/G (G) groups were unremarkable in comparison with sections from the control animal. In antibody-
labeled tissue from the control animal (B), strong immunolabeling for NiV antigen with alveolar septae, scattered alveolar macrophages, 
and the endothelium of small caliber vessels were found, including syncytial cells with strong cytoplasmic immunolabeling for NiV antigen; 
no immunolabeling for NiV antigen was identified from the NiV F (D), NiV G (F), and NiV F/G (H) groups. Original magnification ×20.
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In summary, we found that single-round replication 
rVSV vectors against NiVB provided 100% efficacy against 
NiVB challenge using a single-dose regimen. The rVSV 
vaccine platform has received attention recently because 
the replication-competent rVSV-ZEBOV GP vaccine vec-
tor against EBOV has now been given to >16,000 humans 
in clinical trials ranging from phase 1 to phase 3 and has 
been safe and efficacious (36); however, data for preg-
nant women and immunocompromised persons are not yet 
available. A single-round replication rVSV vaccine vector 
that is immunogenic and efficacious would have an attrac-
tive safety profile. Whether these single-round replication 
rVSV NiV vaccine vectors are as safe as the recombinant 
subunit sGHeV vaccine has yet to be determined, and the sub-
unit vaccine has yet to be tested with a single-dose vaccine 
regimen. Although multidose vaccine regimens would be 
a potential strategy for laboratory and healthcare workers 
and for first responders in stable settings with defined risk 
for an NiV outbreak, an outbreak setting or a case of delib-
erate release of NiV would require rapid protection with a 
single administration of vaccine. The single-dose strategy 
was successfully enacted using a close-contact ring vacci-
nation strategy with the rVSV-ZEBOV-GP vaccine at the 
end of the 2013–2016 EBOV epidemic (37–39). The strate-
gy was so successful that it became the World Health Orga-
nization recommendation for future EBOV outbreaks and 
has recently been set into motion in the ongoing outbreak in 
the Democratic Republic of the Congo (40). Recent studies 
also suggest that the ring vaccination strategy for viruses 

such as EBOV (depending on transmissibility) that are en-
demic to countries that might not be able to afford a mass 
herd-immunity vaccination strategy might be more effec-
tive than mass vaccinations at controlling outbreaks (41). 
Further studies should examine the time to immunity of the 
GInd* rVSV-ΔG-NiVB/G in the NiVB African green monkey 
model because these data will be instrumental in provid-
ing information about whether this vaccine vector could be 
implemented in a ring vaccination strategy during future 
NiV outbreaks, such as the current one in India (2).
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Figure 4. Results of testing for Nipah virus (NiV) in spleen tissue from representative vaccinated African green monkeys (Chlorocebus 
aethiops). A, C, E, G) Hematoxylin and eosin staining; B, D, F, H) immunohistochemistry of tissues labeled with NiV N protein–specific 
polyclonal rabbit antibody. In stained tissue from the control animal (A), moderate necrosis and drop out of the white pulp (*), with 
hemorrhage, and fibrin within germinal centers are seen; stained sections examined from the NiV F (C), NiV G (E), and NiV F/G (G) 
groups were devoid of any significant lesions compared with sections from the control animal. In antibody-labeled tissues from the 
control animal (B), strong immunolabeling for NiV antigen with scattered mononuclear cells (white arrow) and syncytial cells within 
germinal centers were found, and the endothelium of small caliber vessels had strong cytoplasmic immunolabeling for NiV antigen; no 
immunolabeling for NiV antigen was identified from the NiV F (D), NiV G (F), and NiV F/G (H) groups. Original magnification ×20.
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Reliable serologic tests are needed for diagnosis and surveil-
lance of Zika virus infection. We evaluated the Euroimmun 
and Dia.Pro serologic tests for detection of Zika virus IgM 
and IgG by using a panel of 199 samples from a region en-
demic for flaviviruses. Kinetics of Zika virus antibodies were 
monitored from 300 sequential specimens sampled over a 
period of 10 months after infection. We observed suboptimal 
performance; sensitivity for Zika virus IgM was low, espe-
cially in the Euroimmun assay (49%), whereas IgM could be 
detected for months with the Dia.pro assay. The specificity 
of the Zika virus IgG assays was also low, especially that of 
Dia.Pro (62%); findings were strongly influenced by the epi-
demiologic context. These results highlight the complexity 
of serologic diagnosis of Zika virus infection in regions en-
demic for flaviviruses. Accurate analysis of the performance 
of assays is required to adapt and interpret algorithms.

Zika virus belongs to the Flaviviridae family, genus Fla-
vivirus, and is an arbovirus transmitted mainly by mos-

quitoes of the genus Aedes (Stegomyia). Initially isolated in 
1947 from a sentinel monkey during yellow fever surveil-
lance in Uganda, Zika virus was reported as causing only 
sporadic human infections, associated with asymptomatic 
or mild, self-limiting illness, until 2007 (1,2). In 2007, Zika 
virus spread first to Pacific islands and then throughout the 
Americas, resulting in large outbreaks in several regions 
of the world. Zika virus infection is estimated to be symp-
tomatic in 18%–73% of cases (3–5); severe complications 
have been reported, including neurologic disorders, such 
as Guillain-Barré syndrome, and congenital Zika virus 
syndrome, which is characterized by severe microcephaly, 

brain and ocular anomalies, congenital contractures, and 
neurologic impairment in the fetuses and newborns of 
mothers infected during pregnancy (3,4,6).

The mild signs and symptoms of Zika virus infection 
include fever, rash, joint pain, conjunctivitis, headache, 
and myalgia (7). These manifestations are difficult to dis-
tinguish clinically from those caused by other arboviral in-
fections, such as dengue or chikungunya, which are often 
observed in the same geographic areas. Therefore, specific, 
reliable diagnostic tools are needed.

Several commercial kits are available for direct viral 
detection by nucleic acid–based testing, which enable di-
agnosis during the acute phase of the disease (8,9): up to 7 
days after symptom onset in serum samples, up to 20 days 
in urine, and even longer in semen (10–13). This virologic 
window, combined with the high proportion of asymptom-
atic forms, makes the monitoring of Zika virus infection 
difficult, especially in pregnant women. Therefore, serolog-
ic tools for diagnosis of Zika virus infection are urgently 
needed. This challenge remains because of cross-reactivity 
among flaviviruses, especially in a context of secondary 
flavivirus infection or previous immunization.

The first objective of this study was to evaluate the per-
formance of two commercial serologic kits for the detec-
tion of Zika virus–specific IgM and IgG in serum samples 
from patients with an arboviral-like syndrome in a region 
where other arboviruses are known to circulate, including 
dengue and chikungunya viruses. The 2 commercial kits (4 
assays) studied were the Euroimmun Zika virus IgM and 
IgG ELISAs (https://www.euroimmun.com) and Dia.Pro 
Zika virus IgM and IgG ELISAs (Diagnostic Bioprobes 
Srl, https://www.diapro.it). The second objective was to 
determine the kinetics of Zika virus IgM and IgG induced 
after infection, as defined by these kits.

Material and Methods

Clinical Samples and Study Design
The clinical samples used in this study were selected ac-
cording to the standards for reporting diagnostic accuracy 
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requirements. Two thirds came from the serum collection 
of the National Reference Centre (NRC) for Arboviruses 
in French Guiana and one third from samples collected 
for a descriptive prospective study of Zika virus disease 
in the French military community in French Guiana (ZI-
FAG) (14). The NRC collection comprises clinical speci-
mens received during 2002–2017 for routine diagnosis 
and expertise. The protocol of the ZIFAG study received 
ethics approval from the Comité de Protection des Per-
sonnes Sud-Méditerranée I (ID RCB: 2016-A00394–47); 
all participants provided written informed consent. All 
the selected specimens were obtained from patients with 
an arboviral-like syndrome and an etiologic diagnosis 
confirmed by real-time reverse transcription PCR (RT-
PCR) on acute-phase serum or urine samples. A commer-
cial qualitative RT-PCR kit (Altona Diagnostics, https://
www.altona-diagnostics.com) was used for Zika virus de-
tection and NRC in-house real-time RT-PCR for dengue 
and chikungunya viruses.

We first evaluated the performance of the 2 commer-
cial immunoassays against a panel of 199 serum samples 
collected from days 3 through 20 after the onset of symp-
toms (onset defined as day 0—that is, within the first 24 
hours) (Table 1). We evaluated the sensitivity of the as-
says in a subgroup of 90 serum samples from 90 patients 
with confirmed Zika virus infection diagnosed from the 
end of 2015 through 2016, during the outbreak in French 
Guiana (Zika subgroup). We evaluated the specificity 
of the assays in a subgroup of 109 serum samples with 
a strong potential for causing flavivirus cross-reactions 
(non-Zika subgroup). This subgroup comprised serum 
samples obtained from 35 patients with confirmed den-
gue virus infection sampled during 2002–2013 dengue 
epidemics; 29 patients with confirmed chikungunya vi-
rus infection sampled during the chikungunya outbreak 
in French Guiana in 2014–2015, just after the dengue 
outbreak in 2012–2013; and 45 patients with neither den-
gue virus, chikungunya virus, nor Zika virus infection  

sampled just before the Zika virus outbreak. We pe-
formed Zika microneutralization tests on the Zika virus, 
dengue virus, and chikungunya virus–negative subgroup 
of serum samples, enabling confirmation of the absence 
of Zika neutralizing antibodies.

To determine the kinetics of Zika virus antibodies, 
we used a panel of 300 serum samples collected from 124 
patients with confirmed Zika virus infection from day 0 
through day 300 after the onset of symptoms (Table 1). We 
collected 1–8 samples from each Zika virus–infected pa-
tient. The distribution of samples according to time since 
onset was as follows: 76 samples collected during days 
0–4, 50 during days 5–14, 55 during days 15–30, 19 during 
days 31–60, 32 during days 61–90, 44 during days 91–180, 
and 24 during days 181–300.

Euroimmun and Dia.Pro Zika Virus IgM and IgG ELISAs
We tested all samples with the Euroimmun ELISAs accord-
ing to the manufacturer’s recommendations and calculated 
signal-to-cutoff (S/CO) ratios; values <0.8 were regarded 
as negative, >0.8 to <1.1 as equivocal, and >1.1 as positive. 
We tested all serum specimens with the respective Dia.Pro 
ELISAs for qualitative determination of IgM and IgG, ac-
cording to the manufacturer’s instructions; we interpreted 
results as positive if the S/CO ratio was >1.1, negative if 
<0.9, and equivocal if 0.9–1.1. Recombinant Zika virus 
nonstructural protein 1 was the antigen in both the Euroim-
mun and Dia.Pro assays.

Statistical Analysis
Continuous variables were expressed as mean (± SD) or 
median with interquartile range (IQR) and discrete vari-
ables as percentages and 95% CIs. We calculated the sen-
sitivity and specificity of the assays with 95% CIs. The 
differences in the S/CO ratios of the IgM and IgG assays 
at each time were compared with the Student t test. We 
performed all statistical analyses using R 3.4 statistical 
software (https://www.r-project.org).

 
Table 1. Characteristics of panels evaluated in study of Zika virus diagnostic tests 

Panel Sample characterization 
No. 

samples 
Mean time to collection after 

onset of fever, d (+ SD) 
Panel performance evaluation 3–20 days after onset   
 Zika virus subgroup Positive Zika virus 90 10 + 6 
 Non–Zika virus subgroup Negative Zika virus with confirmed dengue 

virus infection 
35 10 + 3 

Negative Zika virus with confirmed 
chikungunya virus infection 

29 13 + 3 

Negative Zika virus, dengue virus, 
chikungunya virus 

45 11 + 5 

 Total panel performance  199 10 + 5 
Panel IgM–IgG kinetics 0–300 days after onset   
 Positive Zika virus  300* Minimum 0, maximum 300, 

median 20,  
interquartile range 4–81  

*300 samples from 124 patients, including the 90 positive Zika virus samples in the first panel. 
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Results

Patient Characteristics
The 199 samples used to evaluate the performance of the 
serologic kits came from patients with a mean + SD age 
of 36 + 16 years (range 1–74 years; IQR 27–46 years). 
This panel was composed of the Zika virus–positive sub-
group (n = 90), 51 (57%) female and 39 (43%) male, 
with a mean age + SD of 39 + 12 years; and the Zika 
virus–negative subgroup (n = 109), 62 (57%) female and 
45 (43%) male, with a mean + SD age of 34 + 18 years  
(Table 1).

The 300 samples used to determine the kinetics of Zika 
virus IgM and IgG came from 124 patients, 82 (66%) fe-
male and 42 (34%) male. The age range of these patients 
was 8–74 years (mean + SD 37 + 11 years).

Performance of Zika Virus IgM ELISAs
We evaluated the sensitivity and specificity of the 2 Zika 
virus IgM tests against 90 Zika virus subgroup samples 
and 109 non-Zika subgroup samples (Table 2). Each test 
gave inconclusive results for 6 of the 199 samples: with the 
Euroimmun test, we obtained 6 inconclusive results from 
the 90 samples from the Zika virus subgroup, and with the 
Dia.Pro test, we obtained 4 inconclusive results of the 90 
samples from the Zika virus subgroup and 2 for samples 
collected on day 9 after onset of disease from patients with 
confirmed dengue virus infection. 

The sensitivity of the Euroimmun Zika virus IgM test 
was 49% (41/84; 95% CI 38%–60%); sensitivity of the 
Dia.Pro test was 69% (59/86; 95% CI 59%–79%). Only 1 
of the 109 non-Zika subgroup serum samples was positive 

in the Euroimmun test, indicating 99% specificity (95% 
CI 97%–100%). Four non-Zika subgroup samples were 
detected as positive by the Dia.Pro IgM test, including 
3 samples from patients with acute dengue virus infec-
tion, indicating a specificity of 96% (103/107; 95% CI 
92%–100%).

Performance of Zika Virus IgG ELISAs
We used the same panel to evaluate the performance of Eu-
roimmun and Dia.Pro Zika virus IgG kits (Table 2). With 
the Euroimmun test, 16 (8%) of the 199 samples gave in-
conclusive results, 8 among positive Zika virus samples 
collected on days 5 (1 sample) and 9 (7 samples) of disease 
onset; 8 negative Zika virus samples also gave inconclu-
sive results (5 chikungunya virus–positive samples and 3 
from the group negative for dengue virus, chikungunya 
virus, and Zika virus). The sensitivity of this assay was 
71% (58/82; 95% CI 92%–100%) and the specificity 70% 
(71/101; 95% CI 61%–79%). With the Dia.Pro IgG test, 8 
samples gave inconclusive results: 5 samples from the Zika 
virus–positive group (2 collected before day 5 and the oth-
ers on day 9 or later after the onset of illness) and 3 samples 
from the Zika virus–negative group (collected on days 4 to 
6 after onset) (Table 2). The sensitivity of this assay was 
79% (67/85; 95% CI 70%–88%) and the specificity 62% 
(66/106; 95% CI 53%–71%). 

The false positivity rate of the 2 Zika virus IgG assays 
varied according to the subpanel used. These rates were 
40%–58.6% for positive dengue virus or chikungunya vi-
rus sample subgroups and 11.9%–21.4% for the negative 
dengue virus, negative chikungunya virus, and negative 
Zika virus sample subgroup (Table 3).

 
Table 2. Performance of Zika virus IgM and IgG assays in panels of characterized samples obtained during days 3–20 after onset of 
symptoms* 

Results 
Zika 

subgroup 

Non–Zika subgroup 

Total 
Sensitivity (95% CI), 
specificity (95% CI) All Zika–/DENV+ Zika–/CHIKV+ 

Zika–/DENV–
/CHIKV– 

Euroimmun IgM test        
 Positive 41 1 0 0 1 42 49% (38–60), 99% 

(97–100)  Negative 43 108 35 29 44 151 
 Inconclusive 6 0 0 0 0 6 
 Total 90 109 35 29 45 199 
Dia.Pro IgM test        
 Positive 59 4 3 1 0 63 69% (59–79), 96% 

(92–100)  Negative 27 103 30 28 45 130 
 Inconclusive 4 2 2 0 0 6 
 Total 90 109 35 29 45 199 
Euroimmun IgG test        
 Positive 58 30 14 11 5 88 71% (61–81), 70% 

(61–79)  Negative 24 71 21 13 37 95 
 Inconclusive 8 8 0 5 3 16 
 Total 90 109 35 29 45 199 
Dia.Pro IgG test        
 Positive 67 40 14 17 9 107 79% (70–88), 62% 

(53–71) 
 

 Negative 18 66 21 12 33 84 
 Inconclusive 5 3 0 0 3 8 
 Total 90 109 35 29 45 199 
*CHIKV, chikungunya virus; DENV, dengue virus; +, positive; –, negative. 
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Performance of Combined IgM/IgG Assays
The sensitivity of the combined Euroimmun Zika virus IgM 
and IgG assays was 82% (71/87; 95% CI 74%–90%) and the 
specificity was 69% (70/101; 95% CI 60%–78%). The sensi-
tivity of the combined Dia.Pro Zika virus IgM and IgG assays 
was 87% (75/86; 95% CI 80%–94%) and specificity was 62% 
(66/106; 95% CI 53%–71%).

Time-Course Analysis of Zika Virus IgM and IgG,  
Days 0–300 after Onset of Symptoms
We used the panel of sequential samples from patients with 
confirmed Zika virus infection to determine the kinetics 
of Zika virus IgM and IgG over 10 months after clinical 
onset (Figure 1). For the Euroimmun Zika virus IgM test, 
maximum percentage detection (71%) was 15–30 days af-
ter the onset of disease. After this time, the percentage of 
detectable IgM decreased rapidly, to only 21% of samples  
collected in days 31–60 and <9% for those collected >60 

days after infection (Figure 1, panel A). The Dia.Pro Zika 
virus IgM test was more sensitive, with higher rates of 
positive samples observed over a longer time: 29% posi-
tive samples on days 0–4 after clinical onset, increasing 
to a maximum of 93% positivity during days 15–30. The 
positivity rate decreased more slowly than with the Eu-
roimmun test, and 29% of samples were still positive for 
IgM during days 181–300 after infection. For Zika vi-
rus IgG, both assays detected the antibody in >40% of 
samples collected during the acute phase of disease (days 
0–4) and in 100% of samples collected during days 31–
180 after onset of disease (Figure 1, panel B). A slight 
decrease in the positivity rate for IgG observed with the 
Euroimmun assay before day 300 suggests a possible lack 
of sensitivity over time.

We also evaluated the evolution of the overall mean S/
CO ratios by time and the test used (Figure 1, panels C and 
D). We observed similar kinetics for the mean S/CO ratios 

 
Table 3. Rate and ratio of false Zika virus IgG–positive samples obtained with Euroimmun and Dia.Pro Zika virus IgG assays 
according to the non–Zika virus sample subgroup 

Test 

Positive for  
dengue virus,  

collected before 2013 

Positive for 
chikungunya virus, 
collected in 2014 

Negative for Zika, dengue, and 
chikungunya viruses,  

collected at end of 2015 
Euroimmun IgG test    
 False positivity rate, % (pos/pos + neg) 40% (14/35) 45.8% (11/24) 11.9% (5/42) 
 IgG S/C ratio of false-positive IgG, mean (range) 3.9 (1.1–6.7) 2.0 (1.2–2.9) 2.0 (1.33.7) 
Dia.Pro IgG test    
 False positivity rate, % (pos/pos + neg) 40% (14/35) 58.6% (17/29) 21.4% (9/42) 
 IgG S/C ratio of false-positive IgG, mean (range) 9.2 (2.5–14.4) 3.1 (1.1–7.7) 4.3 (1.1–10.1) 
*Neg, negative; pos, positive. 

 

Figure 1. Kinetics of Zika virus 
IgM and IgG as determined  
with Euroimmun and Dia.Pro  
kits for patient samples collected 
in the first 10 months after 
infection, by time interval. A, B) 
Percent positive for Zika virus 
IgM (A) and IgG (B). Values are 
given with binomial proportion 
CI). C, D) Overall time course of 
mean signal-to-cutoff ratios of 
Zika virus IgM (C) and IgG (D). 
Values are shown with SEs. The 
number of patients sampled is 
provided for each time interval.
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for the 2 assays: the maximum mean S/CO ratio peaked dur-
ing days 15–31 for the IgM assays and during days 91–180 
for the IgG assays. Nevertheless, the differences between the 
mean S/CO ratios for both the IgM and the IgG assays at 
each time after infection class were significant (all p<0.05) 

(Figure 1, panels C and D). The Dia.Pro assays gave higher 
S/CO ratios for the same threshold values, explaining the 
greater sensitivity of these tests. We obtained the kinetics 
of Zika virus IgM and IgG with both assays for patients for 
whom we had >5 sequential samples (Figure 2).

Figure 2. Individual time-course analyses of Zika virus IgM and IgG signal-to-cutoff ratios obtained by using Euroimmun and Dia.Pro kits 
for 18 patients for whom 5 or more sequential samples were available.
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Discussion
In this assessment of the performance of Euroimmun and 
Dia.Pro Zika virus IgM and IgG ELISAs for diagnosis of 
Zika virus infection, we had a large panel of well-charac-
terized samples from areas endemic for arboviruses, the 
dates of symptom onset, and infection confirmed by real-
time RT-PCR. Although the Dia.Pro IgM assay was more 
sensitive (69%) than the Euroimmun IgM test (49%), the 
performance of both IgM assays was suboptimal. The sen-
sitivity of a screening test is a major factor in determining 
its usefulness, because poor sensitivity of the first test used 
in a diagnostic algorithm could lead to false-negative re-
sults that would not be further evaluated.

The sensitivity of the Euroimmun Zika virus IgM 
test was significantly lower than that reported previously 
(15–18). The differences might be caused by differences in 
study design, selection criteria, and the few positive sam-
ples in the previous studies (17–18). The lower sensitivity 
we found for this assay might also be the result of the larger 
proportion of secondary flavivirus infections in the panel 
used, as the samples were taken in an area endemic–epi-
demic for dengue and with mandatory vaccination against 
yellow fever. A significant lower sensitivity of the Euroim-
mun Zika virus IgM assay has also been reported in travel-
ers from Israel compared with travelers from Europe and 
Chile, possibly related to the West Nile virus background 
immunity of the population of Israel (19). More recent 
evaluations have also reported low sensitivity (39.5% and 
37%) of the Euroimmun assays (20,21).

Sensitivity is essential for a frontline diagnostic test, 
and specificity should also be carefully evaluated. In our 
study, we assessed the specificity of all the tests with vari-
ous non–Zika virus samples to evaluate potential cross- 
reactivity. A first subpanel of samples from patients with 
confirmed acute dengue virus infection was formed be-
cause of the high potential for flavivirus cross-reactivity; 
a second subpanel consisted of samples from patients with 
confirmed chikungunya virus infection; and a third subpan-
el consisted of samples from patients with no dengue virus, 
chikungunya virus, or Zika virus infection. The specificity 
of the Euroimmun Zika virus IgM assay was 99% and that 
of the Dia.Pro test was 96%, with cross-reactivity varying 
according to the subpanel. Most cross-reactions were ob-
served in the subpanel of acute dengue samples, in which 
3 of 33 samples were false positive for Zika virus IgM, 
whereas 1 of 74 samples collected >1 year after the dengue 
epidemic (chikungunya virus subpanel and dengue virus, 
chikungunya virus, and Zika virus negative subpanel) was 
false positive. Maximum cross-reactivity of IgG tests was 
seen in the subpanel collected in the post–dengue epidemic 
period in 2014–2015. The false-positivity rate was 40% 
(14/35) in the acute dengue subpanel for both commercial 
tests; the rate grew to 45.8% (11/24) for the Euroimmun 

Zika virus IgG test and 58.6% (17/29) for the Dia.Pro Zika 
virus IgG test in the subpanel of acute chikungunya virus 
samples collected right after the dengue epidemic period 
in 2014–2015. The IgG cross-reactions tended to decrease 
with time: 2 years after the end of the latest dengue epidem-
ic in French Guiana, 5/42 (11.9%) samples were falsely 
positive by the Euroimmun IgG test and 9/42 (21.4%) sam-
ples were falsely positive with the Dia.Pro test. All samples 
except 2 with a false-positive result for Zika virus IgG were 
positive for dengue virus IgG by our in-house IgG antibody 
capture ELISA technique. The predictive positive value 
of both Zika virus IgG assays therefore largely depends 
on the epidemiologic situation of other flaviviruses, like  
dengue virus.

A study performed in Martinique during March–June 
2016 during the Zika virus epidemic showed a good corre-
lation between a high Euroimmun Zika virus IgG ratio and 
a positive Zika virus seroneutralization result. Ratios >4 
were associated with positive seroneutralization in >95% 
of cases, whereas ratios >5 were associated with seroneu-
tralization in 100% of cases (22). At the time of the study, 
only sporadic dengue cases were reported in Martinique, 
as the previous epidemic occurred in 2013–2014, >2 years 
earlier. In our assessment, the IgG S/C ratio value of false 
Zika virus IgG–positive samples varied from 1.1 to 6.7 
(mean 3.9) for acute dengue samples to 1.2 to 3.7 (mean 
2.0) for other non–Zika virus samples. These results un-
derline the importance and potential efficacy of using se-
lected panels to evaluate performance and, especially, the 
specificity of serologic assays. These results also indicate 
that when there is major cocirculation of dengue virus and 
Zika virus, the interpretation of serologic assays could be 
increasingly complex.

The overall specificity of the Euroimmun Zika vi-
rus IgG assay was 79% and that of the Dia.Pro assay was 
62%. These results indicate suboptimal specificity, which 
is lower than that reported previously (20,21), and is a con-
cern for serologic diagnosis of Zika virus infection. Sero-
neutralization is the classical reference test for confirming 
contact with Zika virus in cases of positive results with 
ELISA assays in regions where flaviviruses cocirculate; 
however, even seroneutralization tests could be difficult to 
interpret, leading the US Centers for Disease Control and 
Prevention to change its guidance for interpretation of Zika 
virus antibody test results in May 2016 (23,24). In cases 
of secondary flavivirus infection, a microneutralization test 
might not discriminate between the past and recent infect-
ing viruses, leading to an assumption of just a recent flavi-
virus exposure.

As reported previously by others, when IgM and IgG 
results were combined, sensitivity increased to 82% for 
Euroimmun and 87% for Dia.Pro assays, whereas specific-
ity decreased to 69% for Euroimmun and 62% for Dia.Pro  



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 6, June 2019 1159

(20,21). However, according to this combined analysis, 
42% (30/71) of samples positive by the Euroimmun as-
says and 21% (16/75) for the Dia.Pro assays correspond to 
IgM negative/IgG positive samples, for which distinction 
between recent and past infections is not possible. Thus, a 
combined interpretation is not suitable for Zika infection 
diagnosis in the context of endemic–epidemic circulation.

We not only assessed the performance of Euroimmun 
and Dia.Pro Zika virus IgM and IgG tests but also evaluat-
ed the kinetics of the antibodies through 300 days after the 
onset of symptoms. A major concern in serologic diagnosis 
of Zika virus infection is determining the date of infection, 
due to the high proportion of asymptomatic forms. Data on 
the duration of IgM persistence after Zika virus infection 
are still limited, but our results indicate that this antibody 
could persist for at least several months, as described for 
other arboviruses (25). Such persistence could preclude de-
termination of the recent nature of an infection, and other 
assays should be evaluated. The analysis of individual Zika 
virus antibody kinetics revealed distinct patterns. In some 
patients (such as patients 4, 5, 10, 16, 53), high IgM ra-
tios during the acute phase were associated with delayed 
and moderate increases in Zika virus IgG ratios, possibly 
reflecting a primary flavivirus or Zika virus infection; for 
other patients (such as patients 20, 34, 41, 58, 62), an early 
increase in the IgG ratio was combined with a low or even 
negative Zika virus IgM ratio throughout follow-up, indi-
cating secondary flavivirus infections. These 2 types of ki-
netics showed contrasted signal intensities, which are not 
observed with our in-house ELISA assays, in which whole 
Zika virus is used as an antigen (data not shown).

A limitation of our study is that the Zika virus–posi-
tive samples were confirmed by RT-PCR and thus were all 
from symptomatic cases. If antibody levels are different in 
symptomatic and asymptomatic infections, as described for 
dengue, the performance and antibody kinetics observed in 
this study might be considerably different in samples from 
asymptomatic infections (26,27).

This study highlights the complexity of interpreting 
serologic assays in areas where various arboviruses co-
circulate and demonstrates the importance of evaluating 
serologic assays with serum specimens from persons liv-
ing in endemic–epidemic areas and use of parallel testing 
antibodies to maximize the reliability of diagnosis. Further 
studies are also needed to identify specific biomarkers of 
each flavivirus infection for diagnosis after the acute phase 
of disease.
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Zika virus, a mosquito-transmitted flavivirus, has been 
isolated from sentinel monkeys, mosquitoes, and sick 
persons in Africa and Southeast Asia. Serologic surveys 
indicate that Zika virus infections can be relatively com-
mon among persons in southeastern Senegal and other 
areas of Africa, but that Zika virus-associated disease 
may be underreported or misdiagnosed. In 2007, a 
large outbreak of Zika virus infection occurred on Yap 
Island in the southwestern Pacific that infected ≈70% of 
the island’s inhabitants, which highlighted this virus as 
an emerging pathogen. The purpose of this study was 
to investigate and report 3 unusual cases of arboviral 
disease that occurred in Colorado in 2008.

Clinical and serologic evidence indicate that two Amer-
ican scientists contracted Zika virus infections while 
working in Senegal in 2008. One of the scientists trans-
mitted this arbovirus to his wife after his return home. 
Direct contact is implicated as the transmission route, 
most likely as a sexually transmitted infection.
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The unexpectedly large outbreak of Middle East respiratory 
syndrome in South Korea in 2015 was initiated by an in-
fected traveler and amplified by several “superspreading” 
events. Previously, we reported the emergence and spread 
of mutant Middle East respiratory syndrome coronavirus 
bearing spike mutations (I529T or D510G) with reduced 
affinity to human receptor CD26 during the outbreak. To 
assess the potential association of spike mutations with 
superspreading events, we collected virus genetic informa-
tion reported during the outbreak and systemically analyzed 
the relationship of spike sequences and epidemiology. We 
found sequential emergence of the spike mutations in 2 su-
perspreaders. In vivo virulence of the mutant viruses seems 
to decline in human patients, as assessed by fever duration 
in affected persons. In addition, neutralizing activity against 
these 2 mutant viruses in serum samples from mice immu-
nized with wild-type spike antigen were gradually reduced, 
suggesting emergence and wide spread of neutralization 
escapers during the outbreak.

Middle East respiratory syndrome coronavirus 
(MERS-CoV) is a newly emerging zoonotic patho-

gen that causes an acute and fatal respiratory disease (1). 
The viral pathogen was first identified in September 2012 

in an acute pneumonia patient in Saudi Arabia and has 
since been associated with 2,279 confirmed cases (with a 
death rate of ≈35.4%) in 27 countries as of March 2019 
(https://www.who.int/emergencies/mers-cov). Although 
primary transmission of MERS-CoV to humans is linked 
to contact with dromedary camels, up to 50% of outbreak 
cases have been associated with human-to-human trans-
mission, especially in healthcare settings (1). During 
May–July 2015, an unexpectedly large outbreak of MERS 
swept South Korea, resulting in 186 confirmed cases and 
38 deaths (death rate 20.4%). This outbreak was initiated 
by an infected traveler from the Middle East region and 
amplified by several “superspreading” events (defined as 
>4 human-to-human transmissions) in healthcare settings 
(2). Three superspreaders (P001, P014, and P016) were 
epidemiologically linked to 73.1% of the human transmis-
sions and infected 28, 85, and 23 subjects, respectively. 
Even though nosocomial superspreading might be fa-
cilitated by delayed diagnosis and poor infection control 
in healthcare facilities (1), the contribution of biologic 
factors, including host responses and virologic changes, 
has been poorly characterized. In addition, superspread-
ing events continue to sporadically arise and lead to un-
expectedly large outbreaks of MERS (2–4). Therefore, 
host–pathogen interactions driving virus evolution and 
human adaptation, which are potentially associated with 
rare superspreading events during host changes of the en-
zoonotic virus (5), need to be further investigated.

In previous studies, we reported the emergence and 
spread of mutant MERS-CoV bearing spike mutations 
(I529T or D510G) in receptor binding domain (RBD) with 
reduced affinity to human CD26 receptor during the South 
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Korea outbreak (6). These unexpected findings suggest that 
MERS-CoV adaptation during human-to-human spread 
might be driven by host immunologic pressure, such as 
neutralizing antibodies (7–9), that result in impaired virus 
fitness and virulence, rather than positive selection for a 
better affinity to CD26. A recent report also showed that 
changes in D510G and I529T reduced spike protein bind-
ing to CD26 and diminished virus entry (10). 

To assess the potential contribution of new emerging 
mutations to superspreading events, we collected virus 
genetic information reported during the South Korea out-
break and systemically analyzed its variations, especially 
spike sequences, in relationship to individual disease se-
verity and epidemiology. We also attempted to confirm 
whether the spike mutations affect virus dynamics in an 
in vitro infection model and virus escape from neutral-
izing antibody responses by using serum samples from 
mice immunized with wild-type spike antigen and from 
MERS patients in South Korea who had been infected 
with wild-type virus. Systemic overview of clinical and 
virologic data obtained during the transient but large out-
break driven by unexpected superspreading events among 
humans might provide novel insight into understanding 
the evolutionary pathways of the emerging coronavirus 
during animal-to-human transmission.

Materials and Methods

Study Design and Ethics
We collected genetic information on spike genes of MERS-
CoV analyzed in the patients’ specimens from the National 
Center for Biotechnology Information (http://www.ncbi.
nlm.nih.gov/) and a previous analysis by Park et al. (11). 
As of January 31, 2018, a total of 75 spike gene sequences 
from 48 patients in South Korea were available for analy-
sis (Appendix Tables 1, 2, https://wwwnc.cdc.gov/EID/
article/25/6/18-1722-App1.pdf). Baseline characteristics 
of the patients are summarized (Table; Appendix Table 1). 
Clinical data and serum samples (from P002, P009, and 
P010) obtained from the MERS patients were used in this 
study. Experimental methods are described more fully in 
the Appendix.

Ethics approval was granted by the institutional review 
boards of Chungnam National University Hospital (ap-
proval no. CNUH2017–12–004), National Medical Center 

(approval no. H-1510–059–007), Seoul National Univer-
sity Hospital (approval nos. 1509–103–705 and 1511–117–
723), Seoul National University Boramae Medical Center 
(approval no. 26–2016–8), Seoul Medical Center (approval 
no. Seoul 2015–12–102), and Dankook University Hospi-
tal (approval no. DKUH2016–02–014).

This study was conducted in accordance with the ethi-
cal standards laid down in the 1964 Declaration of Hel-
sinki and all subsequent revisions. Animal experiments 
were approved by the Seoul National University Institu-
tional Animal Care and Use Committee (permit no. SNU-
170828–1-2) and performed in strict accordance with the 
recommendations in South Korea’s National Guideline for 
the Care and Use of Laboratory Animals.

Results
We collected and analyzed genetic information of spike 
genes reported during the South Korea outbreak. All the 
information on the spike mutations in 48 patients and their 
sampling dates are summarized in Appendix Tables 1 and 
2. The timelines of the detection of spike mutations are 
depicted in Figure 1. We focused on 2 mutations (D510G 
and I529T) in the RBD region because these 2 novel muta-
tions substantially reduced MERS-CoV affinity to human 
receptor CD26 and were observed in multiple patients 
during the outbreak (6). In addition, no nonsynonymous 
spike mutation was consistently associated with the 2 
spike mutations (Appendix Table 2). Wild-type MERS-
CoV was detected in the index patient (P001) on May 19, 
2015; however, the I529T mutation was observed 3 days 
later (May 22, 2015), suggesting that the I529T mutation 
emerged within 11 days after symptom onset. The poten-
tial change in spike gene is consistent with the fact that 
early contactors (P002, P009, and P010) with P001 also 
carried the wild-type virus, but most of the subsequent 
patients, including 2 superspreaders (P014 and P016), 
were infected with I529T mutant viruses. Moreover, the 
second mutation (D510G) was first detected in P014. 
The respiratory sample collected from P014 on June 1, 
2015, included mixed spike sequences (wild-type, I529T, 
or D510G) and a rare double mutation (D510G–I529T) 
(11). Even though most of the patients infected by P014 
carried MERS-CoV with the I529T mutation, the second 
mutant D510G was transiently or consistently observed 
in some of the tertiary and quaternary cases (P050, P066, 
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Table. Baseline characteristics of MERS patients and associated MERS coronavirus spike genotypes identified from the 2015 MERS 
outbreak in South Korea* 

Severity group 
No. (%) patients Patient age, y, 

mean + SD 
No. associated spike genotypes 

Men Women WT I529T D510G WT–I529T WT–I529T–D510G 
I 3 (50.0) 3 (50.0) 54 + 13 1 2 1 1 1 
II 9 (47.4) 10 (52.6) 46 + 11 0 10 2 6 1 
III 8 (75.0) 4 (25.0) 48 + 12 3 4 0 4 1 
IV 7 (63.6)  4 (36.4) 68 + 13 1 6 0 3 1 
*MERS, Middle East respiratory syndrome; WT, wild-type. 
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P080, P122, P155, and P168) (11). These results indicate 
that P014 initially harbored mixed wild-type and I529T 
mutant viruses and generated the D510G mutation, but 
the I529T mutant virus dominated the exposure period. In 
addition, this patient spread both mutants simultaneously 
during subsequent human-to-human transmission. The 
D510G mutant was detected only in the patient group in-
fected by P014 but not in those infected by P001 or P016, 
further indicating that P014 is the probable origin of the 
D510G mutation. The I529T mutant was initially domi-

nant in 2 patients (P077 and P080), but wild-type MERS-
CoV later overtook as the major population, suggesting a 
fluctuation of wild-type and mutant viruses in the hosts.

Whether spike mutations of MERS-CoV are associ-
ated with disease morbidity has not yet been determined. 
We reviewed the clinical data of 48 patients for whom 
virus spike sequence information was available and clas-
sified them into 4 groups on the basis of disease severity 
and death rates during the MERS outbreak (Table; Ap-
pendix Table 1) (12). Group I includes 6 persons who 
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Figure 1. Emergence and spread of Middle East respiratory syndrome coronavirus (MERS-CoV) bearing the I529T or D510G 
mutation in the spike protein during the 2015 outbreak in South Korea. Transmission chain of infection and the timeline of potential 
virus exposure, symptom onset, date of specimen collection from patients, and identified mutation in the spike protein of MERS-CoV 
analyzed in this study. Case-patients’ IDs are colored on the basis of disease severity (gray, group I; black, group II; pink, group III; 
red, group IV). Spike sequences analyzed by targeted deep sequencing (10) are denoted as a square with black (single genotype) or 
red (mixed genotypes with wild-type) borderline. Others are marked as circles (direct sequencing). Detailed information on patients’ 
characteristics and their associated spike sequences of MERS-CoV are available in Appendix Tables 1 and 2 (https://wwwnc.cdc.gov/
EID/article/25/6/18-1722-App1.pdf). WT, wild-type.



Figure 3. Increased resistance of 
Middle East respiratory syndrome 
coronavirus (MERS-CoV) against 
antibody-mediated neutralization 
by spike mutations during the 
2015 outbreak in South Korea. 
A) Neutralizing activity of serum 
samples against lentiviruses 
bearing WT and mutant 
spikes. 50% pseudoparticle 
neutralization test titers against 
lentiviruses bearing WT or 
mutant spikes (I529T or D510G) 
in serum samples from mice (n 
= 6) immunized with WT spike 
antigen are plotted. Mean values 
are indicated by red lines. Statistical significance was calculated by using analysis of variance with Newman–Keuls post t-test correction. 
*p<0.05. B) Neutralization activity against MERS-CoV bearing WT or I529T mutant spike mutation in serum samples from 3 recovered 
patients (P002, P009, and P010) who carried only WT MERS-CoV. ppNT50, 50% pseudoparticle neutralization test; PRNT50, 50% plaque 
reduction neutralization test; WT, wild-type.

RESEARCH

were asymptomatic or had fever without pneumonia. 
Group II includes 19 patients who had mild pneumonia 
without hypoxemia. Twelve persons who recovered from 

more prolonged and severe pneumonia are classified as 
group III. Group III subjects experienced hypoxemia and 
were treated with oxygen during hospitalization. Eleven  
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Figure 2. Effect of spike 
mutations in Middle East 
respiratory syndrome 
coronavirus (MERS-CoV) on 
fever duration and virus growth in 
vitro during the 2015 outbreak in 
South Korea. A) Fever duration 
of 48 patients for whom virus 
spike sequence information is 
available is presented depending 
on the associated spike 
genotypes. B) Fever duration of 
patient group associated with WT 
virus, including mixed infection 
(n = 23) and those infected 
only with either of the mutant 
viruses (n = 25). Mean value of 
each group is indicated by red 
lines. Baseline information of 
the patients and their associated 
MERS-CoV spike sequences are 
summarized in online Appendix 
Table 1 (https://wwwnc.cdc.gov/
EID/article/25/6/18-1722-App1.
pdf). C, D) Distribution of viral 
plaque sizes in Vero cells (panel 
C: WT, n = 48; I529T, n = 58) or 
293T–CD26 cells (panel D: WT, 
n = 65; I529T, n = 55) infected 
with MERS-CoV bearing WT or 
I529T mutant spike at 3 days 
after infection. Representative 
results of plaque assay are 
presented in the upper panels, 
and size distribution of viral 
plaques are plotted in the lower panel. Mean values are indicated by red lines. Significance was calculated by using a 2-tailed student’s t-test. 
WT, wild-type. ***p<0.001, *p<0.05. Scale bar indicates 100 μm. 
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patients who died from acute respiratory distress syn-
drome are classified as group IV. Baseline characteristics 
of the patients, including exposure period, date of symp-
tom onset, and fever duration, are summarized (Figure 
1; Appendix Table 1). Initially, we assessed the poten-
tial association of spike mutations with disease severity 
(Table), but could not observe any statistically significant 
association of MERS severity with spike mutations or 
mixed spike genotype infection. However, the average 
days of fever duration in MERS patients was generally 
longer in cases associated with wild-type virus (mean + 
SD, 18 + 6 days) or mixed infection including wild-type 
(mean + SD, 16 + 14 days) compared with fevers in pa-
tients infected only with I520T (mean + SD, 11 + 8 days) 
or D510G (mean + SD, 10 + 8) mutant (Figure 2, panel 
A). Even though differences in fever duration between the 
patient group associated with wild-type virus, including 
mixed infection (17 + 12 days), and those infected only 
with either of the mutant viruses (mean + SD, 11 + 7 days) 
are statistically marginal (p = 0.0654) (Figure 2, panel B), 
potentially because of limited data, the reduction of fever 
duration in patients associated only with the primary and 
secondary mutations seems to be consistent.

Because the disease severity and case-fatality rate of 
MERS is associated with viral load (12), we next exam-
ined whether mutant viruses with reduced affinity to hu-
man CD26 receptor had also reduced cell-to-cell spread, 
virus growth, or both. We performed plaque-forming as-
say in vitro and compared viral plaques between wild-type 
and I529T MERS-CoV. The average size of viral plaques 
formed by I529T mutant MERS-CoV (mean + SD, 0.49 + 
0.15 mm2) was significantly smaller (≈23%) than that of 
wild-type virus (mean + SD, 0.64 + 0.21 mm2) in Vero E6 
cells (Figure 2, panel C). It was consistently observed in a 
human embryonic kidney cell line, 293T cells overexpress-
ing human CD26 (293T–CD26) (Figure 2, panel D). The 
average size of plaques induced by I529T mutant (mean + 
SD, 0.08 + 0.07 mm2) was also smaller (≈25%) than that of 
wild-type MERS-CoV (mean + SD, 0.06 + 0.05 mm2) in 
293T–CD26 cells. These results clearly indicate that spike 
mutation generated during the South Korea outbreak have 
reduced transmissibility, reduced growth rate, or both in an 
in vitro infection model.

To examine whether the spike mutations affect sen-
sitivity to the neutralizing activity of antibodies against 
wild-type spike, we investigated whether the antibodies 
generated in mice immunized with wild-type spike antigen 
are able to neutralize the spike mutant viruses as efficient-
ly as wild-type virus. We performed a 50% pseudopar-
ticle neutralization test assay on wild-type and mutant 
spike-pseudotyped lentiviruses and then compared their 
neutralizing efficacy. Average titers of serum samples 
from the immunized mice showed gradually decreased  

neutralization of I529T (mean + SD, 1,727 + 897) or 
D510G mutant viruses (1,009 + 482) than wild-type virus 
(mean + SD, 2,629 + 1,384) (Figure 3, panel A), dem-
onstrating that the mutant viruses are neutralization es-
capers. Finally, we measured the neutralizing antibody 
titers (using a 50% plaque reduction neutralization test 
[PRNT50]) against MERS-CoV bearing wild-type and 
I529T mutant in serum samples from the 3 recovered pa-
tients (P002, P009, and P010) who carried only wild-type 
MERS-CoV. Neutralizing efficacy (PRNT50 titers) of the 
serum samples against wild-type MERS-CoV were con-
sistently higher than those against I529T mutant MERS-
CoV (Figure 3, panel B). Average PRNT50 titers of the 3 
serum samples against wild-type (mean + SD, 2,943 + 
2,994) were 3.3-fold higher than those against I529T mu-
tant MERS-CoV (mean + SD, 888 + 723), indicating that 
I529T mutant MERS-CoV escapes better from neutral-
izing antibodies generated by infection with wild-type vi-
rus. PRNT50 titers of serum samples from P009 and P010, 
who had more severe disease, were higher than those of 
P002, who had only mild symptoms.

Discussion
Even though multiple environmental and behavioral fac-
tors might be associated with the zoonotic coronavirus out-
breaks in human populations, the advent of “superspread-
ers” that cause a large number of new infections during the 
early stage of an outbreak might play a critical amplify-
ing role (13). Such superspreading persons have been well 
documented in a previous severe acute respiratory syn-
drome (SARS) epidemic and recent ongoing MERS out-
breaks (13). Although the underlying biologic causes and 
determinants of superspreading are still poorly understood, 
superspreading events of zoonotic coronaviruses might be 
related to higher levels of virus shedding for prolonged pe-
riods of uncontrolled exposure to susceptible contacts early 
in the outbreak, before the need for infection control is ap-
preciated (5). Our study systemically assesses MERS-CoV 
genetic changes during the 2015 MERS outbreak in Korea 
and highlights potential biologic factors associated with the 
short-term evolutionary pathway of zoonotic coronavirus 
adapting to the human population in the context of super-
spreading events.

Microevolution toward reduced host affinity of 
MERS-CoV might be associated with host antibody re-
sponses. In this study, we showed that antibodies generated 
in immunized mice with wild-type spike antigen or in hu-
man patients who had recovered from wild-type MERS-
CoV infection were generally less efficient at neutralizing 
the mutant virus bearing I529T or D510G spike mutations 
than wild-type virus (Figure 3). In addition, in vitro virus 
growth of I529T mutant MERS-CoV, its cell-to-cell spread, 
or both are significantly reduced compared with that of 
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wild-type virus (Figure 2, panel C and D). Given that there 
are only 2 amino acid differences in spike RBD (I529T 
and V534L) and 5 nonsynonymous nucleotide changes 
throughout the whole virus genome (GenBank accession 
no. KT029139.1 for wild-type and KT868873.1 for I529T 
mutant) between the wild-type and I529T mutant isolates 
from Korea used in this study, the difference in plaque sizes 
is primarily attributable to the spike mutation (Appendix 
Table 3). A recent study demonstrated that changes D510G 
or I529T increased resistance of spike protein–driven entry 
to neutralization by monoclonal antibodies and serum from 
MERS patients (10). The study also confirmed that changes 
D510G or I529T reduced spike protein binding to CD26 but 
showed that this reduction only translates into diminished 
virus entry when expression of CD26 on target cells is low 
(10). Neither mutation modulated spike protein binding to 
sialic acids, spike protein activation by host cell proteases, 
or inhibition of spike protein–driven entry by interferon-
induced transmembrane proteins (10). In this study, how-
ever, we consistently observed that the average size of viral 
plaques formed by the mutant MERS-CoV bearing I529T 
mutation was significantly reduced in 2 types of permissive 
cells, Vero E6 and HEK293T-CD26 cells expressing high 
levels of CD26 (14,15), compared with that of wild-type 
MERS-CoV (Figure 2C and 2D). 

Because a previous study employed a pseudotyped 
vesicular stomatitis virus system bearing wild-type or 
mutant MERS-CoV spike proteins (10), our current result 
using MERS-CoV isolated from human patients might 
reflect more intrinsic characteristics of spike protein in 
the context of the natural form of MERS-CoV. Further 
studies are needed to characterize the effect of the spike 
mutations on virus growth or spread in in vitro and in vivo 
infection systems.

The emergence of spike mutations that affect affinity 
to host receptors might be a critical cause of superspread-
ing events. A similar observation was made regarding the 
2002–2003 SARS epidemic (13). However, those muta-
tions generally enhanced the affinity of spike to human 
receptor ACE2 and was detected from the beginning of hu-
man-to-human transmission (16–19). Both the 2002–2003 
SARS epidemic and the 2015 MERS outbreak in South 
Korea were associated virus mutations that change affin-
ity to human receptors, but in opposing ways: SARS-CoV 
acquires mutations to replicate more efficiently and be-
come more pathogenic (13), whereas MERS-CoV mutants, 
which have less affinity to receptors on human cells and 
potentially less pathogenicity, emerged in superspreaders 
during the outbreak in South Korea. 

A recent study reported that both MERS-CoV and 
SARS-CoV spike trimers have inherently flexible RBD 
structure with 2 states (buried flat or exposed in a stand-
ing position) as observed by cryoelectron microscopic 

analysis (20). That study proposed that 1 CD26 molecule 
might cross-link 2 MERS-CoV spike trimers by bind-
ing to standing RBDs, 1 from each trimer, whereas the 
monomeric ACE2 receptor will bind to the SARS-CoV 
spike trimer with 1 receptor to 1 spike trimer, enabling 
MERS-CoV to have higher avidity to receptor binding 
than SARS-CoV (20). Inherent differences in avidity to 
the cellular receptors of spike trimers might partially 
explain why these 2 animal coronaviruses evolved in 
opposing directions in terms of receptor affinity when 
they switch hosts to the human population; spike muta-
tions with higher affinity might be the only way to ensure 
successful human-to-human transmission in SARS-CoV 
with intrinsic lower avidity, whereas the higher spike 
avidity of MERS-CoV might afford the virus to have 
spike mutations with lower affinity to human receptors 
for increased antibody escape. Therefore, a vaccine im-
munogen designed to broadly raise neutralizing antibod-
ies would preferably target the conserved and surface 
exposed stem region rather than RBD (20). Recently, a 
study showed that single mutations can make influenza 
virus completely resistant to both narrow strain-specific 
antibodies and a broad antibody that targets residues in 
hemagglutinin RBD, whereas broad antibodies to hem-
agglutinin’s stalk are more resistant to virus escape 
through single mutations (21).

The microevolution of spike genes in MERS-CoV 
toward reduced human affinity but enhanced escape from 
neutralizing antibodies in a single patient might increase 
the probability of a spreading event by extending the vi-
rus replication period in the host. The 3 superspreaders in 
South Korea (P001, P014, and P016) belong to group III 
and had severe and prolonged viral pneumonia (2). The 
group III patients produced a significantly higher number 
of viruses in their respiratory secretions for longer periods 
than patients with milder cases (12,22). The superspread-
ers in South Korea were suspected to produce MERS-CoV 
with high copy numbers (108–109 copies/mL) in their respi-
ratory secretions during the early phase of MERS symptom 
development (12,22,23) and exposure to susceptible con-
tacts for 9–11 days (2). They were also positive for virus 
in their respiratory secretions for prolonged periods (44, 
30, and 27 days, respectively, after symptom onset) even 
after isolation (12,22,24). In addition, a new spike mutant 
emerged in the index patient (P001) and P014, who com-
bined infected >80 patients, within 2 weeks after symptom 
onset, such that they harbored mixed infection with wild-
type and spike mutant viruses. Consequently, P001 and 
P014 spread mixed viruses during the early phase of the 
outbreak (Figure 1) (11). 

Mixed infection with wild-type and spike mutant vi-
ruses was confirmed in the majority of the tertiary case-pa-
tients infected by P014 by targeted deep sequencing, and the  
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intrapatient heterogeneity of MERS-CoVs was the highest 
in superspreader specimens (11). Although the frequency of 
D510G and I529T varied greatly among specimens analyzed 
using targeted deep sequencing, the combined frequency of 
the single mutants was consistently high (≈88% on average), 
whereas the frequency of the wild-type was low (≈7% on 
average), supporting the hypothesis that selective pressure 
exerted by host neutralizing antibody responses played a 
critical role in shaping genetic variants (11). 

Fluctuations of wild-type population with higher af-
finity to host and mutant viruses that can escape neutraliz-
ing antibodies in a single person might facilitate sustained 
virus replication with higher loads. Wild-type virus was 
dominant in several tertiary patients (e.g., P077 and P080) 
at the later stage of infection, although mutant virus was 
the major population in the earlier stage (Figure 1). P077 
had hypotension, chronic respiratory disease, and pancre-
atitis. P080 had lymphoma and respiratory illness before 
infection by P014. P077 died 13 days after symptom on-
set, and P080 died of lymphoma 174 days after symptom 
onset. In both cases, wild-type and mutant viruses were 
detected initially (11), suggesting a mixed infection from 
P014, and the patient might have suffered from immuno-
suppression upon virus infection either by initial high vi-
ral load (in the case of P077), as observed in other fatal 
cases (12), or by previous cancer treatment (in the case of 
P080). Failing adaptive immunity in these patients might 
provide a specific environment that allowed wild-type 
virus with higher affinity to host to resurge among the 
mixed population in the later stage of infection. Indeed, 
serial samples from P077 and P080 show a substantial 
decrease in normalized leukocyte count and a simultane-
ous increase in the frequency of the wild-type allele (11). 
Again, these results suggest that the selection pressure 
exerted by the host immune response might favor variants 
with reduced affinity to the host receptor, but wild-type 
virus with high affinity is dominant when immune pres-
sure is reduced. 

Taken together, the emergence of antibody escaping 
mutants under mounting immunologic pressure in a host 
might ensure sustained virus replication, higher virus shed-
ding into respiratory secretions for longer periods, and de-
lay in antigen-specific immunity, thereby increasing the 
probability of a patient becoming a superspreader. Never-
theless, this evolutionary pathway of coronaviruses during 
human-to-human spread might result in serial decrease of 
host affinity and pathogenicity, as well as milder respira-
tory symptoms, if their transmission in the human popula-
tion is not properly restricted at the initial outbreak stage.
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Middle East respiratory syndrome coronavirus 
(MERS-CoV) is a novel CoV known to cause 
severe acute respiratory illness in humans; 
approximately 40% of confirmed cases have 
been fatal. Human-to-human transmission 
and multiple outbreaks of respiratory illness 
have been attributed to MERS-CoV, and severe 
respiratory illness caused by this virus contin-
ues to be identified. As of February 23, 2014, 
the World Health Organization has reported 
182 laboratory-confirmed cases of MERS-CoV 
infection, including 79 deaths, indicating an 
ongoing risk for transmission to humans in the 
Arabian Peninsula.
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In 2015, a mass die-off of ≈200,000 saiga antelopes in cen-
tral Kazakhstan was caused by hemorrhagic septicemia at-
tributable to the bacterium Pasteurella multocida serotype 
B. Previous analyses have indicated that environmental 
triggers associated with weather conditions, specifically air 
moisture and temperature in the region of the saiga antelope 
calving during the 10-day period running up to the event, 
were critical to the proliferation of latent bacteria and were 
comparable to conditions accompanying historically similar 
die-offs in the same areas. We investigated whether addi-
tional viral or bacterial pathogens could be detected in sam-
ples from affected animals using 3 different high-throughput 
sequencing approaches. We did not identify pathogens as-
sociated with commensal bacterial opportunisms in blood, 
kidney, or lung samples and thus concluded that P. multo-
cida serotype B was the primary cause of the disease.

The saiga antelope (Saiga tatarica tatarica and S.t. mon-
golica) is a critically endangered species (1) with popu-

lations located in Kazakhstan in addition to small remnants 
in Russia and Uzbekistan and a subspecies in Mongolia. 
Each year during the month of May, Saiga antelopes gather 
in Kazakhstan for calving. Mass die-offs in their popula-
tions have been reported previously and were attributed to 
viral and bacterial etiologies, including pasteurellosis (2). 
However, the diagnosis in most of these events has been 
unreliable because of insufficient fresh sampling and diag-
nostic work (2).

During a large outbreak in 2015, extensive diagnostics 
and environmental studies were undertaken, subject to re-
stricting factors such as remoteness and limited cold chain 

resources. Annual disease monitoring in saiga antelopes 
had been established after die-offs occurred in western Ka-
zakhstan in 2010, and an international multidisciplinary 
research team was on the ground at the time of the die-off, 
performing routine surveillance (3,4).

The mass die-off of saiga antelopes in Kazakhstan 
started around May 10, 2015, and caused ≈200,000 deaths 
across several calving groups within 3 weeks. These sub-
groups of saiga antelopes were spread discretely across a 
landscape of several hundreds of thousands of square ki-
lometers. The number of dead animals constituted more 
than two thirds of the global population of saiga antelope at 
the time. The outbreak wiped out 88% of the Betpak-Dala 
population in central Kazakhstan (5) and appeared to have 
a 100% case-fatality rate.

Laboratory results on the microbiologic, pathologic, 
and environmental conditions at the time of the 2015 out-
break suggested hemorrhagic septicemia caused by Pasteu-
rella multocida serotype B and triggered by environmen-
tal conditions (3,6). However, whether a second unknown 
infectious agent had predisposed the animals to infection 
with P. multocida was unclear from the laboratory results. 
Given the opportunistic nature of Pasteurella, the objective 
of our study was to attempt to identify whether any addi-
tional unknown potential causative pathogens were present 
in samples (taken from 10 animals) that might may have 
contributed to the die-off.

Materials and Methods

Field Assessment
The first dead animals were detected in the Amangeldy 
District (Kostanay region) of Kazakhstan on May 10, 2015, 
and additional die-offs were recorded in unconnected dis-
crete locations in the Aktobe and Akmola regions (3). A 
primary diagnosis of hemorrhagic septicemia as the cause 
of death was proposed at the sites on the basis of clinical 
signs and gross pathology. We took FTA papers of whole 
blood spots from 8 freshly dead, female animals (Table 1) 
in a 2-km radius on the last 2 days of the operation and 
sent them to international reference laboratories for high-
throughput sequencing (HTS) protocols. FTA cards were 
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used as backup given the limited resources available and 
difficulties in maintaining cold chain and in transportation 
of fresh samples to local laboratories. Lung and kidney tis-
sue from 2 dead saiga antelopes (lung tissue from animal 
X and kidney tissue from animal Y) from the Turgai River 
region were also processed for 16S metagenomics sequenc-
ing in the city of Almaty, Kazakhstan. Although these sam-
ples were from a region 175 km from the site where the 
FTA card samples were taken, they were considered part of 
the same saiga antelope population. Given the uniformity 
of the clinical syndrome and consistency of the pathogen-
esis, the sample of cases selected was small relative to the 
scale of the die-off, but each case was evaluated in consid-
erable depth and considered representative of the affected 
population on the basis of the consistent pathology and dis-
ease characteristics observed in all the affected animals (3).

Laboratory Assessment
We submitted samples of dried blood spots (2 cm in di-
ameter) on FTA papers taken from 8 animals to 2 different 

research institutions (the Pirbright Institute in the United 
Kingdom and the Friedrich-Loeffler-Institut [FLI] in Ger-
many) for HTS analyses (Figure 1) under 2 different HTS 
protocols (random amplification–based sequencing at Pir-
bright and RNA sequencing at FLI). Six of the 8 FTA blood 
spot samples were processed for further testing by using 
HTS at Pirbright, and 4 of the 8 samples were processed 
for further testing at FLI. Two of the 8 samples were pro-
cessed by both laboratories. Lung and kidney tissue from 2 
dead saiga antelopes (Table 2) were tested for 16S bacterial 
diversity by using a 16S metagenomic sequencing protocol 
developed by the Institute of Microbiology and Virology in 
Almaty (Figure 2).

Results
We analyzed reads from each of the parallel investigations 
by using established bioinformatics pipelines to identify mi-
crobial agents present within each sample. All raw datasets, 
de novo assemblies, and 16S sequencing metagenome data 
sets have been submitted to the European Nucleotide Archive 

 
Table 1. Details outlining the origins of the 8 FTA samples, including animals and GPS data, used in an investigation of a mass die-off 
of saiga antelopes, Kazakhstan, 2015* 
Sample no. Species Age, y/sex Comment Sample type GPS no. Date 
1 Saiga tatarica 3–4/F Postmortem FTA x2 427 2015 May 26 
2 Saiga tatarica 3/F Postmortem FTA x2 426 2015 May 26 
3 Saiga tatarica 1–2/F Postmortem FTA x2 456 2015 May 26 
4 Saiga tatarica 1–2/F Postmortem FTA x2 452 2015 May 26 
5 Saiga tatarica 5–6/F Postmortem FTA x2 457 2015 May 26 
6 Saiga tatarica >5/F Postmortem FTA x2 458 2015 May 26 
7 Saiga tatarica 2/F Postmortem FTA x2 455 2015 May 26 
8 Saiga tatarica 13/F Postmortem FTA x2 NA 2015 Jun 25 
*GPS, global positioning system; NA, no information available. 

 

Figure 1. Geographic 
distribution of saiga antelope 
die-off events, Kazakhstan, 
2015. Red and orange areas 
indicate known outbreak 
locations of the 3 saiga 
populations. Inset shows 
area in relation to the rest of 
Kazakhstan and neighboring 
countries of central Asia.
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and GenBank (accession nos. PRJEB28164, PRJEB28184, 
and PRJNA486600).

Random Amplification–Based Sequencing Protocol
The Pirbright protocol consisted of a random amplification 
workflow, with libraries sequenced using the MiSeq System 
(Illumnia, https://www.illumina.com) to identify microbial 
nucleic acids present in dried peripheral blood spots. The 
classification of sequenced reads into different taxonomic 
groups was conducted by using 2 approaches; the first was 
a k-mer–based approach that assigned each read indepen-
dently (Table 3; Appendix Table 1, https://wwwnc.cdc.
gov/EID/article/25/6/18-0990-App1.pdf), and the second 
was a de novo approach that first assembled reads into con-
tigs and then assigned contigs (Table 4; Appendix Tables 
2–4). Approximately 72% of the original reads mapped to 
the assembly produced by the de novo approach. Neither 
of these 2 approaches conclusively identified a single vi-
rus as a causative agent in all samples. In all 6 samples 

tested, 46.4% (geometric mean [GM]) of reads were un-
classified against the Mini-Kraken Database (https://ccb.
jhu.edu/software/kraken) and were possibly host-derived; 
these reads were labeled as unclassified (Table 3). This de-
termination was further supported by the de novo analysis, 
which identified the largest contigs as being host-derived, 
having 35% of reads accounting for host material. In terms 
of microbial organisms, in 6 of 6 samples, the largest num-
bers of hits (GM 39%) were identified as Pasteurella spp. 
The specificity of this finding was increased for the P. 
multocida genome, which exhibited the greatest number 
of matches (GM 69,760 hits/sample [35.4%]). The micro-
bial organism with the second highest number of hits in all 
samples was Alteromonas macleodii (GM 215 hits/sample 
[0.11%]). K-mers present in all 6 samples also aligned with 
the Achromobacter xylosoxidans (GM 102 hits/sample), 
Haemophilus spp. (GM 40 hits/sample), Mannheimia hae-
molytica (GM 13 hits/sample), Klebsiella spp. (GM 23 hits/
sample), and Aggregatibacter spp. (GM 16 hits/sample), 

 
Table 2. Characteristics of fresh tissue samples transferred to Almaty for 16S ribosomal profiling used in an investigation of a mass 
die-off of saiga antelopes, Kazakhstan, 2015* 
Animal Date GPS Species Age y/sex Sample used for HTS 
Animal X 2015 May 16 49°46.586N/ 65°26.369E Saiga tatarica 2/F Lung 
Animal Y 2015 May 19 49°45.001N/065°27.536E S. tatarica 3/F Kidney 
*HTS, high-throughput sequencing. 

 

Figure 2. Outline of the process 
of sampling and high-throughput 
sequencing protocols performed 
at 3 research institutes in an 
investigation of a mass die-off 
of saiga antelopes, Kazakhstan, 
2015. FLI, Friedrich-Loeffler-
Institut; IMV, Institute of 
Microbiology and Virology.
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albeit to a lower level than the top 2 results. All the other 
organisms tested had matches of <10 hits and were not con-
sidered statistically significant.

The de novo analysis approach also did not identify 
any homologies with unexpected viral genomes. Several 
bacteria were identified by both k-mer and de novo analy-
sis protocols, including P. multocida and M. haemolytica, 
although these bacteria had smaller contigs (182 bp and 85 
bp, respectively) and were thus not included in the results 
(Table 4). We were unable to identify 195 contigs produced 
by the de novo assembly despite using several BLAST 
databases (https://blast.ncbi.nlm.nih.gov/Blast.cgi). We 
subjected these contigs to an extended analysis in which 
they were first aligned to BLAST databases with tblastx to 
find similarities at the protein level. That analysis gener-
ated matches for 35 contigs; the distribution of the matches 
in terms of species mirrors quite closely the one found by 
nucleotide BLAST (Appendix Tables 2–4). Separately, 
we also translated and subjected the unknown contigs to 
a search using SUPERFAMILY (http://supfam.org). This 
approach returned hits for 87 contigs (Appendix Tables 
2–4), of which most appeared to be homologs of bacterial 

proteins. No further pathogens could be conclusively iden-
tified using this analysis. Further analysis of the assembled 
sequences attributed to P. multocida did not permit accu-
rate conclusions to be drawn because of the fragmented 
nature of the contigs.

RNA Sequencing Protocol
By using the RIEMS analysis pipeline, we performed taxo-
nomic analysis of the sequencing reads obtained from li-
braries generated from RNA extracted from 4 blood spots 
from FTA cards that had been transcribed into cDNA us-
ing random hexamer priming followed by shotgun library 
preparation. Of the samples tested at FLI, samples 2 and 5 
were also tested at Pirbright. Overall, these analyses clas-
sified 77.9%–93.5% of the reads as P. multocida (Table 
5). The remainder mainly represented host sequences 
(0.9%–16.2%). With a few exceptions for phage reads, no 
reads were classified as being of viral origin, which was 
concordant with findings of the Pirbright dataset. In all 
samples, the proportion of reads remaining unclassified af-
ter analysis of the nucleic acid sequences was low (0.42%–
0.45%); these unclassified reads had median lengths of 

 
Table 3. Main results of the k-mer–based approach on the random amplification metatranscriptomic dataset used in an investigation of 
a mass die-off of saiga antelopes, Kazakhstan, 2015* 

Organism 
No. reads (% total reads) 

Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 
Total no. reads 231,907 773,835 272,102 300,807 235,255 187,049 

Total no. reads passing QC 109,302 (47.1) 553,163 (71.48) 174,613 (64.17) 233,888 (77.8) 171,409 (72.86) 138,292 (73.93) 

Unclassified/nonmicrobial 50,478 (46.18) 343,404 (62.08) 86,165 (49.35) 133,456 (57.06) 57,812 (33.73) 50,731 (36.68) 

Virus 47 (0.03) 141 (0.03) 33 (0.03) 174 (0.05) 73 (0.04) 51 (0.04) 

Pasteurellaceae 53,097 (48.58) 129,337 (23.38) 69,251 (39.66) 63,817 (27.29) 93,378 (54.48) 72,799 (52.64) 

Pasteurella multocida 49,844 (45.6) 115,231 (20.83) 60,504 (34.65) 56,775 (24.27) 86,664 (50.56) 67,406 (48.74) 

Alteromondales 1303 (1.19) 2690 (0.49) 35 (0.02) 499 (0.21) 32 (0.02) 51 (0.04) 

Enterobacteriaceae 52 (0.05) 208 (0.04) 153 (0.09) 112 (0.05) 77 (0.04) 48 (0.03) 

Haemophilus 23 (0.02) 77 (0.01) 31 (0.02) 36 (0.02) 63 (0.04) 37 (0.03) 

Betaproteobacteria 86 (0.08) 13160 (2.38) 30 (0.02) 86 (0.04) 18 (0.01) 22 (0.02) 

Mannheimia 10 (0.0) 18 (0.0) 12 (0.01) 18 (0.01) 19 (0.01) 9 (0.01) 

Aggregatibacter 8 (0.0) 37 (0.0) 13 (0.0) 18 (0.0) 16 (0.0) 18 (0.01) 

Klebsiella 11 (0.0) 58 (0.01) 16 (0.0) 54 (0.01) 16 (0.0) 14 (0.0) 
*Only organisms that were identified in all samples and with >10 reads are listed. Samples 2 and 5 were also tested at Friedrich-Loeffler-Institut by using 
an RNA sequencing protocol. QC, quality control. 

 

 
Table 4. Main results obtained using a de novo approach on the random amplification meta-transcriptomic dataset used in an 
investigation of a mass die-off of saiga antelopes, Kazakhstan, 2015* 
Read area No. contigs† Total length, bp Attribution‡ Comment 
796 2 271 Pasteurella bettyae CCUG 2042 

 

1,758,115 162 27,999 Ovis canadensis canadensis Host 
1,676,355 23 5,780 Capra hircus (goat)  
36,795 7 1,287 Bubalus bubalis (water buffalo)  
30,763 14 1,959 Bos taurus (cattle)  
3,252 6 1,366 Saiga tatarica  
2,625 8 1,283 Ovis aries (sheep)  
2,414 5 969 Bos indicus  
1,650 2 317 Eudorcas thomsonii (Thomson’s gazelle)  
14,221,307 6,641 2,103,430 Pasteurella multocida Other 
69,009 195 27036 Unknown sequence  
35,246 1 401 Uncultured eukaryote  
796 2 271 Pasteurella bettyae CCUG 2042   
*Equivalent to the contig length × the average read coverage. 
†Number of contigs with the same attribution. 
‡As determined by the best blastn hit. 
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35 bp (interquartile range 25–45 bp) and accounted for 
0.068%–0.082% of the total bases. Therefore, the infor-
mation content of the unclassified portion of the datasets 
was too low to provide additional information even by ad-
ditional analyses on the basis of the amino acid sequences 
deduced from these reads.

To conduct a detailed analysis of the numerous P. 
multocida organisms detected, we mapped the complete 
datasets along the P. multocida genome sequence (Gen-
Bank accession no. NC_002663.1). We then performed 
blastx (7) analyses of the resulting contigs for a basic func-
tion prediction of the expressed genes. Besides detecting 
genes encoding proteins of gene expression, general me-
tabolism, and cell division, these analyses detected several 
proteins associated with pathogenicity. For example, pro-
teins facilitating active iron uptake (iron ABC transporter 
permease [GenBank accession no. WP_010906625], iron 
ABC transporter substrate binding protein [accession no. 
WP_005715971.1], iron binding protein [accession no. 
WP_005726096.1], and iron permease [accession no. 
WP_010906655.1]) or proteins of the oxidative stress re-
sponse (catalase [accession no. WP_010906440], superox-
ide dismutase [accession no. WP_005750998], peroxire-
doxin [accession no. WP_005716614.1]). These analyses 
also revealed expression of genes encoding stress- and 
starvation-induced proteins (stringent starvation protein 
A homologue [accession no. WP_005726291.1]) and the 
virulence factor SrfB (accession no. WP_005755436.1).

16S Metagenomic Sequencing Protocol
We applied a metagenomics workflow for classifying or-
ganisms from the V3 and V4 regions of the 16S rRNA gene 
by using a Greengenes database (http://greengenes.lbl.gov) 
to test tissue taken from 2 animals (lung tissue from animal 
X and kidney tissue from animal Y) (Table 6). Among the 
variable regions of 16S gene, V3 is a highly variable region 
that can distinguish bacteria to the genus level. V4 is also 
efficient but less so than V3 (8). The output of the workflow 
classified the reads at the primary taxonomic levels (king-
dom, phylum, class, order, family, genus, and species).

Sequencing statistics revealed the number of total 
reads to be 63,508 for lung tissue and 15,422 for kidney 

tissue. The number of reads passing quality filtering was 
58,161 for lung tissue and 14,291 for kidney tissue. The 
percentage of reads passing quality filtering was 91.6% for 
lung tissue and 92.7% for kidney tissue.

Of all reads generated, 86.80%–89.05% of all short 
reads were from bacteria of the genus Pasteurella, of 
which 44.06%–48.32% were identified as P. multocida. 
Other species were Pasteurellaceae (10.75%–12.21%), P. 
pneumotropica (4.06%–5.67%), and those unclassified at 
species level (34.91%–36.53%) (Table 5). More than 80% 
of unclassified reads at the species level belonged to the 
Pasteurella genus.

Discussion
Saiga antelopes are a critically endangered species (1), and 
the population is increasingly fragmented and vulnerable 
to stochastic events such as disease epidemics. The mass 
die-off in Kazakhstan and the small population of ≈10,000 
in Mongolia recently devastated by peste des petits rumi-
nants (PPR) virus in 2017 illustrates this point (3). The 
saiga antelopes undertake large-scale seasonal migrations 
between their summer and winter ranges because of the 
extreme variation in climate conditions and the need for 
pastures offering sufficient forage. The calving sites are 
highly variable from year to year and depend on plant phe-
nology, environmental factors, and anthropogenic effects 
(9). The analysis of available data showed that the number 
of saiga antelopes in Kazakhstan over the past 60 years has 
fluctuated widely, from ≈2 million in the 1970s to ≈50,000 
animals in the early 21st century because of poaching and 
other factors, including a series of mass die-offs (10,11). 
A few incidences of infectious disease, including foot-
and-mouth disease, have been confirmed (12), but most 
events were attributable to pasteurellosis; M. haemolytica 
and P. multocida were isolated on occasion (13). However, 
diagnoses are lacking comprehensive clinical, pathologi-
cal, epidemiologic, and environmental investigation and 
remain tentative in all cases outside the 2015 event. Di-
agnosis of wildlife deaths is constrained by the fact these 
populations are not managed nor always monitored regu-
larly, meaning die-offs occur frequently and investigators 
often do not have access to fresh carcasses. In the 2015 

 
Table 5. Summary of the most relevant results obtained by RIEMS analyses of the datasets (sequenced from shotgun libraries 
generated from random primed cDNA) used in an investigation of a mass die-off of saiga antelopes, Kazakhstan, 2015 

Organism 
No. (%) reads 

Sample 2* (lib01416) Sample 5* (lib01417) Sample 7 (lib01418) Sample 8 (lib01419) 
Input reads 411,640 (100) 376,210 (100) 372,387 (100) 354,958 (100) 
Quality filtered reads† 12,786 (3.1) 10,793 (2.9) 11,559 (3.1) 10,895 (3.1) 
Unclassified reads† 1,776 (0.43) 1,520 (0.40) 1,626 (0.44) 1,494 (0.42) 
Classified reads† 397,078 (96.5) 363,897 (96.7) 359,202 (96.5) 342,569 (96.5) 
Host‡ 64,618 (16.3) 4,770 (1.3) 3,414 (1.0) 4,784 (1.4) 
Pasteurellaceae‡ 317,009 (79.8) 345,893 (95.1) 339,484 (94.5) 324,770 (94.8) 
*Samples 2 and 5 were also tested by using high-throughput sequencing at the Pirbright Institute. 
†Percentage is of the number of input reads. 
‡Percentage is of the number of classified reads. 
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saiga antelope event, a monitoring team was in place in 2 
of the 15 die-off locations and were equipped for general 
diagnostic work. This situation was unusual and provided 
a unique opportunity, but the unpredictability of such an 
event happening limited the extent of the outbreak inves-
tigation. Sampling was necessarily strategic, and because 
all of the animals in the population were affected by the 
same syndrome and died, the sample size did not need to 
be large or statistically representative. Each case would 
have an equal chance of providing the result, and failure 
to diagnose would be more likely a product of insufficient 
material per case or loss of viability of organisms because 
of cold chain and storage issues.

Nevertheless, the findings obtained from this work are 
representative of the population for a few reasons. First, 
the clinical syndrome was uniform in both the adult and 
calf populations. We observed no statistically significant 
variation in the temporal progression once symptoms were 
noted, and clinical signs and gross pathology were highly 
consistent. Second, the 100% mortality rate among the 
herds indicates a universal effect, and no samples taken 
were likely to be nonrepresentative or attributable to an al-
ternate etiology. In addition, the rapidity of the syndrome 
precluded large numbers of cases being investigated by our 
relatively small team because necropsy and sampling for 
each case took several hours to complete.

Microbiologic and virologic diagnostic methods 
showed that in samples from >90% of saiga antelopes that 
died in 2015, the cause was pasteurellosis (3,6). Previous 
studies had demonstrated the absence of other potential 
causative agents by diagnostic PCR, including bacteria 
(e.g., anthrax bacillus, Coxiella burnetti, Erysipelothrix 
rhusiopathiae, and Listeria spp.), mycoplasma (e.g., Myco-
plasma ovipneumoniae), and virus diseases (e.g., foot-and-
mouth disease, bluetongue, PPR, epizootic hemorrhagic 
disease, sheep pox, Akabane, Aujesky’s disease, bovine 
viral diarrhea, visna-maedi, and malignant catarrhal fever) 
(3,6). Furthermore, these studies used capsular typing with 
specific primers to show that strains of P. multocida from 
saiga antelopes belonged to serogroup B (3,6). Our 16S 

analysis also showed that the P. multocida isolated from 
saiga antelopes in 2015 in Akmola and Kostanay oblasts 
were genetically identical to the bacteria isolated from 
saiga antelopes in 1988, 2010, 2011, and 2012, as well as 
P. multocida subsp.multocida_PM30 strain (GenBank ac-
cession no. AY299312) isolated from ill cattle with hemor-
rhagic septicemia in 2004 (6).

Three different HTS protocols were used in paral-
lel to identify unknown microbial pathogens that played 
a potential role in disease pathogenesis: a protocol based 
on random amplification using Illumina sequencing; an 
RNA-based analysis without amplification combined with 
sequencing on an Ion Torrent (ThermoFisher, https://
www.thermofisher.com); and a bacterial 16S sequencing 
pipeline using Illumina technology. Each of these work-
flows demonstrated the potential for different experimental 
challenges in obtaining metagenomic datasets (e.g., biases 
in amplification-based protocols and the use of low-input 
starting material in no-amplification protocols) (14). The 
high sensitivity of such methods to detect small amounts 
of nucleic acids also poses challenges in terms of preven-
tion of contamination and false-positive results. Caution 
should be exercised in drawing conclusions from such da-
tasets without appropriate validation. In addition to blood 
spots, other tests, including bacteriologic and virologic 
tests on various tissues and samples taken, were conducted 
locally in Kazakhstan at government laboratories and re-
ported elsewhere (3).

Despite the high sensitivity of the methodologies we 
used, our study is somewhat limited by the sample type 
(FTA cards), which precludes the detection of pathogens 
in lymphoid tissues and other organs. The use of FTA 
cards might also introduce biases in the testing protocols, 
which can favor or hinder the detection of certain types  
of viruses (15).

Both metagenomic protocols conclusively identified 
Pasteurella spp. in large numbers of reads compared with 
other pathogens; these findings were then confirmed in a 
third pipeline using 16S bacterial ribosomal RNA sequenc-
ing. Further analysis of P. multocida bacterial sequences 

 
Table 6. Top 8 of 94 species classification results after 16S bacterial metagenome sequencing in an investigation of a mass die-off of 
saiga antelopes, Kazakhstan, 2015* 

Classification 
No. reads 

 
% Total reads 

Lung (animal X) Kidney (animal Y) Lung (animal X) Kidney (animal Y) 
Pasteurella multocida 25,625 6,907   44.06 48.32 
Unclassified at species level 21,246 4,990  36.53 34.91 
Pasteurellaceae 7,101 1,536  12.21 10.75 
Pasteurella pneumotropica 3,298 580  5.67 4.06 
Mannheimia caviae 462 78  0.79 0.55 
Serratia entomophila 50 17  0.09 0.12 
Bacillus horneckiae 49 16  0.08 0.11 
Vagococcus teuberi 39 13  0.07 0.09 
Sporolactobacillus putidus 50 0  0.09 0 
Acinetobacter gerneri 49 0  0.08 0 
Gallibacterium melopsittaci 39 0   0.07 0 
*Total species-level taxonomic categories identified: 94 for lung sample (animal X) and 68 for kidney sample (animal Y). 
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suggested that the expression of metabolic- and stress-re-
lated proteins might suggest that the bacteria were actively 
growing and in active competition with the host organism 
for essential nutrients, especially iron, as shown by the ex-
pression of the genes coding for iron uptake systems.

Our de novo assembly approach also identified 195 
short contigs that could not be attributed to any sequence 
present in several BLAST databases; of those, only 47 were 
identified using tblastx. The subsequent analysis based on 
SUPERFAMILY was only able to find protein homologies 
for 6 contigs, with most of them having homologies to bac-
terial genes. Whether this result is important is unclear; our 
unknown contigs might belong to >1 uncultured bacteria 
that have not been sequenced before. Previously published 
metagenomic studies have resulted in as many as 50% un-
identifiable reads (16,17); the figures for our work are re-
duced in comparison, in particular when considering the 
results of our de novo approach (≈72% of our reads map to 
our assembly and <1% of the reads map to the contigs that 
we are unable to identify) (Appendix Table 2). Overall, the 
amount of unexplained sequence seems relatively small, in 
particular when considering the substantial number of spe-
cies of bacterial, viral, and eukaryotic genome that remain 
either to be discovered or characterized. The simple fact 
that not all organisms have been sequenced or are available 
on central sequence repositories will always contribute to a 
percentage of unidentifiable reads.

P. multocida is a ubiquitous organism, most probably 
widely present in the saiga antelope population in its latent 
form. The potential pathogenicity is inherent in the organ-
ism and can be triggered opportunistically at any time in 
response to environmental triggers. The epidemiology of 
and observations on the spatiotemporal distribution of ill 
animals and carcasses in this study suggests that transmis-
sion of bacteria from animal to animal did not occur in 
most cases (except from mothers to calves, which occurred 
through infected milk). The near synchronous events in dis-
crete subpopulations, with large distances between aggre-
gations of many hundreds of kilometers, further precluded 
an infective process spreading across the population.

Research to date suggests that environmental condi-
tions in the 10 days leading up to a die-off are critical and 
significantly associated with increased heat and humidity 
(3). The trends in climate in the region are for warmer and 
wetter conditions, which might have been an important 
factor in these recent events that have occurred irregularly 
over the last few decades. Immunocompetence was not 
thought to be a factor in the pathogenesis because the pop-
ulation was behaving normally, was unstressed, and was 
in apparent good health and body condition with large fat 
reserves observed postmortem. In addition, genetic analy-
sis of the saiga antelope population shows them to be the 
most heterogeneous of any mammal species on record (S. 

Zuther, unpub. data), thus excluding inbreeding as a fac-
tor, despite the potential bottlenecking of the population in 
recent times.

The mechanism behind the mass die-off might be an 
environmentally triggered bacterial proliferation that over-
whelmed the mucosal immunity of the upper respiratory 
and gastrointestinal tracts. This hypothesis is further sup-
ported by the observation that calves, which are unlikely to 
be infected with the commensal bacteria in the first couple 
days of life, died some hours or longer after their mothers, 
most likely from suckling infected milk from ill or dead 
mothers, activity that was observed by investigators (3).

In this study, HTS was used to identify pathogens that 
might have predisposed or contributed to the severity of the 
saiga antelope die-off in 2015. In previous studies, P. mul-
tocida type B was identified by culture, and viruses of vet-
erinary importance (foot-and-mouth, PPR, and bluetongue 
viruses) were ruled out by using pathogen-specific diagnos-
tic tests. In our study, 3 laboratories using 3 distinct HTS 
analytic approaches failed to identify additional pathogens. 
These findings, combined with clinical, necroscopic, mi-
crobiologic, and histopathologic investigations, indicate 
hemorrhagic septicemia caused by P. multocida serotype B 
is the proximate cause, and possibly the only cause, of this 
die-off. Environmental factors might have triggered nearly 
simultaneous bacterial proliferation and subsequent viru-
lence in affected aggregations.

Comprehensive field monitoring and additional ex-
perimental studies of P. multocida infection in saiga an-
telopes are necessary to evaluate the potential co-factors 
triggering the virulence of bacteria. These recurrent mass 
die-offs could cause extinction of saiga antelope popula-
tions in just 1 event, especially if, in future outbreaks, ad-
ditional pathogens in combination with P. multocida af-
fect the population.
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During 2011–2015, we conducted a Crimean-Congo hem-
orrhagic fever virus (CCHFV) survey in captured ticks that 
were feeding mainly on wild and domestic ungulates in 
Spain, where presence of this virus had been reported pre-
viously. We detected CCHFV RNA in Hyalomma lusitani-
cum and H. marginatum ticks for 3 of the 5 years. The rate 
of infected ticks was 2.78% (44/1,579), which was similar 
to those for other countries in Europe with endemic foci for 
CCHFV (Kosovo, Bulgaria, and Albania). These data con-
firm the established spread of CCHFV into western Europe. 
Phylogenetic study of the small RNA segment showed Af-
rica-3 clade as the only genotype identified, although we 
observed cocirculation of genetic variants during 2011 and 
2015. We could not rule out genetic reassortments because 
of lack of sequence data for the medium and large RNA 
segments of the virus genome.

Crimean-Congo hemorrhagic fever virus (CCHFV), 
an RNA virus of the family Nairoviridae, is the most 

widespread tickborne virus affecting humans. It causes 
Crimean-Congo hemorrhagic fever (CCHF), which has a 
high mortality rate in humans (1) in many countries in Asia, 
the Middle East, eastern Asia, Africa, and Europe (2,3). 
Recently, CCHF has been detected in Spain, indicating its 
spread into western Europe (4,5).

CCHF is a zoonosis maintained between ticks and ver-
tebrate animals. Ticks are both the vector and the natural 
reservoir of CCHFV. Ticks transmit CCHFV to large and 
small mammals, which act as amplifier hosts without signs 
of illness. Birds are predominantly refractory to CCHFV 
infection (6–8). The virus has been isolated from several 

genera and species of ixodid ticks (9). However, most data 
are for ticks collected while feeding, a method that pro-
vides an unrealistic view of the actual species vectors (10).

The main vectors involved in CCHFV transmission 
are ticks of the genus Hyalomma (11–14). Immature ticks 
acquire the virus by feeding on infected small vertebrates 
or by the transovarial route. Once infected, they remain in-
fected throughout their development and, when they are 
mature, transmit the infection to large animals, such as 
livestock. Transovarian and venereal transmission path-
ways have also been demonstrated (2). Another transmis-
sion mechanism is co-feeding, which results from spread-
ing of the virus in tick saliva directly to other ticks feeding 
nearby (13).

In disease-endemic areas, CCHF is sporadic and is 
transmitted to humans by tick bites or contact with viremic 
animals or humans and occurs mainly in remote or agri-
cultural regions (15–21). CCHF is seasonal in association 
with the life cycle and activity levels of local tick popula-
tions. CCHF outbreaks and nosocomial transmission has 
also been reported most often when an infectious case is 
not suspected early enough to permit use of proper con-
tainment protocols (22). Persons at risk are most frequently 
found among farmers and their families, as well as slaugh-
terhouse and healthcare workers, veterinarians, and mili-
tary personnel (23).

Only 2 autochthonous human cases of CCHF have 
been reported in Spain in an episode with tick and noso-
comial transmission. The cases occurred in 2016, and the 
viruses isolated from these patients were included in the 
Africa-3 clade (genotype III) (5,24), the same clade that 
was found in local ticks (4,25) and 1 of the 6/7 genetic 
clades in which CCHFV strains are grouped on the basis 
of small (S) RNA segment sequence homology (26,27). 
Previously, the CCHFV genome was detected in ticks col-
lected in 2010 from red deer in Cáceres, Spain (4), which 
is 300 km from the area (Ávila Province) where the index 
case-patient acquired the disease through tick bite trans-
mission. After autochthonous human cases were detected, 
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a surveillance study on ticks was conducted to investigate 
the spread of CCHFV in Spain. Results showed 4 geo-
graphic regions with CCHFV-positive results (Figure 1) 
and the presence of CCHFV in 128 (3.2%) of 3,959 pools 
of ticks collected from wild and domestic animals (28). 
All CCHFV-positive ticks were collected while they were 
feeding on wild animals.

These data highlighted the emerging threat for CCHF 
in Spain and potentially all of western Europe. A new case 
of CCHF also linked to tick bite transmission occurred in 
August 2018 in Spain. A study of the presence of CCHFV 
in Spain was initiated in 2011 to analyze principally its cir-
culation in the region of original detection. We report the 
results of a survey covering 5 years of collection.

Materials and Methods

Study Area and Tick Collections
Tick collection in Cáceres Province (southwestern Spain, 
37°N–41°N, 3°W–7°W) (Figure 1) was focused on adult 
ticks infesting red deer (Cervus elaphus) and, to a lesser 
extent, other mammals, such as fallow deer (Dama dama), 
red foxes (Vulpes vulpes), and wild boars (Sus scrofa 
ferus), legally hunted in privately owned estates during  
October–February. Sampling areas are located within typi-
cal Mediterranean Quercus forest in several protected areas 

and reserves (Tajo International Natural Park and Sierra de 
San Pedro Mountain Range), which constitute an optimum 
ecosystem for wild ungulates. Collection of ticks from cat-
tle was also conducted in Cáceres Province. We directly 
shipped ticks collected at room temperature to the Parasi-
tology Laboratory of the Faculty of Veterinary Medicine at 
the University of Extremadura (Cáceres). Ticks were iden-
tified to species within 1–2 days upon arrival, and frozen at 
–65°C while alive until isolation of RNA. Tick collection in 
Segovia Province (41.21°N, 3.59°W) was conducted during 
the sheep shearing process, and adult ticks captured were 
identified in the Spanish National Center of Microbiology. 
Tick collections on the ground were also performed in Hu-
esca (42.21°N, 0.13°W) and Toledo (39.23°N, 4.29°W) 
Provinces. We captured mainly adult ticks and identified 
them in the Animal Pathology Department of the Faculty 
of Veterinary Medicine at the University of Zaragoza. All 
ticks were sent in dry ice to the Spanish National Center of 
Microbiology (Madrid, Spain) for processing.

Extraction of RNA from Tick Species
Ticks were washed twice with water and once with etha-
nol and then individually crushed by using a plastic ho-
mogenizer in 500 µL AVL buffer (QIAGEN, https://www.
qiagen.com). We conducted homogenization in a Biosafety 
Level-3 laboratory. After homogenization, we stored 250 
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Figure 1. Study site locations 
in the Iberian Peninsula 
in which Crimean-Congo 
hemorrhagic fever virus 
was detected: Cáceres, 
Toledo, Segovia, and Huesca 
Provinces. Square shows 
presence of CCHFV in 
humans bitten by a tick, star 
shows presence of CCHFV 
in ticks with positive results 
by PCR, circle indicates 
region where serum samples 
positive for CCHFV were 
detected in Portugal, and 
white area shows regions in 4 
localities (Cáceres, Ávila, and 
Toledo Provinces and Madrid) 
in Spain where CCHFV-
positive ticks had been 
previously identified.
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µL of the sample in AVL buffer at -80°C and used 250 µL 
for total extraction of RNA with the QIAamp Viral RNA 
Mini Kit (QIAGEN), according to the recommendations of 
the manufacturer. RNA was eluted in 60 µL of RNAase-
free water and stored at –80°C until needed.

Reverse Transcription PCR
We used an in-house nested reverse transcription PCR spe-
cific for the S genome segment (5). We individually ana-
lyzed ticks.

DNA Sequencing
We purified amplified DNA by using an Illustra ExoProStar 
Kit (GE Healthcare Life Sciences, https://www.gelifescienc-
es.com). We sequenced double-stranded DNA directly by 
using the Sanger chain-termination method and the BigDye 
Terminator v3.1 Cycle Sequencing Kit Protocol and the ABI 
PRISM 3700 DNA Analyzer (Applied Biosystems, https://
www.thermofisher.com). We used sequencing primers Cr-
Con2+ and CrCon2–, the same used in the nested PCR (5). 
We assembled consensus sequences of each segment and 
analyzed them by using the SeqMan Program in the Laser-
gene Package (https://www.dnastar.com).

Phylogenetic Analysis
We aligned nucleotide sequences by using Muscle in 
MEGA version 7 (https://www.megasoftware.net). Be-
cause recombination can bias phylogenetic tree reconstruc-
tion, we analyzed recombination in the alignment with the 
Recombination Detection Program (http://web.cbio.uct.
ac.za/~darren/rdp.html) and the Hypothesis Testing Using 
Phylogenies Program (http://hyphy.org). We did not detect 
genetic signatures of recombination.

We generated a maximum clade credibility (MCC) 
genealogy by using BEAUTi and BEAST (29). We ran 
the Markov chain Monte Carlo method for 100 million 
generations, sampling every 1,000 steps, and analyzed 
convergence with Tracer (http://www.beast2.org) to en-
sure that effective sample sizes were >200. We applied 
the uncorrelated lognormal clock model, the general time- 
reversible matrix with gamma distribution and proportion 
of invariable sites substitution model, and the exponen-
tial tree prior. We summarized reconstructed trees by ap-
plying the MCC approach implemented in TreeAnnota-
tor version 1.8.4 (http://beast.community/treeannotator), 
used the mean value as the node height, and discarded 
the first 10% of the generated trees as burn-in. We visual-
ized the MCC tree by using FigTree version 1.4.3 (http://
tree.bio.ed.ac.uk). We deposited nucleotide sequences 
with lengths >200 nt obtained with primers CrCon1+ and 
CrCon 1– (5) in the European Molecular Biology Labora-
tory/GenBank databases (accession nos. MH337845 and 
MH337846).

Results
We collected 1,579 ticks in 4 geographic regions in Spain 
(Figure 1), 206 from vegetation and 1,373 from animals. 
Of ticks collected from animals, 1,329 (96.79%) were from 
wild animals and 44 (3.35%) were from domestic animals.

Collected ticks that we could identify belonged to 
1 of 4 genera: Rhipicephalus (46, 2.91%), Hyalomma 
(1,317, 83.40%), Dermacentor (1, 0.06%), or Ixodes 
(3, 0.18%); 212 ticks could not be identified. Most ticks 
were H. lusitanicum (1,079, 68.33%) and H. margin-
atum (238, 15.07%) (Table). H. lusitanicum ticks were 
obtained mainly from wild animals (1,063/1,329), and 
H. marginatum ticks (206/238) were collected princi-
pally from vegetation.

We detected CCHFV RNA in 44 (2.78%) of 1,579 
ticks collected (Table). All CCHFV-positive ticks were 
detected in Cáceres (3.25%; 44/1,352). We collected ticks 
in 31 localities within Cáceres; 5 (16.12%) localities (1, 2, 
23, 27, and 28) had virus-positive ticks. Rates for CCHV-
positive ticks were 8.79% in locality 1, 9.03% in locality 
2, 7.14% in locality 23, 2.77% in locality 27, and 2.22% 
in locality 28. CCHFV-positive ticks were collected dur-
ing 2011, 2013, and 2015. In Cáceres, the rate of CCH-
FV in ticks was 4.1% in 2011, 6.4% in 2013, and 3.42%  
in 2015.

A total of 43 H. lusitanicum ticks and 1 H. margin-
atum tick were positive for CCHFV (Table); 41 of 43 
CCHFV-positive H. lusitanicum ticks were collected 
while feeding on red deer, and CCHFV-positive H. mar-
ginatum ticks were collected from 1/6 bovine animals 
analyzed in locality 23 (Table). Six H. lusitanicum ticks 
and 1 H. marginatum tick were found on this animal. Of 
these ticks, 1 H. lusitanicum male and 1 H. marginatum 
female were positive for CCHFV. This animal might not 
have been viremic, which would explain why only 2 of 6 
ticks were infected by the co-feeding transmission mecha-
nism, in which virus present in tick saliva can spread di-
rectly to other ticks feeding nearby. In locality number 23, 
CCHFV-positive H. lusitanicum ticks were detected on a 
second cow and 1 red deer.

We obtained sequences from 43 of 44 CCHFV-pos-
itive ticks. CCHFV sequences from Spain had the high-
est identities (90.6%–99.6%) with the Sudan AB-1–2009 
strain in the analyzed fragment of the S RNA segment.

Phylogenetic analyses based on a 175-bp fragment of 
the S RNA segment separated CCHFV into 7 well-sup-
ported groups in association with the geographic distri-
bution Asia 1, Asia 2, Africa 1–3, and Europe 1 and 2. 
All sequences grouped with clade Africa-3 (genotype III) 
viruses from South Africa and West Africa (Figure 2) and 
showed 4 groups with identities of 100%. One group (A) 
was formed by 4 sequences, the second group (B) by 12, 
the third group (C) by 24, and the fourth group (D) by 4. 
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For each group, the percentage of diversity was 0.07%–
0.09%. Bayesian analysis showed that the estimated time 
to the most recent common ancestor (tMRCA) of lin-
eage A was ≈1979 (95% highest posterior density [HPD] 
1968–1984), which diverged before lineages B (1999; 

95% HPD, 1986–2009), C (2004; 95% HPD, 1992–2014), 
and D (1996; HPD 1973–2013). Use of the 175-nt frag-
ment to calculate the tMRCA of lineage A was supported 
by results reported by Cajimat et al. (25), who used the 
complete S segment (1965; 95% HPD 1948–1980).

1180 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 6, June 2019

 
Table. Characteristics of ticks positive for Crimean-Congo hemorrhagic fever virus, Spain, 2011–2015* 

Year (no. ticks) Province (no. ticks) 
Sampling 

site 
Collection site  

or host Tick species 
No. positive ticks/ 
wno. tested (%) 

2011 (474) Toledo (78) 31 Ground Hyalomma marginatum 0/78 
 Huesca (128) 32 Ground H. marginatum 0/128 
 Cáceres (268)     
  1 Deer H. lusitanicum 8/139 (5.75) 
  2 Deer H. lusitanicum 3/35 (8.57) 
  3 Deer H. marginatum 0/4 
  4 Deer Unknown 0/20 
  5 Red fox Unknown 0/3 
  6 Cattle Unknown 0/2 
  7 Deer H. lusitanicum 0/24 
  8 Deer Unknown 0/3 
  9 Deer Unknown 0/7 
  10 Deer Unknown 0/20 
  11 Deer Rhipicephalus bursa nymphs 0/11 
2012 (48) Cáceres (27) 1 Deer H. lusitanicum 0/27 
 Segovia (21) 33 Cattle/sheep Rhipicephalus sp. 0/21 
2013 (201) Cáceres (201)     
  1 Deer H. lusitanicum 13/68 (19.11) 
  2 Deer Unknown 0/5 
  10 Deer H. lusitanicum 0/53 
  12 Deer H. lusitanicum 0/24 
  13 Deer R. bursa 0/5 
  14 Deer H. marginatum 0/23 
  15 Deer Unknown 0/6 
  16 Deer Unknown 0/17 
2014 (272) Cáceres (272)     
  1 Deer H. lusitanicum 0/57 
  4 Deer Unknown 0/41 
  15 Deer Unknown 0/17 
  17 Deer and wild boar Unknown 0/18 
  18 Deer and wild boar H. lusitanicum 0/20 
  19 Deer Unknown 0/31 
  20 Deer H. lusitanicum 0/35 
  21 Deer and wild boar Unknown 0/19 
  22 Deer H. lusitanicum 0/18 
  23 Deer H. lusitanicum 0/16 
2015 (584) Cáceres (584)     
  1 Deer H. lusitanicum 3/66 (4.54) 
  2 Deer H. lusitanicum 11/120 (9.16) 
  4 Deer H. lusitanicum 0/25 
  18 Deer H. lusitanicum 0/40 
  19 Deer 30 H. lusitanicum, 1 R. bursa 0/31 
  23 Deer 34 H. lusitanicum, 1 Ixodes ricinus 1/35 (2.85) 

Cattle 16 H. lusitanicum,  
5 H. marginatum 

3/21 (14.28) 
  24 Deer 14 H. lusitanicum, 8 R.bursa,  

1 Dermacentor sp. 
0/23 

  25 Fallow deer 6 H. lusitanicum, 2 I. ricinus.  
3 unknown 

0/11 
  26 Deer H lusitanicum 0/32 
  27 Deer H. lusitanicum 1/36 (2.77) 
  28 Deer H. lusitanicum 1/45 (2.22) 
  29 Deer H. lusitanicum 0/72 
  30 Deer H. lusitanicum 0/27 
Total     44/1579 (2.78) 
*Ticks positive for Crimean-Congo hemorrhagic fever virus are indicated in bold. Animals tested were red fox (Vulpes vulpes), red deer (Cervus elaphus), 
fallow deer (Dama dama), and wild boar (Sus scrofa ferus). 
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Figure 2. Maximum clade credibility genealogy 
based on partial (175-nt) sequences of the Crimean-
Congo hemorrhagic fever virus small RNA segment 
of viruses from Spain and reference sequences. 
Numbers along branches indicate posterior 
probability values for the groups (values <0.70 are 
not shown). Triangles indicate newly sequenced 
strains from Spain reported in this study, which are 
identified by geographic origin, sampling site, and 
sampling year. Other sequences are indicated by 
GenBank accession number, strain, geographic 
origin, and sampling year. Sequences from this 
study indicated with an asterisk are included in 
European Molecular Biology Laboratory/GenBank 
databases. Genotypes are indicated in roman 
numerals and named according to Carroll et al. (30). 
Equivalent clade nomenclature is listed according to 
Chamberlain et al. (31) and indicated at right. Scale 
bar indicates nucleotide substitutions per site.
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Discussion
An ongoing surveillance study of CCHFV in ticks was con-
ducted because this virus was detected in Spain in 2010 
(4). Thus, ticks were collected during 2011–2015, mainly 
in wild animals in the region where CCHFV was detected 
(Cáceres) and also in other regions (Huesca and Toledo) 
that are colonized by Hyalomma spp., or that have an abun-
dance of domestic ungulates (Segovia). We detected CCH-
FV in Cáceres in 3 of the 5 years, indicating the resilience 
of a CCHFV focus in Spain and confirming the established 
spread of CCHFV into western Europe.

The rate of CCHFV-infected ticks determined in this 
study (2.78%, 44/1,579) was similar to those for other 
countries in Europe that have enzoonotic foci, such as 
Kosovo (3.6%, 40/1,102) (12), Bulgaria (2%–4.83%) 
(32), and Albania (3%) (23). Despite these data, no hu-
man cases were documented in Spain during the years of 
the study. This situation shows that human cases probably 
occur rarely, even though the virus is quite active in host-
seeking ticks in the area. We detected CCHFV in Hya-
lomma ticks collected on cattle and deer in Cáceres in 5 of 
31 hunting areas, 2 of which have repeatedly been found 
to be positive for CCHFV. In the maintenance of active 
CCHFV foci, habitat fragmentation, such as in the Cáce-
res region studied, might lead to isolated populations of 
ticks and hosts producing an amplification cycle in which 
ticks feed on infected hosts (33). However, birds carrying 
infected ticks on their surface or infected small mammals, 
such as brown hares and rabbits, can spread the virus to 
new areas. In August 2016, in a rural area of Ávila, Spain 
(Figure 1), where no evidence of CCHFV circulation was 
previously described and that is 300 km from the CCHFV 
enzoonotic focus in Cáceres, a human infection occurred 
after a tick bite (5).

Our study spanned 5 years; virus was detected dur-
ing 2011, 2013, and 2015. In 2012, the number of samples 
collected was low. During 2014, our laboratory obtained 2 
CCHFV-positive ticks that had low viral loads that could 
not be confirmed, although virus circulation during that 
year in Cáceres was demonstrated by Cajimat et al. (25). 
This finding reflects intermittent activity of the CCHFV 
foci in Cáceres, which becomes periodically apparent as 
described in other countries (13,34). In southern Portugal, 
which is close to this region (Figure 1), antibodies against 
this virus were detected in 2 human serum samples during 
1980 (35), suggesting silent circulation of the virus in the 
Iberian Peninsula. Introduction of the virus into Spain has 
been calculated to have occurred ≈50 years ago (25), which 
was corroborated by our study.

In our study, of the 4 genera of ticks collected, only 
Hyalomma ticks were found to harbor CCHFV (Table). 
All CCHFV-positive ticks were collected while feeding 
on ruminants, red deer, and cattle. All except 2 CCHFV-

positive ticks, 1 H. lusitanicum and 1 H. marginatum, 
were collected on red deer. This finding confirmed that this 
tick–host relationship had a primary role in maintenance of 
CCHFV enzootic cycles in Spain and the role of red deer 
as a prominent host. The CCHFV-positive H. marginatum 
tick was collected from a cow along with an H. lusitanicum 
tick. Presumably, these ticks were infected by a co-feeding 
transmission mechanism in nonviremic animals because 
only 2 of 6 ticks feeding on the same animal were posi-
tive for CCHFV. Until now, CCHFV-positive H. margin-
atum ticks have not been detected in Spain, although this 
species is considered to be the main reservoir of CCHFV 
in Europe. This tick species can increase the risk for hu-
man cases of infection in Spain because of its proximity to 
human populations when compared with H. lusitanucum 
ticks. In addition, CCHFV-positive H. marginatum ticks 
have been captured in domestic animals that have close 
contact with humans. Previous studies in Spain that ana-
lyzed 2,500 ticks (28) and 1,408 ticks (36) collected from 
domestic ungulates did not report any CCHFV-infected 
ticks. Our results clearly show that the virus is active in 
the Cáceres region and that cattle might play a major role 
in transmission of the virus to new generations of ticks that 
could act as bridge vectors.

CCHFV sequences from Spain isolated during this 
study grouped with clade Africa-3. This clade contains 
strains separated by large spatial distances, mainly from 
Mauritania to Senegal, Nigeria, Sudan, and South Africa, 
suggesting that virus is most likely spread by migratory 
birds that transmit infected ticks or by secondary introduc-
tions after importation of commercial livestock. The pres-
ence of the Africa-3 clade in Europe must be considered be-
cause of the increased risk for its spread to other countries 
in Europe where Hyalomma ticks are present. In Greece, 
the Africa-3 clade was detected in ticks from migratory 
birds in the Greek archipelago (37), although this clade has 
not been detected in continental Greece. Virus sequences 
found in ticks in Spain are more closely related to CCHFV 
strains from central-northern Africa, a finding that supports 
the theory that the virus was spread northward by migrating 
birds. Moreover, the Africa-3 clade was detected recently 
in ticks from migratory birds in Morocco (38).

Although it is recognized that 175 nt is a small ge-
netic fragment for robust comparisons between closely re-
lated viruses, phylogenetic analyses of CCHFVs showed 4 
well-supported clusters (with bootstrap values >0.7 and p 
distances among clusters of 0.07%–0.09%). We detected 
cocirculation of different clusters: 2 clusters during 2011 
and 4 during 2015. Phylogenetic analysis showed that the 
tMRCA of the 4 CCHFV variants diverged to produce 2 
lineages, 1 containing variants A, B, and C and the other 
containing variant D. Whether this divergence occurred in 
Africa or in Spain cannot be determined with the limited 
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sequence data currently available. The estimated tMRCA 
of lineage A was ≈1979 and it diverged before lineages B 
(1999), C (2004), and D (1996). Use of the 175-nt fragment 
to estimate the tMRCA of lineage A is supported by results 
from another study (25), in which the complete S RNA seg-
ment was used (1965; 95% HPD 1948–1980). Circulation 
of genetic variants of the same genotype could indicate 
multiple introductions of the virus or genetic evolution of 
a variant that has acted as an ancestor in autochthonous H. 
lusitanicum ticks in the Iberian Peninsula. Thus, adapta-
tion of CCHFV to region-specific vectors and hosts leads 
to emergence of local virus variants as described recently in 
Kosovo (12). Genetic variability of these variants should be 
considered in molecular diagnostic methods (39).

The data obtained in this study, together with the 
CCHFV survey of ticks collected from animals conducted 
recently in Spain (28), as well as identification of 2 clinical 
cases caused by tick bites during 2016 and 2018 (5), show 
how the epidemiologic scenario of CCHF should include 
western Europe as an enzoonotic area and that surveillance 
studies on CCHFV in Spain and Portugal are necessary. 
Determining seroprevalence in animals and humans, as 
well as virus detection in ticks, would better define the risk 
for infection with CCHF in the Iberian Peninsula. These 
studies will help to determine the epidemiologic processes 
behind the known distribution of CCHFV in western Eu-
rope and establish adequate prevention and control mea-
sures to minimize the risk for cases of disease in Spain.
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Equine influenza virus (EIV) is a common, highly contagious 
equid respiratory disease. Historically, EIV outbreaks have 
caused high levels of equine illness and economic damage. 
Outbreaks have occurred worldwide in the past decade. 
The risk for EIV infection is not limited to equids; dogs, cats, 
and humans are susceptible. In addition, equids are at risk 
from infection with avian influenza viruses, which can in-
crease mortality rates. EIV is spread by direct and indirect 
contact, and recent epizootics also suggest wind-aided 
aerosol transmission. Increased international transport and 
commerce in horses, along with difficulties in controlling EIV 
with vaccination, could lead to emergent EIV strains and 
potential global spread. We review the history and epidemi-
ology of EIV infections, describe neglected aspects of EIV 
surveillance, and discuss the potential for novel EIV strains 
to cause substantial disease burden and subsequent eco-
nomic distress.

Equine influenza is a common, highly contagious respi-
ratory disease of equids with a near-global distribution. 

Central Asia, Australia, and Japan experienced large equine 
influenza virus (EIV) outbreaks in 2007 (1,2). Serious out-
breaks of EIV have occurred throughout history, causing 
substantial economic distress worldwide in the 19th and 
20th centuries (3).

The most common clinical signs of EIV infection in 
equids are fever, lethargy, anorexia, nasal discharge, and a 
nonproductive dry cough (4). Mortality rates are generally 
low during EIV outbreaks; death is most common among 
foals or equids with preexisting poor health (5). Horses 
usually recover in 2 weeks with rest, but clinical signs, es-
pecially cough, can persist. EIV can result in a secondary 

bacterial bronchopneumonia, which can be fatal, particu-
larly in young horses (6). Along with loss of life, the rest 
period required for equine recovery can cause economic 
hardship in areas where people rely on equids for income, 
such as for transportation or milk. EIV outbreaks also can 
disrupt economic drivers, such as the horse racing and 
show industries. EIV often is overlooked as a disease threat 
outside of equine communities, despite its known historical 
commercial importance and current zoonotic potential.

Overview of Equine Influenza Viruses
EIVs are believed to have originated from avian influenza 
strains (7,8). Two subtypes, H7N7 and H3N8, historically 
have infected horses. EIV H7N7  was first recovered from 
horses in Europe during 1956 (9); it has not been isolated 
in horses since the 1970s, but serologic evidence suggests 
subclinical circulation through the 1990s (7,8). EIV H3N8 
has 2 lineages, Eurasian and American. The American lin-
eage includes Florida, Kentucky, and South America sub-
lineages (10). The Florida sublineage is further divided into 
2 antigenically distinct clades; both have been detected in 
Asia and Europe, but only clade 1 has been detected in North 
America. No Eurasian lineage viruses have been isolated 
since 2007, when it was detected in Switzerland (11). In 
2016, all isolated EIV viruses were from the Florida lineage, 
clade 2 in Europe and clade 1 in the United States (8,10).

Historical Impact
EIV-like equine respiratory diseases have been recorded 
since the 13th century (9). Although historical records pre-
date human understanding of viral pathogens, they show 
EIV-like outbreaks preceded or, less commonly, followed 
several human influenza outbreaks. Despite the possibility 
that these illnesses were caused by pathogens other than 
EIVs (3), a review of records for 1688–1888 identified 56 
years with documented outbreaks of influenza-like human 
or equine diseases in the Western Hemisphere (3). Records 
included 21 years in which both horses and humans were 
involved, 25 years with human-only involvement, and 10 
years in which only horses were involved (3). Some of the 
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largest assumed EIV outbreaks with smaller accompanying 
human influenza outbreaks occurred in 1727, 1750, 1760, 
and 1872 (3).  EIV outbreaks generally occurred in spring 
or fall and were followed by similar human outbreaks 3 
weeks later (12). Human influenza epidemics without 
equine infections were more common during winter months 
(12). Historical records provide a glimpse into a likely as-
sociation between human and equine respiratory disease, 
but their reliability is limited by the lack of diagnostic test-
ing. Others have provided more comprehensive reviews of 
these historical records (3,12,13).

A massive 1872 outbreak is considered the largest re-
corded EIV epizootic (12). Starting in Toronto in late Sep-
tember 1872, EIV spread along shipping routes across the 
United States and eventually into Central America and the 
Caribbean, stopping in Panama, which had no equine popu-
lation to support EIV spread (12). Illness rates approached 
100%, and the mortality rates were 2%–4% (12). News-
paper and veterinary reports from the time indicate travel, 
mail, and delivery of goods were severely hampered in the 
United States for weeks after the outbreak (12,14). This 
presumed outbreak of EIV also was blamed in part for a 
costly fire in Boston because fire wagons, pulled by young 
men instead of horses, could not reach the fire promptly 
(12,14). A mild human influenza was reported in people 
working with horses during the 1872 outbreak, but it is not 
known whether this was an EIV infection or human virus 
infection (3).

Major EIV outbreaks continued through the 
1900s (Appendix Table, https://wwwnc.cdc.gov/EID/

article/25/6/16-1846-App1.pdf). Many were associated 
with importation of horses, including outbreaks in South 
Africa in 1986, India in 1987, Hong Kong in 1992, and 
Dubai in 1995 (15). Earlier outbreaks in the 1990s might 
have gone unrecorded due to poor diagnostics or report-
ing mechanisms.

Selected Outbreaks in the Past Decade
Influenza is endemic in horses in the United States and 
much of the world, with the exception of New Zealand 
and Iceland (16). Outbreaks of EIV infections in horses 
occurred globally throughout the 2000s. All inhabited 
continents had >1 country with an EIV outbreak during 
2006–2017 (Figure) (8,17), and in 2015, China, France, 
Germany, Ireland, Malaysia, Sweden, the United King-
dom, and the United States experienced EIV outbreaks. 
Ireland, the United Kingdom, and the United States also 
had cases or outbreaks in 2016–2017 (17), as did China 
and Japan in 2017 (8,17). The United States recently ex-
perienced considerable EIV activity where the virus was 
detected in 23 states in 2015, 16 states in 2016, and 22 
states in 2017 (8,17). 

Australia experienced a large outbreak in 2007, involv-
ing 70,000 horses living on >9,000 properties, that resulted 
in a 5% mortality rate (18,19). The virus was introduced by 
thoroughbred horses imported from Japan (18). Authorities  
believe EIV escaped a quarantine station due to lax bi-
osecurity protocols. In addition, many horses certified 
as vaccinated against EIV had no protective antibodies, 
suggesting poor immune response, lack of vaccination 
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compliance, or ineffective vaccines (20). Australia imple-
mented an awareness and information campaign to sup-
plement its interventions, which included quarantining, 
restricting horse movement, decontaminating properties, 
establishing disease control zones, and increasing surveil-
lance and vaccination. The country was declared EIV-free 
in 2008 (20), but estimates of the economic cost to the 
equine industry are >$1 billion Aus (18).

During 2011–2012, an outbreak of EIV Florida clade 
1 began in Chile and spread to multiple countries in South 
America (4) through the movement of horses in the rodeo 
and thoroughbred racing industries. EIV-positive horses 
were exported from Uruguay to Dubai (4), demonstrating 
the ease with which international transport could contrib-
ute to the spread of EIV. This importation was identified 
and stopped in the Dubai quarantine facility. Also during 
2011–2012, a Florida clade 2 virus circulated in central 
Asia, Kazakhstan, western Mongolia, India, and western 
China (1).

In Mongolia, government records show 4 large EIV 
outbreaks with some of the highest known mortalities dur-
ing 1974–1975, 1983–1984, 1993–1994, and 2007–2008 
(21). Mortality rates of 20%–30% were reported for all 
but the 2007–2008 outbreak, during which the country 
implemented vaccination and the mortality rate decreased 
to ≈5% (21). Whereas some of these mortality rates are 
confounded partially by extreme weather and differences 
in reporting, diagnostics, and nutrition among horses, the 
reduced mortality rate seen with vaccination appears to be 
real. A 2012 EIV outbreak in Mongolia was linked to an 
outbreak in Kazakhstan that year and an outbreak in China 
in 2013 (1,2). Additional EIV outbreaks have occurred in 
Malaysia in 2015, the United States and Ireland in 2016, 
and Chile in 2018 (8,17). 

The primary focus of EIV prevention has been on do-
mestic horses, but EIV is transmissible to all equids, in-
cluding feral and wild herds, such as Przewalski’s horses. 
A 2007 outbreak in China affected ≈13,600 donkeys, re-
sulting in 77 deaths. The donkeys had the typical clinical 
signs of EIV, and the most severe cases occurred in ani-
mals 6 months to 3 years of age (22). The Takhi herd of 
wild horses in China also experienced an illness rate near 
100% and a 5% mortality rate (23) during that outbreak. 
Feral horses also were considered as a route of transmis-
sion during the 2007 outbreak in Australia, and the coun-
try set up a vaccination buffer zone. Although authorities 
considered the risk for infection low for feral horses, they 
considered risk to domestic horses from infected feral 
horses high (24).

Potential for Cross-Species Spread
EIV infection is not limited to equids. Sporadic spillover 
of EIV to dogs has been detected in the United Kingdom 

and Australia (25–27). In the early 2000s, a canine H3N8 
influenza of equine origin was discovered in the United 
States, where it continues to circulate with high transmis-
sion rates in dog shelters (25). Canine influenza in Austra-
lia occurred simultaneously with the 2007 EIV outbreak 
in horses (26). During 2004–2006, surveillance for influ-
enza viruses in pigs in China discovered 2 H3N8 strains 
of equine origin (28). 

Cats experimentally infected with EIV demonstrated 
respiratory signs and virus shedding with transmission to 
other cats (29). A strain of influenza discovered in a camel 
in Mongolia was directly related to a circulating equine 
H3N8 strain, but horizontal spread in camels could not be 
determined (30). Although cross-species infections appear 
to be rare, horses potentially could play a role in the genera-
tion or amplification of a novel virus.

One of the most severe outbreaks of EIV occurred 
in China and involved an EIV related to an avian H3N8 
strain. The outbreak had a mortality rate of ≈20% (31), 
but the virus was not sustained in the equine population 
(32). However, the close relationship between this EIV and 
avian H3N8 strains of the time (31,32) raises concerns that 
novel, highly virulent avian influenza viruses might adapt 
to horses and cause severe future mortality rates. 

In another instance in 2009, donkeys with moder-
ate respiratory infection in a village in Egypt were found 
to have H5N1 during a simultaneous outbreak of highly 
pathogenic H5N1 in poultry (33). Historical reports in 
newspapers from the United States in 1872 describe a 
highly pathogenic disease in poultry that seems clinically 
similar to modern avian influenza viruses (12). Although 
the connection of this avian disease to the 1872 EIV epi-
zootic is unknown, local newspaper reports linked it with 
the movement of infected horses (12), suggesting equids 
could be a potential reservoir or amplifying host for future 
avian influenza infections.

Humans are also a potential host for EIV. Experi-
mental infection of antibody-negative human volunteers 
in the 1960s saw >60% of them seroconvert and have 
positive virus cultures from throat swabs collected 2–6 
days after nasal inoculation. Most of the human volun-
teers also shed virus from day 2 through day 5 but rarely 
shed past day 6 (34,35). In the same study, horses became 
infected by strains of EIV passed through humans (34). 
During 1958–1963, human serum samples were tested in 
the Netherlands for EIV antibodies. Less than 0.5% of 
people <60 years of age had elevated antibody titers, but 
11.5% of people >60 years of age had elevated EIV an-
tibodies, with >40% EIV antibody elevation among peo-
ple >70 years of age. The authors surmised that a virus 
resembling the 1963 EIV strain infected humans during 
1896–1900 (36). The study was performed before the 
human H3 influenza virus was recorded and determined 
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to have crossed from ducks to humans in 1965, although 
the equine H3 strain is older (37). The evidence suggests 
past equine-to-human interspecies transmission.

Studies of humans exposed to horses during the 2007 
EIV outbreak in Australia found only 10% of people had 
serologic reaction against EIV, all at a low level, suggest-
ing cross-reactivity with human influenza strains (38). A 
similar study in Mongolia found only 4.8% of people test-
ed had elevated EIV antibodies, all at low titer levels that 
could be explained by cross-reactivity with seasonal human 
influenza virus infection or vaccine (39). However, a study 
in Iowa using new serologic assays found that people regu-
larly exposed to horses were more likely to have elevated 
antibodies against EIV than people not exposed to horses in 
the previous 10 years (40). Smoking was an added risk fac-
tor for elevated antibodies against EIV, possibly because of 
oral contamination from touching horses before smoking or 
because of a compromised immune system from smoking 
(40). A single probable horse-to-human EIV transmission 
case was observed in Chile during 1973, but the human’s 
influenza virus was not typed (41). Although experimental 
infection of humans has been demonstrated, evidence for 
natural infection is more equivocal.

Environmental Transmission
EIV has multiple potential direct and indirect routes of 
transmission and is especially communicable when it en-
ters a large, previously unexposed population of equids. 
Research is clarifying the role of the environment and 
weather on EIV transmission. During the 2007 outbreak 
in Australia, wind speeds >30 kph from the direction of 
infected horses correlated with an increased risk for infec-
tion for horses downwind (19). Humidity and temperature 
also might have contributed to EIV transmission (19). 
These findings match results from a laboratory study that 
found enhanced aerosolizing of influenza virus with colder 
and drier conditions (42). Further analysis in Queensland, 
Australia, found east to west spread of EIV with distances 
of 1–2 km consistent with wind patterns (43). In addition, 
some avian influenza virus strains persist in water and re-
main infectious for >2 months (44), implying water also is 
a potential source of transmission for EIV. 

Vaccination and Prevention Strategies
The World Organisation for Animal Health (OIE) recom-
mends current EIV vaccines include both Florida clade 
1 and clade 2 H3N8 strains (8). Because EIV H7N7 has 
not been isolated since the late 1970s and the Eurasian 
strain of H3N8 has not been seen since 2007 (8,11), OIE 
suggests omitting these from equine influenza vaccines. 
The American Association of Equine Practitioners rec-
ommends EIV vaccination unless a horse is in a closed 
and isolated facility and that high-risk populations,  

including young show and race horses, be vaccinated ev-
ery 6 months (16). Horse shows and races have been rec-
ognized mechanisms of increased dispersal and spread 
of EIV since a 1963 EIV outbreak across the continen-
tal United States linked to infected horses imported by 
air from Argentina into Florida (45). Most EIV infec-
tions in the United States in 2017 were in show and race 
horses with an unknown vaccination history (2,8,20). As 
the number of horses transported by air for breeding or 
racing increases, so does the probability of future EIV 
outbreaks among horses (15).

Because previously vaccinated horses shed virus 
without clinical signs, EIV vaccine is useful for reduc-
ing clinical signs and reducing virus shed but does not 
eliminate potential transmission (20,46). In 2003, an 
outbreak of EIV closely related to the Kentucky sub-
lineage occurred in regularly vaccinated thoroughbred 
horses in England (47). Before this outbreak, the Ameri-
can strain included in the vaccine was considered suf-
ficient to protect horses. This outbreak helped redefine 
how antigenic drift reduces the efficacy of EIV vacci-
nations (47). A study of vaccine containing H3N8 A/
eq/Kentucky/98 found >40% of vaccinated ponies shed 
EIV after experimental challenge with aerosolized EIV, 
although for fewer days than animals in an unvaccinated 
control group (46). 

More effective vaccines are needed, especially consid-
ering the role failed vaccination potentially played in the 
2007 outbreak in Australia (20). Even while the OIE rec-
ommends all vaccines contain Florida clade 1 and clade 2 
virus, many vaccines contain outdated strains (8). A review 
of current vaccinations found that many commercial vac-
cines are not updated until a major outbreak, such as the 
one in Australia (48).

Because vaccination does not prevent viral shedding, 
good management practices are imperative for preventing 
EIV outbreaks (46). Before reaching its goal of 80%–90% 
EIV vaccination rates in high-risk areas, Australia saw a 
decline in new cases likely related to adoption of move-
ment restrictions and biosecurity protocols (49). Ring vac-
cination, however, is credited for stopping the spread and 
reducing risk for EIV infection so normal equine activities 
could be resumed (49). 

Preventive measures should include international 
surveillance and investigation of vaccine failure (8). Vet-
erinarians can further help educate owners in order to help 
improve surveillance, diagnostics, and increase EIV vac-
cination (15).

Surveillance Efforts
After major EIV outbreaks in 1989 related to outdated 
vaccine strains, the OIE Biological Standards Com-
mission initiated the formal global Equine Influenza  
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Surveillance Programme in 1995 (50). OIE currently has 
reference laboratories in Ireland, the United Kingdom, 
and the United States. Additional laboratories in Asia, 
Europe, and South America collect data on outbreaks of 
EIV and strain characterization, which the Expert Sur-
veillance Panel on Equine Influenza Vaccine Composi-
tion reviews annually. The panel, composed of OIE and 
World Health Organization representatives, makes rec-
ommendations on vaccine updates, which it publishes in 
an annual bulletin (8).

The level of active or passive EIV surveillance in each 
country depends on the nature of the horse industry, status 
of the disease, laboratory capability, and financial resources 
available for veterinary intervention. Many laboratories in-
volved in EIV surveillance experience difficulty obtaining 
sufficient samples because horse owners seldom request a 
confirmatory diagnosis for influenza (15). Surveillance is 
compounded by the failure of some diagnostic laboratories 
to characterize virus or to submit positive real-time PCR 
samples to an OIE reference laboratory for virus isolation 
and antigenic characterization.

OIE continues to develop global EIV surveillance 
through its Laboratory Twinning Programme (http://www.
oie.int/support-to-oie-members/laboratory-twinning), 
which transfers skills and reagents from OIE reference 
laboratories to other institutes to increase their capacity to 
implement effective surveillance programs and contribute 
data. Recently, the OIE reference laboratory at the Animal 
Health Trust (Suffolk, UK) completed a 3-year twinning 
project with the National Research Centre on Equines in 
Hisar, India. In 2016, the OIE reference laboratory at the 
Irish Equine Centre (Johnstown, Ireland) completed a twin-
ning project with Harbin Veterinary Institute in Harbin, 
China. Currently, no OIE reference laboratory for equine 
influenza exists outside of Europe or North America, but 
OIE anticipates that twinning will help a laboratory in 
Asia meet the necessary requirements, develop a region-
al network, and provide diagnostic support to neighbor-
ing countries. At the time of our report, the surveillance 
program reports that Australia and New Zealand are EIV 
free and that a large EIV outbreak with fatalities in don-
keys has been reported in Africa, but there is a lack of 
sufficient information from many countries in the Middle 
East and elsewhere EIV may be circulating (http://www.
oie.int/wahis_2/public/wahid.php/Reviewreport/Review/
viewsummary?reportid=29135).

Future Challenges
Equine influenza is a highly contagious virus with the po-
tential to cause global harm. The 2007 EIV outbreak in 
Australia demonstrated the economic impact the virus can 
have when introduced into a previously unexposed equine 
population (18). Furthermore, potential novel and virulent 

avian influenza virus strains could cross into horses and 
rapidly spread despite previous equid vaccinations (31,33). 
Risk from avian strains is compounded by EIV’s potential 
for infecting humans (13). Although the role of humans in 
EIV evolution is unknown, historical and serologic evi-
dence suggests EIV has zoonotic potential and is known 
to infect other nonhuman species (26,28,30). Historical re-
view suggests the 1889 human influenza pandemic might 
have been of equine origin, with equids playing the role 
that swine play in modern outbreaks (12). With all this in 
mind, we posit that EIV should be recognized as a potential 
epidemic, if not pandemic, threat.
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Human infections with vaccinia virus (VACV), mostly from 
laboratory accidents or contact with infected animals, have 
occurred since smallpox was eradicated in 1980. No recent 
cases have been reported in China. We report on an out-
break of VACV from occupational exposure to rabbit skins 
inoculated with VACV.

Vaccinia virus (VACV; genus Orthopoxvirus [OPV]) is 
used as a lyophilized live virus vaccine against small-

pox, variola virus (1). VACV, cowpox virus, and monkey-
pox virus are OPVs of concern because of pathogenicity in 
humans, possible adverse effects in vulnerable populations, 
potential spread and introduction in other areas, and public 
health burden (2). After smallpox was declared eradicated 
in 1980, mandatory routine vaccination was suspended 
worldwide, including in China (3). Immunological cross-
reaction herd immunity to OPVs also subsided. Those who 
might have contact with OPVs often receive VACV vacci-
nation, including those collecting OPV samples, respond-
ing to outbreaks, treating patients, or handling OPVs in the 
laboratory, as well as military personnel, especially in the 
United States. 

Human infections with OPVs frequently emerge or 
reemerge, including cowpox virus in Europe (4), monkey-
pox virus in Africa and North America (5), buffalopox in 
India (6), and VACV in South America (7), especially in 
Brazil (8). Most human cases have occurred from occu-
pational exposure to infected animals or laboratory acci-
dents, such as needle sticks or eye splashes (9). No human 
cases of VACV infection have been reported in China in  
recent decades.

The Study
On March 9, 2017, case-patient 1, an industrial worker, was 
admitted to a local hospital with high fever and a pustular 
eruption on his left thumb that appeared 3 days earlier (Fig-
ure 1, panel A). Case-patients 2–5 began having fever and 
skin lesions almost simultaneously and were seen as outpa-
tients at community clinics during March 7–9. Case-patient 
1 became ill with severe pneumonia and was transferred to 
a tertiary hospital for treatment on March 13.

All 5 case-patients worked in a powder processing 
company. On March 2, they pulverized a batch of fro-
zen skins (Figure 1, panel D) from rabbits inoculated 
with VACV (Figure 1, panel E) in a biopharmaceutical 
laboratory 5 days before. Three biopharmaceutical com-
pany employees brought the skins to the powder process-
ing company and used the pulverized skins to study the 
analgesic function of its extracts. The 5 case-patients 
pulverized the skins in an enclosed workspace (Figure 
1, panel G) and did not wear personal protective equip-
ment at any time during the process, which took ≈1 hour. 
Case-patients 2, 4, and 5 touched the skins with ungloved 
hands before and after pulverizing. After the pulverizing 
process, case-patients 3 and 4 disassembled the pulverizer 
(Figure 1, panel F), and case-patients 1 and 3 washed it 
with a water cannon. The 3 biopharmaceutical company 
employees were in the workspace but wore masks and did 
not participate in the pulverizing process; none became ill 
or exhibited symptoms.

On March 14, the municipal Center for Disease Con-
trol and Prevention initiated an investigation of the 5 febrile 
case-patients (Appendix Figure, http://wwwnc.cdc.gov/
EID/article/25/6/17-1306-App1.pdf). All 5 case-patients 
were male, 21–53 years of age (Table). Case-patients 1–4 
were otherwise healthy and not taking any long-term medi-
cations. Case-patient 5 had a history of hypertension; he 
had fever but no exanthema. Case-patients 3, 4, and 5 re-
ported having a smallpox vaccination in the 1970s; each 
had a vaccination scar on his left arm. All case-patients 
had fevers that began 2–5 days after exposure, with high 
temperatures of 39.0°C–42.0°C. Case-patients 1, 2, and 4 
had painful vesicular-pustular lesions on their hands. Case-
patient 2 had >7 pustules with a diameter of ≈0.6 cm on 
each hand (Figure 1, panels B and C). All 5 case-patients 
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had pulmonary infections seen on computed tomography 
scans on March 20. 

Case-patients 2–5 were prescribed antipyretic and 
antiinflammatory medications, which they took for 9–16 
days, and were afebrile 5–9 days after illness onset. They 
were advised to avoid contact with family members and 
friends until they were afebrile and escharosis exfoliation 
was complete. Case 1 was the only patient hospitalized. 
He was kept in isolation in the tertiary hospital until be-
ing discharged on March 24. No transmission occurred 
from the case-patients to other contacts, and none had  
scar formation. 

Epidemiologic investigation and clinical manifestations 
raised concerns that cowpox or tularemia were likely etiolo-
gies. Nasopharyngeal swab, whole blood, and serum sam-
ples were collected from all 5 case-patients on March 14. 
Clinicians also collected samples of content from scabs from 
case-patient 1 and liquid from blisters from case-patient 2. 

We extracted viral DNA using the QIAamp MinElute 
Virus Spin Kit (QIAGEN, https://www.qiagen.com). We 
conducted real-time PCR to screen for OPV (10) and 
suspected bacteria, including Francisella tularensis and 
Bacillus anthracis. Case-patients 1–4 tested positive for 
VACV. All 5 case-patients were negative for cowpox vi-
rus, monkeypox virus, F. tularensis, and B. anthracis. We 
used Hep2 cells (SGST accession no. TCHu 21) to isolate 
the virus in positive samples, which showed characteristic  

cytopathic effects, including cell rounding, loss of adher-
ence, and cellular debris 48 hours postinfection. 

To establish the relationship between the illness and 
exposure, we collected residue from the pulverizer blade 
and outlet and from the surrounding floor. We used real-
time PCR to detect VACV-specific nucleic acids in these 
specimens. We amplified the hemagglutinin gene A56R 
and sequenced it using an Applied Biosystems 3130 Ge-
netic Analyzer (ThermoFisher Scientific, https://www.
thermofisher.com) (11). We aligned nucleotide sequences 
using ClustalW (http://www.clustal.org/clustal2) and con-
structed a phylogenetic tree with MEGA5 (https://www.
megasoftware.net). 

We obtained A56R gene sequences from 5 positive 
specimens, 1 each from case-patients 1, 2, and 4; 1 from 
the pulverizer; and 1 from the rabbit skin (GenBank 
accession nos. MF598168–72). All sequences showed 
100% identity match with each other and had 99.6% 
identity match with isolate VACV-MNR-76 (GenBank 
accession no. DQ792504) (Figure 2). Unfortunately, 
we could not trace the vaccine strain used to inoculate  
the rabbits.

Conclusions
Epidemiologic and molecular data implicated VACV 
as the etiology of this outbreak, the source of which 
was rabbit skins inoculated with smallpox vaccine. The  

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 6, June 2019 1193

Figure 1. Images from outbreak of vaccinia virus (VACV) from occupational exposure, China, March 2017. A) Lesion on thumb of 
case-patient 1; B, C) lesions on hands of case-patient 2; D) batch of frozen rabbit skin inoculated with VACV by a biopharmaceutical 
laboratory; E) live rabbit after VACV inoculation in the biopharmaceutical laboratory; F) machine used to pulverize rabbit skin; G) closed 
workspace where 5 case-patients pulverized rabbit skin. 
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phylogenetic tree revealed a close relationship between 
the isolated strains and the TianTan strain (Figure 2), a 
highly attenuated VACV strain used in smallpox vaccine 
in China. The likely transmission route was contact with 
infected rabbit skins. However, we cannot exclude trans-
mission through aerosolized or suspended infectious par-
ticles, considering all 5 case-patients had pulmonary in-
fection and only 3 case-patients had characteristic VACV 
skin lesions. The transmission mode in this outbreak dif-
fers from outbreaks in Brazil and Europe, where human 
cases were related to contact with infected dairy cattle or 
to laboratory accidents (12–14).

Case-patients 3, 4, and 5 received prior smallpox vac-
cination and had less severe clinical manifestations than 
the other 2 case-patients, indicating that vaccination might 
have reduced illness severity but failed to protect them 
from infection (13). Decreased immunity over time and 
increased virulence of the VACV strain involved might ac-
count for the infections. 

VACV is commonly used in research settings and the 
biopharmaceutical industry. Functional studies on extracts 
from rabbit skins inoculated with VACV are common in 
China (15). The inadvertent introduction of virulent VACV 
to local domestic and wild animals could cause a severe out-
break, such as occurred in Brazil (14). Besides using standard 
contact protections, those who handle animals vaccinated with 
VACV, or their products, should use proper respiratory pro-
tection. In addition, we recommend increased supervision of 
biopharmaceutical uses of VACV and smallpox vaccination 
for laboratory and other workers at risk for occupational expo-
sure to OPVs, as recommended in the United States (3). 

Acknowledgments
We are grateful to those who assisted in collecting data and 
specimens from the local Municipal Center for Disease Control 
and Prevention (CDC) in Jiangyin and Peizhou counties; to 
Keith Dear, who helped review and edit the manuscript; and to 
Yayun Tan, who assisted in drawing the appendix figure. 

1194 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 6, June 2019

 
Table. Epidemiologic characteristics in 5 case-patients infected with vaccinia virus from occupational exposure, China, 2017* 

Characteristics 
Case-patients 

1 (index) 2 3 4 5 
General information 

Age, y 37 21 50 52 53 
Sex M M M M M 
Occupation Worker Worker Worker Worker Intermediary 
Underlying conditions N N N N Y† 
Current medications N N N N N 
Immunosuppressant drugs N N N N N 
Smallpox vaccination, y N N Y, 1974 Y, 1976 Y, 1977 
Vaccination scar N N Y Y Y 
Date of exposure, March 2017 2 2 2 2 2 

Exposure type and duration, min  
Inside enclosed work area  60 60 60 60 30 
Contact with rabbit skins, ungloved hand 0 5 0 20 5 
Contact with pulverized rabbit skins 0 2–3 0 10 10 
Disassembling pulverizer 0 0 30 30 0 
Washing pulverizer 5 0 5 0 0 
Wearing PPE N N N N N 

Clinical manifestations 
Date of symptom onset, March 2017 6 6 7 4 6 
Date of first doctor visit, March 2017 9 7 8 8 9 
Highest temperature, °C; duration, d 42.0; 9 39.2; 7 39.0; 5 42.0; 9 39.2; 8 
No. painful vesicular-pustular lesions 1 7 0 3 0 
Site of painful vesicular-pustular lesions Left hand Both hands NA Right hand, 

torso, upper leg 
NA 

Other symptoms or laboratory findings N N Headache, 
muscular pain 

Headache, 
vomiting 

Elevated 
leukocyte count 

Complication Pneumonia Pulmonary 
infection 

Pulmonary 
infection 

Pulmonary 
infection 

Pulmonary 
infection 

Admitted to hospital Y N N N N 
Treatment duration, d 16 9 16 10 13 
Sequelae of scar formation N N N N N 

Laboratory results with real-time PCR 
Vaccinia virus (source) + (BL, SE, 

NPS, CS) 
+ (BL, SE, 
NPS, LB) 

+ (BL, SE, 
NPS) 

+ (BL, SE, 
NPS) 

– 

Cowpox virus – – – – – 
Monkeypox virus – – – – – 
Francisella tularensis – – – – – 
Bacillus anthracis – – – – – 

*BL, blood; CS, content of scabs; LB, liquid form blisters; NA, not available; NPS, nasopharyngeal swabs; SE, serum; +, positive; –, negative. 
†Hypertension and hyperthyroidism. 
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Figure 2. Phylogenetic tree of isolates from outbreak of vaccinia 
virus from occupational exposure, China, 2017, compared with 
reference isolates. The tree was constructed by using nucleotide 
sequences of Orthopoxvirus A56R hemagglutinin genes and 
the maximum-likelihood method with 1,000 bootstrap replicates 
in MEGA5 (https://www.megasoftware.net). Black dots indicate 
isolates from this study. Numbers along branches indicate 
bootstrap values. Scale bar indicates nucleotide substitutions 
per site. CPXV, cowpox virus; MPXV, monkeypox virus; VACV, 
vaccinia virus; VARV, variola virus.
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During the 2008–2012 pertussis epidemic in Australia, 
pertactin (Prn)–negative Bordetella pertussis emerged. We 
analyzed 78 isolates from the 2013–2017 epidemic and 
documented continued expansion of Prn-negative ptxP3 B. 
pertussis strains. We also detected a filamentous hemag-
glutinin-negative and Prn-negative B. pertussis isolate.

Despite high vaccination coverage, pertussis remains a 
major public health concern. In many industrialized 

countries, including Australia, whole-cell vaccine was re-
placed by the less reactogenic acellular vaccine (ACV). In 
Australia, the 3-component ACV (containing pertactin [Prn], 
pertussis toxin [Ptx], and filamentous hemagglutinin [Fha]) 
has been more widely used than the 5-component ACV 
(which also contains fimbrial antigen: Fim2 and Fim3).

Since 1991, when notifications began, pertussis has 
reemerged in Australia, and epidemics occur every 3–5 
years. The largest epidemic occurred in 2008–2012; 39,000 
cases were recorded at its peak in 2011 (1,2). Most Borde-
tella pertussis isolates from that epidemic belonged to 1 ge-
netic group, referred to as single-nucleotide polymorphism 
(SNP) cluster I (1–3). SNP cluster I had prn2 allele of the 
prn gene and ptxP3 allele of the Ptx promoter (3).

In a study of the 2008–2012 epidemic, Lam et al. (1) 
reported a rapid increase in the number of isolates not ex-
pressing the ACV antigen Prn (Prn-negative), from 5.13% in 
2008 to 77.78% in 2012. Sequencing of 22 isolates revealed 
5 epidemic lineages (ELs) (EL1–EL5) and independent  

origins of Prn-negative strains in different ELs (4). A small-
er epidemic occurred during 2013–2017, peaking at 22,000 
cases in 2015 (Figure 1, panel A). We investigated the geno-
typic and phenotypic characteristics of 78 B. pertussis iso-
lates from 2013–2017 to determine the epidemic trends of 
pertussis in Australia.

The Study
We sequenced 78 B. pertussis isolates (Appendix 1 Table 
1) from New South Wales (NSW) (17/78 [21.8%]) and 
Western Australia (WA) (61/78 [78.2%]) that were col-
lected during the 2013–2017 epidemic. We conducted SNP 
detection (Appendix 1 Table 2) and examined variation 
in ACV antigen genes (prn, ptxA, ptxP, and the 2 fimbrial 
genes fim2 and fim3). Using the SNP-based classification 
scheme by Octavia et al. (3), we typed the 78 isolates into 
2 SNP profiles (SPs): SP13 (SNP cluster I, ptxP3, 75/78 
[96.2%]) and SP18 (noncluster I, ptxP1, 3/78 [3.8%]). All 
isolates harbored the ptxA1 allele. Most (75/78 [96.2%]) 
of the SP13 isolates had the prn2 and fim3A alleles. The 3 
noncluster I SP18 isolates had a fim3A* allele that differs 
from fim3A by a synonymous mutation (3) with genotype 
ptxP1-fim3A*-prn1. The frequency of ptxP3 and fim3A al-
leles was higher than during the 2008–2012 epidemic (Fig-
ure 1, panels B, C). All but 1 isolate carried the fim2–1 
allele. One isolate (L2263 [SP18]) contained a fim2 allele 
with a new 3-nucleotide insertion (AGA) at position 506, 
resulting in the insertion of a lysine in the epitope (F2.9) re-
gion of Fim2 (5). PROVEAN analysis (6) suggests that the 
insertion does not affect protein structure and thus might 
or might not affect immune recognition. We designated 
this allele as fim2–3 (GenBank accession no. MG824989). 
Western immunoblotting showed that all isolates expressed 
Ptx, and all but 1 (L2228) expressed Fha. For Prn, 89.7% 
(70/78) isolates were Prn-negative (Figure 1, panel D), sug-
gesting continued expansion of Prn-negative strains.

We found multiple mechanisms of prn inactivation in 
the isolates, all but 1 of which were reported previously 
(1,7–9). For most (66/70) isolates, inactivation was caused 
by insertion sequences (IS), including 45 IS481F inser-
tions (F/R denotes insertion orientation relative to prn), 17 
IS481R insertions, and 4 IS1002R insertions (Table). We 
found an IS481F insertion, which has been reported in prn1 
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and prn2 isolates only (1,8), in 3 of the prn3 isolates. One 
Prn-negative isolate contained a SNP (C→T) in position 
223, resulting in a stop codon, a mutation found previously 
in US isolates only (10). Two isolates had a deletion (po-
sition –297, 1325 [relative to the initiation codon ATG]) 
between the promoter and 5′ end of prn that was replaced 

with a fragment of IS1663, which might have mediated the 
deletion (Table). A similar but slightly different deletion 
(position –292, 1340) was reported in US isolates (7). We 
identified a new inactivation by a 4-bp deletion, from posi-
tion 2020 to 2023 in prn, in 1 isolate (L2210) (Appendix 1 
Table 1). 
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Figure 1. Pertussis trends 
and temporal changes of 
allele frequencies of vaccine 
antigens genes, Australia. 
A) Pertussis notifications 
in Australia, 1991–2017. 
Source: National Notifiable 
Diseases Surveillance System 
(http://www9.health.gov.au/
cda/source/cda-index.cfm). 
Incidence is number of cases 
per 100,000 population. 
Reporting system was 
established in 1991. ACV was 
first introduced in Australia in 
1997, and WCV was replaced 
with ACV in 1999. A large 
pertussis epidemic occurred 
during 2008–2012, and another 
epidemic occurred during 
2013–2017. B) Percentage of 
Bordetella pertussis isolates 
carrying ptxP3 allele in 
the 2 epidemic periods. C) 
Percentage of B. pertussis 
isolates carrying fim3A and 
fim3B allele in the 2 epidemic 
periods. D) Percentage of 
pertactin-expressing (Prn-positive) and pertactin-deficient (Prn-negative) B. pertussis isolates in the 2 epidemic periods. ACV, 
acellular vaccine; Prn, pertactin; WCV, whole-cell vaccine. 

 
Table. Mechanisms of pertactin deficiency and characteristics of Bordetella pertussis isolates from pertussis epidemics, Australia, 
2013–2017* 
Prn deficiency 
mechanism Position in prn† prn allele type State (no. of isolates) Year (no. isolates) References 
IS481F 1613 prn2 Western Australia (32) 2013 (13) (1) 
  

 
New South Wales (10) 2014 (5) 

 

  
  

2015 (11) 
 

  
  

2016 (9) 
 

  
  

2017 (4) 
 

IS481R 1613 prn2 Western Australia (12) 2013 (6) (1) 
  

 
New South Wales (5) 2014 (5) 

 

  
  

2015 (4) 
 

IS481F 1598 prn3 Western Australia (3) 2013 (1) This study 
  

  
2014 (2) 

 

IS1002R 1613 prn2 Western Australia (4) 2013 (2) (1) 
  

  
2016 (1) 

 

  
  

2017 (1) 
 

Deletion 297 to 1325 Not determined‡ Western Australia (2) 2014 (1) (8), newly found 
in Australia 

  
  

2015 (1) 
 

Stop codon 223 prn2 Western Australia (1) 2014 (1) (10), newly found 
in Australia 

Deletion 2020–2023 prn2 Western Australia (1) 2013 (1) This study 
*F/R denotes IS insertion orientation relative to prn. F, forward; IS, insertion sequence; Prn, pertactin; R, reverse. 
†The nucleotide positions are relative to the initiation codon (ATG) of the prn in Tohama I. 
‡prn allele type was not determinable because the repeat regions that define prn allele type were deleted in this mechanism. 
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One Prn-negative isolate (L2228) was also Fha-neg-
ative (i.e., Prn–, Fha–) by Western immunoblotting. The 
Fha inactivation probably resulted from changes within the 
homopolymeric G tract (site: 1078–1087) from 10 Gs to 
11 Gs in fhaB, resulting in a downstream stop codon that 
produces a truncated FhaB protein (11). Both Illumina and 
Sanger sequencing (Appendix 2) showed a mixture of 10 
Gs and 11 Gs. The bacterial population most likely con-
tained predominantly 11 Gs with a lower proportion of 10 
Gs. Proteomic analysis using liquid chromatography tan-
dem mass spectrometry (12) found that, in the whole cell of 
L2228, only 2.3% of the FhaB protein was detected as pep-
tides and derived mainly from the first 350 aa of the FhaB 
protein. In contrast, in the Fha-positive isolate (L2248), 
30.7% of the FhaB protein was detected as peptides and 
derived from the entire protein. However, in the superna-
tant of L2228, we detected peptides across the entire FhaB 
protein and at a higher coverage of 22.7% than for whole-
cell FhaB. For the Fha-positive isolate, we detected 52.0% 
of the FhaB across the entire protein. Western immunoblot-
ting could not detect any FhaB in supernatant or whole-cell 
proteins of the Fha-negative isolate.

Together with the 27 B. pertussis isolates from Aus-
tralia previously sequenced, we analyzed a total of 105 B. 
pertussis isolates to determine their genomic relationships 
(Figure 2). Five preepidemic SP13 isolates from 1997–2002 
were ancestral to the SP13 epidemic clade as expected; 3 
noncluster I (ptxP1) isolates grouped together as a separate 

clade outside SNP cluster I. Most (68/75) isolates grouped 
into 4 previously defined ELs (EL1–EL4) (4). However, 
no isolates from the new epidemic fell into the 2008–2012 
EL5. Four isolates (L2233, L2234, L2261, and L2262) did 
not cluster with any of the ELs. 

Prn-positive isolates from the 2008–2012 and 2013–
2017 epidemics were distributed among different lineages. 
Prn-negative isolates were largely grouped by mechanism 
of inactivation in different ELs. Prn-negative isolates in 
EL1 and EL4 were caused by IS481R insertion. All but 1 
Prn-negative isolate in EL2 was caused by IS1002 inser-
tion; the exception was an IS481R insertion. Prn-negative 
isolates in EL3 were caused by IS481F insertion. Three 
Prn-negative isolates with new inactivation mechanisms 
found in Australia were distributed in EL4 (prn::del [-297, 
1325]; note that the prn allele was indeterminate) and non-
ELs (prn2::stop [C233T]).

EL1 contained isolates from NSW (6/20) and WA 
(14/20). EL2 was a small lineage (8 isolates), but these 
isolates were from both periods and both states. EL3 
was predominantly a WA lineage; 30/33 isolates from 
WA and nearly half of the WA isolates (30/61) from  
2013–2017 were EL3. EL4 was largely an NSW lineage 
(14/23 isolates).

Conclusions
The 2013–2017 pertussis epidemic in Australia was pre-
dominantly caused by Prn-negative strains, with local and 
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Figure 2. Phylogenomic 
relationship of 105 
Bordetella pertussis 
epidemic isolates from 
Australia. The minimum-
evolution tree was 
constructed using 705 
SNPs. The isolates are 
labeled by name (L 
numbers), followed by states 
with color to indicate years 
of isolates. Shaded areas 
inside circle indicate ELs 
(EL1–EL5) and branches 
with isolates belonging to 
SP18 and those carrying 
fim3B and prn3 alleles. 
Prn-positive isolates and 
different mechanisms of  
Prn-negative isolates are 
marked by circles with 
different colors. Scale bar 
represents 3 SNPs.  
EL, epidemic lineage; 
NSW, New South Wales; 
Prn, pertactin; SNP, single-
nucleotide polymorphism; 
SP, SNP profile; WA, 
Western Australia.
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interstate expansion of 4 epidemic lineages. The ongo-
ing expansion of Prn-negative strains is most likely due 
to continued vaccine selection pressure because Australia 
has been using ACVs that contain Prn since their introduc-
tion. This observation contrasts with the declining circu-
lation of Prn-negative strains in Japan, where changes in 
the vaccine probably caused the decrease because 2 of the 
3 vaccines used after 2012 did not contain Prn (13). The 
emergence of an Fha-negative and Prn-negative B. pertus-
sis in Australia may offer higher potential to escape ACV-
induced immunity.

Our results provide further evidence of B. pertussis 
evolution under vaccine selection. Continued surveillance 
of B. pertussis will provide a better understanding of the 
effect of vaccination on the evolution of the pathogen and 
optimize strategies to reduce the occurrence of pertussis.
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We determined the change in seroprevalence of enterovi-
rus D68 (EV-D68) in the United Kingdom in age-stratified 
cohorts from 2006 to 2016, the period during which EV-D68 
emerged as a cause of severe respiratory disease occa-
sionally leading to paralysis. Infections were acquired pri-
marily in infants and young children, and incidence was 
markedly higher in 2016.

Enterovirus D68 (EV-D68) is a member of the Enterovi-
rus D species (genus Enterovirus; family Picornaviri-

dae). EV-D68 is distributed worldwide and is typically as-
sociated with upper respiratory tract infections. Although 
EV-D68 infections were infrequently reported in the 
United States and elsewhere before 2010 (1,2), multiple 
novel clades of EV-D68 have emerged worldwide (3) and 
have been associated with occasional outbreaks of more 
severe respiratory infections (4). However, it was not un-
til 2014 that a series of large-scale EV-D68 outbreaks re-
sulting in severe illness and death were reported from the 
United States and Canada and subsequently, in 2016, from 
Europe (Netherlands, Spain, Germany, Italy, Ireland, Aus-
tria, France, Luxembourg), Japan, China, and elsewhere in 
Asia (4–6). 

While primarily regarded as a respiratory pathogen, 
EV-D68 has been occasionally associated with acute flac-
cid myelitis (AFM) (7). This apparent change in tropism 
for cells in the central nervous system (8) may be linked 
to the emergence of novel genetically distinct EV-D68 lin-
eages (3). An alternative possibility is that the increased 
number of reports of severe, AFM-associated infections 
with EV-D68 reflects larger-scale changes in population 
immunity that have enabled outbreaks to occur in poten-
tially vulnerable age groups. Severe infections typically 
target infants >6 months of age, when maternal antibody 

protection wanes (4). The World Health Organization re-
cently identified EV-D68 as a potential major public health 
risk and recommends enhanced surveillance and more ef-
fective diagnostics (9). We investigated potential changes 
in exposure to EV-D68 in the general population of the 
United Kingdom over the period in which the worldwide 
outbreaks of EV-D68 occurred.

The Study
For this study, we obtained serum samples collected as an ap-
proximately representative age-stratified cross section of the 
UK population (10). These samples were collected in 2006, 
before the reports of increased number of EV-D68 cases (n 
= 516), and in 2016, after the 2014 EV-D68 outbreak (n = 
566) (Figure 1, panel A). We used a standard microneutral-
ization assay for serum samples (Appendix, https://wwwnc.
cdc.gov/EID/article/25/6/18-1759-App1.pdf).

To determine the optimal strain to measure neutral-
izing antibody titer (Nab) assays, we compared titers of 
selected serum samples to the prototype Fermon (1962) 
strain and those of more recent EV-D68 isolates isolated 
in 2005 (FI_2005) and 2016 (FI_2016) (Appendix Figure 
1). We identified genotypes of D for FI_2005 and B3 for 
FI_2016 by phylogenetic comparison of the viral protein 
1 sequences. We selected samples for comparing titers to 
narrow down times of EV-D68 exposure: patients >40 
years of age in 2006, representing serologic responses to 
infections acquired substantially before 2006; patients 6 
months–5 years of age in 2006, representing responses 
to infections acquired during 2001–2006; and patients 6 
months–5 years of age in 2016, representing responses to 
infections acquired during 2011–2016. Geometric mean 
titers (GMTs) of NAbs to Fermon and FI_2016 were com-
parable between exposure groups (Appendix Figure 2), 
whereas samples collected from children infected during 
2001–2006 showed some evidence for proportionately 
higher seroreactivity to the 2005 strain. Overall, differ-
ences in GMTs were minor, and we selected the FI_2016 
strain for NAb screening.

We determined seroreactivity to EV-D68 by GMT cal-
culations for each age and year category and proportions of 
samples with different neutralizing antibody titers (Figure 
1, panel A). We determined seroprevalence and inferred 
frequencies of past infection using a conservative 1:16 ti-
ter threshold (Figure 1, panel B). Frequencies and titers of  

Increase in Enterovirus D68 Infections in 
Young Children, United Kingdom, 2006–2016

1200 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 6, June 2019

DISPATCHES

Author affiliations: University of Oxford, Oxford, UK (E. Kamau,  
D. Nguyen, P. Horby, P. Simmonds); National Health Service 
Blood and Transplant, London, UK (H. Harvala); National Institute 
for Health and Welfare, Helsinki, Finland (S. Blomqvist); Public 
Health England, London (R. Pebody)

DOI: https://doi.org/10.3201/eid2506.181759



 Increase in Enterovirus D68 Infections in Children

EV-D68 NAbs differed substantially between the 2 collec-
tion years in young children (in the categories 0.5–1 year, 
1–5 years, and 6–10 years of age). The difference narrowed 
in older age groups, and seroprevalence approached 100% 
in those >40 years of age. Seroprevalence and titer distribu-
tions were elevated in the <0.5-year age group, likely re-
flecting the presence of maternal antibody in these infants.

The differences in seroprevalence in the young children 
between 2006 and 2016 demonstrate greater infection rates 
in 2016. To identify the age at which this greater exposure 
occurred, we divided sample sets into narrower age bands 
and determined seroprevalence (Figure 2, panel A). For 
both groups, infections were acquired at a very early age, 
with extremely high incidences in the 0.5–2-year and 3–4-
year age ranges in both sample years but a marked reduc-
tion for children >5 years of age. Annualized incidence of 
EV-D68 infection in the 0.5–5-year age band increased from 
36 infections/1,000 population during 2001–2005 to 53 in-
fections/1,000 population during 2012–2016, an increase of 
50% (Figure 2, panel B). The increased incidence in the <5-
year age group in our study would equate to >35,000 addi-
tional EV-D68 infections/year, primarily in young children 
0.5–2 years of age. Incidence in older age groups was com-
parable or reduced, as we expected with greater rates of EV-
D68 exposure and seroconversion in the younger age ranges.

Conclusions
The seroprevalence of EV-D68 approached 100% in adult 
UK populations in this study, consistent with previous se-
roepidemiology studies conducted in Finland and China 

(11,12). Our findings provide further evidence for the wide 
circulation of EV-D68 infections before reported outbreaks 
in 2014 and 2016. We demonstrated high incidences of 
EV-D68 infection in young children; around one half are 
already infected by 2 years of age in both sampling peri-
ods. However, the seroprevalence of EV-D68 infection was 
consistently higher throughout childhood in 2016 samples 
than in 2006 samples (Figure 1).

Changes in population immunity, virus antigenic-
ity, transmissibility, cellular tropism, and pathogenicity 
may contribute to the recent upsurge of severe EV-D68 
infections worldwide. Concerning the first potential ex-
planation, seroprevalences in age groups <40 years were 
consistently lower in 2006 than 2016 (Figure 1, panel B), 
although EV-D68 circulated extensively, and adults were 
almost always seropositive and immune before and after 
periods of greater disease severity in the United Kingdom 
and elsewhere (4,13). Changes in NAb susceptibility and 
escape from population immunity appear unlikely to be 
a cause of changes in incidence; we found no evidence 
for major differences in antigenicity between Fermon, 
genotype D, or B3 isolates (Appendix; Appendix Figure 
1). Another possible cause is increased transmissibility of 
subgenotypes B2 and B3 in younger age groups (Figure 
2, panel A), reflecting a possible change in tropism or 
persistence of virus shedding and longer periods of infec-
tivity after changes in receptor use, cellular tropisms, or 
both. The Fermon prototype strain of EV-D68 isolated in 
1962 has a stronger affinity to α2,6-sialic acid primarily in 
the airways than to α2,3-linked sialic acid present in the 
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Figure 1. Comparison of enterovirus D68 (EV-D68) seroprevalence in the United Kingdom in 2006 and 2016. A) Seroreactivity to 
EV-D68 of samples collected in 2006 and 2016 from different age categories. Results are expressed as percentage of samples 
displaying neutralizing antibody titers <8 or >1,024 (histogram) and geometric mean titers (red line). We performed the Kruskal-Wallace 
nonparametric test to evaluate differences in titer distributions between samples collected at the 2 points in each band (red text indicates 
p<0.05). B) Seroprevalence of neutralizing antibodies to EV-D68 in different age categories in 2006 (red) and 2016 (blue). Error bars 
show SEs of the proportions. 
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lower respiratory tract (14). Whether the newer EV-D68 
strains causing an outbreak of severe respiratory infec-
tions in 2008–2010 were evolved to use primarily α2,3-
linked sialic acid or have switched to a sialic acid-inde-
pendent mechanism of virus entry (14), such as ICAM5 
(15), needs further investigation. Of note, only contempo-
rary EV-D68 strains were able to infect neuroblastoma-
derived neuronal cell line SH-SY5Y and cause paralysis 
in a mouse model, indicating that additional changes in 
virus strains might have occurred around or after 2012 
(8), although the relationship of this finding to increased 
transmissibility of EV-D68 has not been studied.

In summary, we document the greater circulation and 
force of EV-D68 infection in infants and young children in 
the United Kingdom over the period in which EV-D68 has 
emerged as an important respiratory pathogen and potential 
cause of paralytic disease, reflecting its changed transmissibili-
ty and pathogenic potential. Such rapid changes in virus behav-
ior emphasize the importance of ongoing surveillance and ap-
propriate diagnostics for emerging enteroviruses in the future.
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In 2016, an upsurge of neurologic disease associated with 
infection with multirecombinant enterovirus A71 subgeno-
group C1 lineage viruses was reported in France. These vi-
ruses emerged in the 2000s; 1 recombinant is widespread. 
This virus lineage has the potential to be associated with a 
long-term risk for severe disease among children.

Enterovirus A71 (EV-A71) comprises 7 genogroups (A–
G) and various subgenogroups (e.g., B0–B5, C1–C5) 

(1). B4, B5, and C4 viruses circulate mainly in Asia, and 
C1 and C2 viruses have been detected in Europe (2). In 

2016, an upsurge in neurologic manifestations of enterovi-
rus infection was reported in France (3). These cases were 
associated with an emerging lineage of subgenogroup C1 
enteroviruses first reported in 2015 in Germany and later in 
Spain and 4 other countries (Figure 1, panel A) (4–8). Our 
aim was to obtain the full genomes of the viruses from the 
specimens collected in France and track down the origin 
of this emerging lineage, hereafter referred to as C1v2015.

The Study
According to consolidated data recorded from the French 
Enterovirus Surveillance Network, 77 laboratory-con-
firmed cases of C1v2015 infection occurred during March–
October 2016; in comparison, 136 EV-A71 infections of 
all genogroups combined were recorded during 2010–2015. 
The C1v2015 cases were widespread throughout France 
and associated with various clinical manifestations, includ-
ing meningitis, cerebellitis, encephalitis, and myelitis, as 
well as hand, foot and mouth disease (HFMD) (Figure 1, 
panels B, C). One fatal case resulted from HFMD and car-
diorespiratory failure. We analyzed 32 clinical specimens 
available from 25 patients reported as having a C1v2015 
infection in 2016 and 2017 (Table 1; Appendix Table 1, 
https://wwwnc.cdc.gov/EID/article/25/6/18-1460-App1.
pdf). Specimens and clinical data were collected during 
routine clinical work-up and epidemiologic surveillance, 
and patient data were deidentified before this study was 
conducted. The study was approved by the review board 
Comité de Protection des Personnes Sud-Est VI (no. 2018/
CE44) in Clermont-Ferrand, France. The study population 
comprised 16 hospitalized children (median age 0.1 years), 
4 children seen via ambulatory care (median age 1.8 years), 
and 5 children with asymptomatic infection (median age 
1.4 years) in a childcare facility placed under community 
surveillance. We obtained the complete genomes, including 
the full 5′ and 3′ untranslated regions (UTRs), of 18 of 20 
specimens and partial genomes of 2 of 20 specimens (2,893-
nt and 4,380-nt long) acquired from 18 children (Appendix) 
(2). We also determined the genomes of 12 isolates recov-
ered during routine enterovirus surveillance to investigate 
their genetic relationships with C1v2015 (Appendix Table 
2); we selected these viruses on the basis of previous ex-
ploratory investigations of their partial sequences (2,9,10).

Multirecombinant Enterovirus A71  
Subgenogroup C1 Isolates Associated with 

Neurologic Disease, France, 2016–2017
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Table 1. Characteristics of patients with EV-A71 subgenogroup C1v2015 infection, France, 2016–2017* 
Patient 
no. 

Specimen 
no. Care setting (City) Clinical diagnosis Specimen material Collection date Ct 

01 01† Hospital (Toulouse) Acute meningitis Throat swab 2016 May 3 25 
02 02 Hospital (Toulouse) Fever Nasopharyngeal aspirate 2016 May 19 30 
02 03 Hospital (Toulouse) Fever Feces 2016 May 19 31 
03 04 Hospital (Paris)‡ Fever Plasma 2016 Jun 7 37 
04 05 Hospital (Paris)‡ Fever Plasma 2016 Jun 10 32 
05 06 Hospital (Bayonne) Encephalitis Cerebrospinal fluid 2016 Jun 12 35 
05 07† Hospital (Bayonne) Encephalitis Throat swab 2016 Jun 24 35 
05 08 Hospital (Bayonne) Encephalitis Rectal swab 2016 Jun 24 35 
06 09 Hospital (Toulouse) Infant fever Feces 2016 Jul 10 31 
07 10† Hospital (Toulouse) Sepsis-like disease Throat swab 2016 Aug 10 24 
07 11† Hospital (Toulouse) Sepsis-like disease Nasopharyngeal aspirate 2016 Aug 10 NR 
08 12† Hospital (Paris)‡ Convulsions Nasopharyngeal aspirate 2016 Aug 11 28 
09 13§ Ambulatory (Mirecourt) HFMD Mouth swab 2016 Aug 30 32 
10 14† Ambulatory (Mirecourt) HFMD Throat swab 2016 Aug 30 29 
11 15† Hospital (Paris)‡ Fever, hypotonia Blood 2016 Sep 5 30 
12 16§ Hospital (Toulouse) Acute meningitis, HFMD Throat swab 2016 Sep 7 33 
13 17† Ambulatory (Toulouse) HFMD Mouth swab 2016 Sep 14 29 
14 18† Hospital (Paris)‡ Fever Feces 2016 Sep 27 20 
15¶ 19† Daycare (Volvic) NR Feces 2016 Oct 4 29 
16¶ 20† Daycare (Volvic) NR Feces 2016 Oct 4 31 
17¶ 21† Daycare (Volvic) NR Feces 2016 Oct 4 31 
18¶ 22† Daycare (Volvic) NR Feces 2016 Oct 4 29 
19¶ 23† Daycare (Volvic) NR Feces 2016 Oct 4 31 
20 24 Hospital (Toulouse) Sepsis-like disease Throat swab 2016 Oct 5 33 
21 25 Hospital (Versailles) Diarrhea Cerebrospinal fluid 2016 Oct 9 35 
22 26 Hospital (Toulouse) Acute meningitis, cerebellitis Throat swab 2016 Oct 10 36 
22 27 Hospital (Toulouse) Acute meningitis, cerebellitis Feces 2016 Oct 10 30 
23 28† Hospital (Toulouse) Fever Throat swab 2016 Oct 11 27 
23 29 Hospital (Toulouse) Fever Feces 2016 Oct 12 29 
24 30† Hospital (Amiens) Myelitis Nasopharyngeal swab 2016 Oct 18 30 
24 31† Hospital (Amiens) Myelitis Feces 2016 Oct 20 33 
25 32† Ambulatory (Montesson) Atypical HFMD, herpangina Throat swab 2017 Jul 3 22 
*See Appendix Table 1 (https://wwwnc.cdc.gov/EID/article/25/6/18-1460-App1.pdf) for extended data, including GenBank accession nos. Ct, cycle 
threshold; EV-A71, enterovirus A71; HFMD, hand, foot and mouth disease; NR, not reported. 
†Specimens for which the complete viral genomes (including the full 5′ and 3′ untranslated regions) were obtained. 
‡Assistance Publique-Hôpitaux de Paris Cochin, Paris, France. 
§Specimens for which partial genomes were obtained. 
¶Patients 15–19 were children in the same daycare facility who had no evidence of clinical disease. 

 

Figure 1. Geographic locations 
and numbers of enterovirus 
A71 (EV-A71) subgenogroup 
C1v2015 infections reported 
during 2015–2017. A) Countries 
in which EV-A71 C1v2015 was 
reported. The year the virus 
was first reported is indicated. 
The size of Europe is increased 
for easier visualization. B) 
Geographic distribution and 
number of cases of EV-A71 
C1v2015 infection reported 
in hospitals, by department, 
France, 2016–2017. C) 
Geographic distribution of clinical 
manifestations associated with 
EV-A71 C1v2015 infection 
reported in hospitals, by 
department, France, 2016–2017. 
The size of a select set of 
departments is enlarged for 
easier visualization. HFMD, 
hand, foot and mouth disease.
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We performed whole-genome sequence analyses as 
previously described (11) to identify which viruses were 
the closest relatives of C1v2015. The C1v2015 genome 
appears to be a mosaic comprising 4 modules defined by 
distinct patterns of similarity possibly arising through  

recombination (Figure 2, panel A). The nucleotide simi-
larity patterns for module 2 (genomic region P1 compris-
ing 4 capsid protein genes) suggest this region was in-
herited en bloc from an earlier subgenogroup C1 lineage. 
We used genomic region P1 to determine the evolutionary 
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Figure 2. Nucleotide similarity and 
phylogenetic analyses of EV-A71 
subgenogroup C1v2015 isolates, 
France, 2016–2017, constructed 
to determine temporal origin of 
C1v2015 lineage. A) Nucleotide 
similarity patterns between EV-A71 
C1v2015 and other EV-A lineages 
indicate the C1v2015 genome has 
a mosaic structure. A schematic 
diagram of the enterovirus genome 
is shown at the bottom of the panel. 
Four genomic modules (labeled at 
top of panel) with different genetic 
origins are identified; genomic 
modules are indicated in dark 
gray. The arrowhead indicates a 
previously undescribed recombinant 
lineage of C1v2015 (Appendix 
Figure 2, https://wwwnc.cdc.gov/
EID/article/25/6/18-1460-App1.pdf). 
B) Phylogenetic tree constructed 
by using genomic region P1, 
encoding capsid proteins VP1–VP4, 
and methods described earlier 
(11). We performed this analysis 
with 85 sequences assigned to 
the EV-A71 C1 and C1v2015 
lineages. Tree shows the temporal 
distribution of lineages, including 
the emergence of lineage C1v2015. 
C) Phylogenetic tree constructed by 
using 3Dpol, encoding the viral RNA 
polymerase common to C1v2015 
and several CV-A strains. The 
dataset comprised 70 sequences: 
24 CV-A (including 5 from this 
study), 14 EV-A71 C1 (including 
6 from this study), 12 publicly 
available C1v2015, and 20 C1v2015 
from this study. Recombination 
analyses provided no evidence 
of internal breakpoints within the 
sequences. N1 represents the time 
to most recent common ancestor 
(MRCA) of all included EV-A71 
C1v2015 isolates except the virus 
from patient 14; N2 in panel B 
represents the MRCA of all EV-A71 
C1v2015 isolates, including the 
virus from patient 14; N2 in panel C represents the MRCA of EV-A71 C1v2015 and its parent C1 lineage; and N3 represents the MRCA 
of EV-A71 C1v2015 and its parent C1 lineage (see Table 2). Diameters of circles at nodes reflect posterior probability. Branches of trees 
are color coded according to virus lineage as indicated in panel A. C1v2015, enterovirus subgenogroup C1 strain discovered in 2015; 
CV-A, coxsackievirus genogroup A; EV-A71C1, enterovirus A71 subgenogroup C1; N, node; UTR, untranslated region; VP, viral protein. 
An expanded version of this figure and legend describing complete methods and providing details of the trees in panels B and C is 
available online (https://wwwnc.cdc.gov/EID/article/25/6/18-1460-F2.htm).
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relatedness between C1v2015 and earlier C1 viruses and 
to date when the upsurge of C1v2015 infections began in 
Europe (Figure 2, panel B). All C1v2015 viruses clustered 
in a lineage distinct from that comprising the C1 viruses 
reported during 1991–2010. The nucleotide substitution 
rate of C1v2015 (5.2238 [95% highest probability density 
HPD interval 4.124–6.3737] × 10–3 nt substitutions/y) and 
earlier C1 lineages (4.6302 [95% HPD interval 4.1769–
5.1353] × 10–3 nt substitutions/y) was similar. All of the 
P1 sequences from these viruses, except that of the virus 
from patient 14, had a maximum nucleotide sequence dif-
ference from each other of 2%; the P1 sequence of the 
virus from patient 14 differed from that of other C1v2015 
viruses by 4.8%. The close genetic relatedness between 
the C1v2015 sequences reported during 2015–2017 in 
France, Germany, Japan, and the United States was indic-
ative of rapid widespread transmission. We estimated that 
interpersonal transmission of this lineage began during 
2009–2011 (Table 2; Figure 2, panel B) and that its spread 
was sustained during 2013–2014, just 1–2 years before 
C1v2015 was first reported. The most recent common an-
cestor between C1v2015 and earlier C1 viruses was dated 
to 2000–2002. Seven EV-A71 subgenogroup C1 viruses 
from Africa and Europe were located at the base of the 
C1v2015 lineage (Figure 2, panel B), suggesting that the 
C1 strain involved in the emergence of C1v2015 was cir-
culating in this region during the 2000s.

The C1v2015 genomic module 4 comprises the en-
tire 3Dpol gene and has a 90%–95% nucleotide similarity 
with 4 distinct EV-A genomes: coxsackievirus A2 (CV-
A2) and CV-A5 from Russia, CV-A4 from China, and 
CV-A6 from Turkmenistan (Figure 2, panel A). We per-
formed another phylogenetic analysis to assess the tempo-
ral origin of C1v2015 using this module. With the 3Dpol 
phylogenetic analysis, we estimated that C1v2015 began 
spreading in 2010–2014 (Table 2; Figure 2, panel C), an 
estimate similar to that calculated with the P1 phylogeny. 
The nucleotide substitution rates with this analysis were 
also similar (C1v2015 3.7689 [95% HPD interval 1.3003–
6.5838] × 10–3 nt substitutions/y and C1 3.6318 [95% 
HPD interval 1.6064–6.2072] × 10–3 nt substitutions/y). 
Whole-genome sequencing analysis showed that the iso-
late from patient 14 (14|COC286037|FRA|2016) shared 
distinct 3Dpol genes with other C1v2015 viruses (Appen-
dix Figure 1). Overall, data indicate that the virus from 
patient 14 was an early recombinant of the C1v2015 lin-
eage (Appendix Figure 2).

Within genomic module 1 (5′ UTR, first 600 nt), we 
found areas of moderate nucleotide similarity (90%–95%) 
between the C1v2015 genome and the CV-A6 and CV-
A8 genomes and lower similarity (<88%) with the EV-
A71 subgenogroup C1 genomes (Figure 2, panel A). The 
C1v2015 5′ UTR was therefore inherited from an EV-A 

lineage virus but not from the C1 ancestors that provid-
ed the capsid region. The pattern of sequence variation in  
the 5′ UTR precludes the possibility of analysis with a  
molecular clock.

The genomic module 3 of C1v2015 had low similar-
ity with all the publicly available EV-A genomes; thus, 
the precise origin remains unknown (Figure 2, panel A). 
The highest nucleotide similarity scores (<90% with CV-
A5 genomes) indicate only a distant genetic relationship. 
We conclude that genes 2A (except the 5′ terminus), 2B, 
2C, and 3A–3C were transferred into the C1v2015 genome 
from a previously unreported lineage.

Conclusions
Thirty years after the outbreaks in central Europe (12,13), 
the 2016 upsurge of infections is a reminder that EV-A71 is 
of growing public health concern. After the B5 and C4 sub-
genogroup upsurges, C1v2015 is the latest example of an 
emerging recombinant EV-A71 associated with neurologic 
manifestations. Recombination, which frequently occurs in 
enteroviruses, is considered a factor driving this viral emer-
gence (14,15). Compared with earlier circulating lineages of 
EV-A71, C1v2015 is a multirecombinant that arose through 
complete shuffling of all nonstructural genomic regions, al-
though the capsid genes are phylogenetically typical of C1 
viruses. Shuffling involved >2 recombination events with 
EV-A genomes before the emergence of C1v2015 as a life-
threatening pathogen (Appendix Figure 2). From a public 
health perspective, the spread of C1v2015 could have re-
sulted from acquired genomic features, notably a unique 
combination of the 5′ UTR and 3Dpol gene, because recom-
bination events clearly preceded the extensive circulation 
of C1v2015. The mosaic structure of the genome indicates 
that C1v2015 is an integral part of a large recombination 
network including multiple EV-A viruses transmitted in 
Eurasia. Given the propensity of enteroviruses to recombine 
their genomes and spread rapidly across distant countries 
(2,11) and that C1v2015 circulation continued throughout 
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Table 2. Estimation of year of MRCA of EV-A71 subgenogroup 
C1v2015 lineage by using different enteroviruses* 

Node† 
Year of MRCA (95% HPD interval) 

Genomic region P1 3Dpol gene 
1‡ 2013.6 (2013.2–2014.1) 2013.6 (2012.9–2014.3) 
2§ 2010.2 (2009–2011.3) 2004.1 (2001.7–2006.2) 
3¶ 2000.5 (2000.1–2001.6) ND  
Root 1986 (1984.7–1987.3) ND 
*EV-A71, enterovirus A71; HPD, highest probability density; MRCA, most 
recent common ancestor; ND, not done. 
†MRCAs were determined for nodes and root in Figure 2. 
‡Node 1 represents the MRCA of all included EV-A71 C1v2015 isolates 
except the virus from patient 14. 
§For genomic region P1, node 2 represents the MRCA of all EV-A71 
C1v2015 isolates, including the virus from patient 14. For 3Dpol gene, 
node 2 represents the MRCA of EV-A71 C1v2015 and its parent C1 
lineage. 
¶Node 3 represents the MRCA of EV-A71 C1v2015 and its parent C1 
lineage. 
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2017 and 2018 in France, we need to determine if this virus 
is associated with a long-term recurrent risk for severe dis-
ease in the pediatric population through sharing data from 
global surveillance.
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We isolated a New Delhi metallo-β-lactamase 5 (NDM-5)–
producing Klebsiella pneumoniae sequence type (ST) 258 
strain in southwest China during 2017. The blaNDM-5 gene 
was acquired by horizontal plasmid transfer from NDM-5–
producing Escherichia coli. We identified genomic charac-
teristics in ST258 strains that differed from those of global 
K. pneumoniae carbapenemase–producing strains.

Carbapenem-resistant Klebsiella pneumoniae has 
emerged as one of the major multidrug-resistant bacte-

rial pathogens worldwide. The international spread of this 
pathogen has been linked to a few high-risk clone group 
(CG) strains, including CG258, CG14/15, CG17/20, CG43, 
CG147, and CG307 (1), of which CG258 is the most wide-
ly spread. Within CG258, sequence type (ST) 258 predomi-
nates in North America and Europe, but ST11 is the pri-
mary carbapenem-resistant K. pneumoniae clone in eastern 
Asia, especially in China (2–4).

In recent years, K. pneumoniae ST11 strains have been 
increasingly identified in North America. In contrast, ST258 
strains are still rarely reported in China (5). Unlike other 
high-risk clones, such as ST11, that harbor different types 
of carbapenemases, carbapenem-resistant K. pneumoniae 
ST258 are almost exclusively associated with K. pneumoni-
ae carbapenemase (KPC) (6). We report identification of a 
New Delhi metallo-β-lactamase 5 (NDM-5)–producing K. 
pneumoniae ST258 strain from Chengdu in southwest China.

The Study
In June 2017, a K. pneumoniae strain (Kp2588) that has an 
extended-spectrum β-lactamase phenotype was isolated from 

a blood culture of a male patient in a large tertiary-care hospi-
tal in Chengdu in southwest China. Two days later, a carbape-
nem-resistant Escherichia coli strain (Ec2551) was isolated 
from a urine culture, and 1 week later, a carbapenem-resistant 
K. pneumoniae strain (Kp2573) was isolated from another 
urine culture, both from the same patient (Appendix, https://
wwwnc.cdc.gov/EID/article/25/6/18-1939-App1.pdf).

PCR testing and Sanger sequencing showed that 
Ec2551 and Kp2573 both harbored the New Delhi metallo-
β-lactamase gene blaNDM-5. Multilocus sequence typing fur-
ther showed that Ec2551 is an ST48 strain, and Kp2588 
and Kp2573 belong to the high-risk clone ST258.

Susceptibility testing showed that the initial Kp2588 
blood isolate was resistant to most cephalosporins and az-
treonam but susceptible to cefepime, carbapenems, amoxi-
cillin/clavulanic acid, piperacillin/tazobactam, amikacin, 
and tigecycline (Table). In contrast, the urinary isolates 
Ec2551 and Kp2573 were resistant to all β-lactams and 
β-lactam/β-lactamase inhibitors, including the 4 carbapen-
ems tested in this study (Table).

We conducted next-generation sequencing (NGS; Il-
lumina Hiseq, https://www.illumina.com) for all 3 isolates 
and deposited data in the National Center for Biotechnol-
ogy (NCBI) Bioproject PRJNA354234 (https://www.ncbi.
nlm.nih.gov/bioproject) GenBank database (accession nos. 
RXHE00000000, RXHG00000000 and RXHF00000000, 
respectively). Analysis of resistance genes and plasmid se-
quences showed that the 2 ST258 K. pneumoniae isolates 
carried similar resistance and plasmid replicon genes, ex-
cept that Kp2573 harbored blaNDM-5 and an IncX3 plasmid 
replicon (Figure 1). E. coli strain Ec2551 had the same 
blaNDM-5 and IncX3 replicon genes as Kp2573, but also 
had a diverse array of other resistance and plasmid repli-
con genes in comparison with the 2 K. pneumoniae isolates 
(Figure 2).

We then transferred blaNDM-5–harboring plasmids from 
Ec2551 and Kp2573 to recipient strain E. coli J53AZR by 
conjugation, followed by plasmid NGS as described. Plas-
mid sequence analysis showed that Ec2551 and Kp2573 
carry an identical blaNDM-5–harboring IncX3 plasmid. The 
plasmid is 46,161 bp and is identical to several blaNDM-5–
harboring plasmids identified in China and other countries 
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Sequence Type 258, Southwest China, 2017
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(e.g., GenBank accession nos. CP032424, MF679143, 
MG591703, CP028705, and CP024820). Core single-
nucleotide polymorphism (SNP) analysis showed that 
Kp2588 differed from Kp2573 by 1 SNP. These results 
strongly suggest that carbapenem-resistant Kp2573 might 
have evolved from the carbapenem-susceptible blood iso-
late Kp2588 by acquisition of a blaNDM-5–harboring IncX3 
plasmid from the same patient.

To date, carbapenemases other than KPC have 
rarely been described in clinical K. pneumoniae ST258 
strains (7,8). In this study, we had the opportunity to in-
vestigate the phylogenetic relationship between NDM-
5–producing ST258 (designated as the China ST258 
clone) and other global KPC-producing ST258 strains 
(Figure 2, panel A). Phylogenetic analysis of core SNPs 
from the 2 China ST258 genomes and 76 completely 
closed ST258 (n = 39) and ST11 (n = 36) genomes from 
NCBI showed that Kp2573/Kp2588 belongs to a sepa-
rate clade distinct from global ST258 and ST11 strains 
(Figure 2, panel A). Kp2573/Kp2588 differs from glob-
al ST258 genomes by an average of 88 core SNPs (range 

54–135) and from ST11 strains by an average of 109 
core SNPs (range 79–132).

Results indicated that Kp2573/Kp2588 and the glob-
al ST258 strains both evolved from a common ancestor. 
A different core SNP phylogenetic analysis of Kp2573/
Kp2588 with 824 ST258 genomes (including both draft 
assemblies and completely closed genomes) from NCBI 
showed similar results, suggesting that Kp2573/Kp2588 
has unique genetic characteristics in comparison with other 
global ST258 strains.

Recent phylogenetic analysis showed that global 
ST258 strains have unique genetic characteristics that 
might contribute to their epidemic spread. For example, 
global ST258 strains carry a unique integrative and con-
jugative element (ICE) known as ICEKp258.2 (3). This 
chromosomal element is conserved among nearly all 
ST258 strains, harboring a type IV pilus gene cluster and 
a type III restriction-modification system, which might 
contribute to plasmid acquisition or plasmid–host specific-
ity (9). However, ICEKp258.2 is absent from genomes of 
Kp2573/Kp2588 (Figure 2, panel A). In addition, global 
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Table. Antimicrobial drug susceptibility of 3 bacterial isolates producing New Delhi metallo-β-lactamase 5, southwest China, 2017* 

Characteristic 
Species, strain, and MIC, mg/L 

Klebsiella pneumoniae, Kp2588 Escherichia coli, Ec2551 K. pneumoniae, Kp2573 
Source Blood Urine Urine 
Sequence type 258 48 258 
Drug    
 Meropenem ≤0.25 ≥16 ≥16 
 Imipenem ≤0.25 ≥16 ≥16 
 Doripenem ≤0.12 ≥8 ≥8 
 Ertapenem ≤0.5 ≥8 ≥8 
 Ampicillin ≥32 ≥32 ≥32 
 Ticarcillin ≥128 ≥128 ≥128 
 Cephalothin ≥64 ≥64 ≥64 
 Cefazolin ≥64 ≥64 ≥64 
 Cefuroxime ≥64 ≥64 ≥64 
 Ceftazidime 16 ≥64 ≥64 
 Cefotaxime ≥64 ≥64 ≥64 
 Ceftriaxone ≥64 ≥64 ≥64 
 Cefpodoxime ≥8 ≥8 ≥8 
 Ceftizoxime ≤1 ≥64 ≥64 
 Cefepime 2 ≥64 ≥64 
 Cefotetan ≤4 ≥64 ≥64 
 Aztreonam ≥64 ≥64 ≥64 
 Piperacillin ≥128 ≥128 ≥128 
 Ampicillin/sulbactam ≥32/16 ≥32/16 ≥32/16 
 Amoxicillin/clavulanic acid 16/8 ≥32/16 ≥32/16 
 Piperacillin/tazobactam 64/4 ≥128/4 ≥128/4 
 Nitrofurantoin 256 ≤16 256 
 Gentamicin ≥16 ≥16 ≥16 
 Tobramycin ≥16 ≥16 ≥16 
 Amikacin 4 ≤2 4 
 Ciprofloxacin ≥4 ≥4 ≥4 
 Levofloxacin ≥8 ≥8 ≥8 
 Moxifloxacin ≥8 ≥8 ≥8 
 Trimethoprim/sulfamethoxazole ≥16/304 ≥16/304 ≥16/304 
 Nalidixic acid ≥32 ≥32 ≥32 
 Tetracycline ≥16 ≥16 ≥16 
 Tigecycline 2 ≤0.5 2 
*Drug-resistant MICs are indicated in bold. Antimicrobial susceptibility testing was conducted by using the VITEK 2 system (bioMérieux, 
https://www.biomerieux.com). 
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ST258 strains have a common Ser34Phe amino acid substi-
tution in the homodimerization region of MarR, a transcrip-
tional regulator protein of the multiple antimicrobial drug 
resistance repressor family (10). It is hypothesized that this 
substitution might affect the overall metabolic activity in 
ST258 (10). Kp2573/Kp2588 has the ancestral MarR Ser34 
genotype, similar to ST11 strains, but all global ST258 
strains have the Phe34 genotype. Furthermore, all global 
ST258 strains contain a frame-shift mutation that results in 
a premature stop codon at amino acid position 89 in outer 
membrane protein OmpK35 because of a guanine insertion 
at nt position 121. In contrast, Kp2573/Kp2588 do not have 
the nt121G insertion in the ompK35 gene but have an IS1 
insertion at nt position 28. These genetic changes further 
suggest that the 2 China ST258 strains have distinct evolu-
tionary paths compared with those of global ST258 strains.

These observations have also updated our previous 
hypothesis regarding the molecular evolution of ST258 
(Figure 2, panel B) (9). Our initial study suggested that 
the prototypical ST258 strain arose as a consequence of 
recombination of large segments of the ST11 and ST442 
genomes, such that it has the same wzi154/KL107 (previ-
ously named cps-2/clade II) capsular type as the parental 
ST442 strain (9). Additional genotypic changes, including 
acquisition of ICEKp258.2, the MarR Ser34Phe substitu-
tion, and the ompK35 nt121G insertion, as well as the ac-
quisition of KPC plasmids in ST258 clade II strains, define 
the global KPC-producing carbapenem-resistant K. pneu-
moniae ST258 clone.

A second molecular event, generated by replacement 
of the ST258 clade II cps region with the corresponding 
region from ST42, subsequently created the equally preva-
lent ST258 clade I clone (9). Both clades I and II ST258 
strains have shown the ability to host diverse KPC plas-
mids, which might in part contribute to the spread of global 
ST258 strains. In contrast, the China ST258 strains appear to 
have evolved separately, recently acquiring the blaNDM5– 
harboring plasmid (Figure 2, panel B), highlighting the 
continuing evolution of K. pneumoniae ST258 strains.

Conclusions
We report the genotype of an NDM-5–producing K. pneu-
moniae ST258 strain isolated in southwest China. The 
blaNDM-5 gene was likely acquired by a carbapenem-suscep-
tible ST258 strain from an NDM-5–producing E. coli strain 
in vivo in the same patient as a result of horizontal transfer 
of a blaNDM-5–harboring IncX3 plasmid. Genomic compari-
son of the ST258 strain from China with other carbapenem-
resistant Klebsiella pneumoniae ST258 strains indicated 
that they both evolved from a common ancestral strain but 
with distinct genetic characteristics suggestive of separate 
evolutionary histories. Further genomic comparisons be-
tween ST258 strains from China and their global ST258 
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Figure 1. Comparison of resistance genes and plasmid replicons 
for 3 bacterial isolates producing New Delhi metallo-β-lactamase 
5, southwest China, 2017. 1, Escherichia coli 2551; 2, Klebsiella 
pneumoniae 2573; 3, K. pneumoniae 2588. Resistance genes are 
shown in bold.
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counterparts will help elucidate the molecular mechanisms 
underscoring the spread of this high-risk clone.
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Endemic scrub typhus was recently detected on Chiloé Is-
land in southern Chile. We report a series of cases, acquired 
over a wide geographical range in continental Chile during 
2016–2018, demonstrating that this emerging rickettsial in-
fection is also found on the mainland of South America.

Scrub typhus is a vectorborne zoonosis caused by Ori-
entia spp. bacteria; infection carries a potentially se-

vere outcome (1). Although widely underrecognized, scrub 
typhus is considered one of the most important rickettsial 
infections worldwide in terms of prevalence and severity 
(2). Until recently, scrub typhus was associated with only 
a single species, O. tsutsugamushi, which is transmitted 
by larvae of trombiculid mites (chiggers) and threatens >1 
billion human inhabitants within the so-called tsutsugamu-
shi triangle in the Asia–Pacific region (1). Since 2006, the 
discoveries of scrub typhus in 4 patients on Chiloé Island 
in Chile (3,4) and in 1 patient from Dubai, United Arab 
Emirates (5), have suggested the emergence of the dis-
ease farther afield (6). This change of paradigm has been 
reinforced by recent studies mainly from Africa (7). The 
emergence of endemic scrub typhus on Chiloé Island has 
been confirmed by ongoing studies of our working group in 
Chile (8,9). Whether this disease is only endemic to Chiloé 
Island or has a wider distribution is unknown. We report 9 
patients who had scrub typhus diagnosed after visiting dif-
ferent regions of continental Chile during 2016–2018.

The Study
After the confirmation of autochthonous scrub typhus cases 
in Chiloé in 2016 (4), the Chilean Ministry of Health is-
sued a clinical alert advising healthcare providers in Chile 
to confirm possible cases in cooperation with our research 
group. Most of the patients described in this report were 

identified as a result of the clinical alert and are included 
in an ongoing clinical–epidemiologic scrub typhus project. 

We tested serum samples obtained during acute and 
convalescent phases of infection for Orientia-specific an-
tibodies by using a commercial IgG indirect immunofluo-
rescence assay (Fuller Laboratories, http://www.fullerlabs.
com), based on whole-cell O. tsutsugamushi Gilliam, Karp, 
Kato, and Boryong strains, and by using Scrub Typhus De-
tect IgG and IgM ELISA (InBios International Inc., http://
www.inbios.com) with recombinant 56-kD type–specific 
antigens of O. tsutsugamushi Karp, Kato, Gilliam, and 
TA716 strains. We examined DNA extracted from eschar 
material by using 16S rRNA (rrs) and 47 kDa gene (htrA) 
seminested PCR and sequencing, as previously described 
(10), except that we changed the forward primer of the PCR 
step of rrs from 16SU17 to 16SOR155f. We also tested all 
samples by using a recently developed Orientia genus–spe-
cific quantitative real-time PCR assay targeting rrs (11).

Among the 37 patients with suspected scrub typhus 
who were tested during 2016–2018, 13 were from main-
land Chile. Of those, 9 had scrub typhus diagnosed both 
serologically and molecularly. None of these 9 patients 
lived in or traveled to Chiloé Island or other regions with 
endemic scrub typhus, but all were exposed to natural habi-
tats on mainland Chile (Table 1). Seven patients were male 
and 2 female; median age was 28 years. 

All cases occurred after outdoor activities during the 
summer months of February and March. We defined prob-
able exposure sites as those locations where patients re-
ported outdoor activities with close contact to natural en-
vironments within the 7–20 days before symptom onset. 
Most infections were acquired in the Los Lagos Region, 
which includes Chiloé Island. However, 2 cases were ac-
quired farther south, in the Aysén Region, and another 
case farther north, in the Bio Bío Region (Figure). The 
sites of exposure ranged over a total distance of >1,120 
km (https://ec.europa.eu/programmes/erasmus-plus/re-
sources/distance-calculator_en), from 38°03′S to 47°47′ S. 
Details of the activities leading to the exposure have been 
described elsewhere (12). 

All patients had fever, generalized maculopapular 
rash, eschar, and headache; other frequent symptoms were  
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myalgia (8 patients) and regional lymphadenopathy (5 pa-
tients). Laboratory abnormalities included elevated C-re-
active protein (8 patients) and transaminases (6 patients), 
thrombocytopenia (4 patients), and leukopenia (4 patients). 
Eight patients required hospitalization. We noted a serologic 
response to O. tsutsugamushi antigens in all 9 patients. Eight 
patients were positive for IgG by indirect immunofluores-
cence assay, mostly with low titers, and 3 of the 6 patients for 
whom convalescent-phase samples were available showed 
seroconversion or a >4-fold rise in titer. IgG and IgM results 
by ELISA were positive in 6 of 9 patients on the basis of 
local cutoff values (Table 2). All cases were confirmed by 
detection of Orientia-specific DNA from eschar material us-
ing 3 different PCR assays (Table 2). After treatment with 
doxycycline (7 patients) or azithromycin (1 patient), patients 
recovered rapidly; 1 patient recuperated after 6 days of fever 
without receiving any scrub typhus–specific treatment.

Conclusions
Our understanding of the global epidemiology of Orientia 
spp. as human pathogens has undergone important changes. 
Most importantly, the paradigm of the geographic limitation 
of scrub typhus to the Asia–Pacific region, which had been 
unchallenged since the first scientific description of this dis-
ease at the beginning of the last century, has been superseded 
in light of the recent identification of scrub typhus cases on 
the Arabian Peninsula (Dubai) and South America (Chiloé 
Island in Chile) (4,5). The Dubai patient was infected by a 
distinct Orientia species, Candidatus O. chuto; the complete 
description of the isolates from Chile is pending. 

Further studies in rodents and vectors have demon-
strated molecular evidence of Orientia spp. or Orientia-
like organisms in South Africa, Kenya, Senegal, and 
France (6,13,14). In addition, serologic reports point to 
possible human exposure to Orientia microorganisms in 
Djibouti, Kenya, Republic of the Congo, Cameroon, and 
Peru (6,7,15). Current data suggest that Candidatus O. 
chuto might be the Orientia species from Africa and the 
Arabian Peninsula (5,14). Clinical data from these regions 
are scarce, but 1 molecularly proven case and 2 cases diag-
nosed on the basis of serologic results occurred in patients 
with typical symptoms of scrub typhus (5,6).

The case series we report provides important epide-
miologic information for South America, highlighting that 
scrub typhus is not limited to Chiloé Island but also oc-
curs over a wide range of continental Chile. The actual 
incidence of the infection remains unknown; the observed 
increase from 1 case in 2016 to 6 cases in 2018 most prob-
ably reflects the growing awareness of scrub typhus among 

 
Table 1. Demographic and epidemiologic data of 9 scrub typhus cases in continental Chile, 2016–2018 

Case no. Age, y/sex Month of probable exposure 
Location of probable exposure 

Region Site 
1 43/M 2016 Mar Aysén Caleta Tortel 
2 56/M 2017 Feb Los Lagos Pumalín 
3 25/M 2017 Mar Los Lagos Cochamó 
4 69/M 2018 Feb Aysén Queulat 
5 22/F 2018 Feb Los Lagos Puelo 
6 25/M 2018 Feb Los Lagos Puelo 
7 39/M 2018 Feb Los Lagos Tagua Tagua 
8 28/M 2018 Mar Bío Bío Alto Bío Bío 
9 21/F 2018 Mar Los Lagos Cochamó 

 

Figure. Locations of probable exposures (red circles) of 9 scrub 
typhus patients in continental Chile, 2016–2018. Inset map shows 
the study area (red box) and the location of Chile (gray shading) 
within South America.

Scrub Typhus in Continental Chile, 2016–2018
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infectious diseases physicians in Chile. Because all of the 
case-patients we describe were included through a surveil-
lance based on passive case detection, we believe that they 
only represent the tip of the iceberg for scrub typhus in 
Chile and South America.

The clinical data of this series showed the classical 
scrub typhus manifestation: fever, generalized maculopap-
ular rash, and eschar at the inoculation site. However, this 
finding has to be interpreted cautiously because our epi-
demiologic alert describes these manifestations as typical, 
which biases the physicians’ attention toward these pre-
sentations. Less typical clinical signs and symptoms (e.g., 
without rash or with predominant respiratory symptoms), 
which are present in Asia in a relevant percentage of cases 
(1), might go undiagnosed in Chile. 

All patients were serologically positive according to 
>1 of the applied commercial assays, which were based on 
O. tsutsugamushi antigens. The low seroreactivity against 
these antigens, however, suggests a distinct strain or spe-
cies, which is supported by our preliminary molecular anal-
yses (data not shown). Eschar material, which can be stored 
and transported under simple conditions (i.e., in a dry plas-
tic tube at 4°C), proved to be the best and most practical 
specimen, permitting a rapid and reliable confirmation by 
molecular methods. Studies are ongoing to culture the Ori-
entia species in Chile and to understand its life cycle, in-
cluding vectors and possible zoonotic reservoirs.
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etymologia revisited
Typhus [ti′ fəs]

From Greek τīφος [typhos], meaning heavy stupor; also related to Greek 
typhein, to smoke. A disease known since antiquity, typhus has been 
described as follows: “A kind of continued fever, attended with great 
prostration of the nervous and vascular systems, with a tendency to 
putrefaction in the fluids and vitiation in the secretions; putrid fever. A genus 
of the order Febres, class Pyrexia, of Cullen’s nosology” (J. Thomas, 1885).

Today, typhus refers to any of a group of acute infections caused by 
rickettsiae and transmitted to persons by the bite of arthropods such 
as fleas and lice. Epidemic typhus, caused by Rickettsia prowazekii, is 
characterized by headache, high fever, chills, rash, and, in serious cases, 
by stupor or lack of awareness of reality. Outbreaks usually occur in 
crowded or unsanitary environments.

Source:  Dorland’s illustrated medical dictionary, 31st ed. Philadelphia: Saunders; 
2007; http://www.merriam-webster.com; Thomas J. A complete pronouncing medical 
dictionary. Philadelphia: JB Lippincott; 1885.
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We report national surveillance of Legionnaires’ disease in 
China. Urine samples from 11 (3.85%) of 286 patients with 
severe pneumonia of unknown cause were positive for the 
Legionella pneumophila serogroup 1 antigen. We isolated 
Legionella strains from 7 patients. Improved diagnostic test-
ing is needed for this underestimated disease in China.

Legionnaires’ disease is a form of atypical pneumonia 
caused by bacteria of the genus Legionella. L. pneu-

mophila serogroup 1 causes most Legionnaires’ disease (1). 
Although Legionnaires’ disease has been reported world-
wide, only a few sporadic cases have been reported in China 
(2). Investigation of Legionella infection is urgently needed 
in China to describe its prevalence and epidemiology.

During 2014–2016, we conducted surveillance of 
Legionnaires’ disease in 18 hospitals in China under the 
coordination of the Chinese Center for Disease Control 
and Prevention (China CDC). The Ethical Committee of 
the National Institute for Communicable Disease Control 
and Prevention, China CDC (ICDC-2014009), provided 

ethics approval for this study. The distribution of the 18 
hospitals accounted for all regions of China (Appendix 
Figure 1, https://wwwnc.cdc.gov/EID/article/25/6/17-
1431-App1.pdf). The hospital’s clinical diagnostic 
level, pneumonia pathogen detection level, and degree 
of cooperation with this investigation were also con-
sidered. All 18 hospitals are level 3 first-class general 
hospitals, representing the highest level of healthcare in  
their cities.

The 3,132 severe pneumonia cases were defined and 
detected according to the Guidelines for the Diagnosis 
and Treatment of Community-Acquired Pneumonia in 
Adults in China (2016 edition) (3) (Appendix Figure 2). 
Among them, 1,885 cases were diagnosed as noninfectious 
or nonbacterial infections, and 771 cases were diagnosed 
as bacterial infections other than Legionella by daily test-
ing, including bacterial culture, viral nucleic acid detec-
tion, and immunologic detection in hospital laboratories. 
Patients with the remaining 476 cases of pneumonia with 
unknown cause were enrolled and tested for Legionella in-
fection. Among them, 190 left the hospital, died, or were 
unwilling to cooperate. Thus, urine samples were collected 
from 286 patients and sent for urine antigen detection for L. 
pneumophila serogroup 1 (BinaxNow, https://www.alere.
com) (Appendix Figure 2). Sputum samples were obtained 
from 211 of the 286 patients and sent to the laboratory of 
China CDC (Beijing, China) for Legionella culture, which 
used both buffered charcoal yeast extract agar and buffered 
charcoal yeast extract agar supplemented with Legionella 
GVPC (glycine, vancomycin, polymyxin, cycloheximide) 
Selective Supplement (Oxoid, https://www.thermofisher.
com). Eleven (3.85%) of the 286 urine samples yielded 
positive results, and we isolated Legionella strains from 7 
of them. All 7 L. pneumophila cultures were obtained from 
the same patients who tested positive by urine antigen de-
tection. The positive rate of Legionella culture was 3.32% 
(7/211). All isolated Legionella strains were L. pneumoph-
ila serogroup 1.

All 11 urine antigen–positive patients were male, 
23–76 years of age (average 56 years) (Table). They  
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Table. Characteristics of 11 Legionnaires’ disease patients, China* 
Patient 
ID Age, y 

Date of 
diagnosis Onset city 

Underlying 
illness 

Length of 
hospitalization, d ICU admission Outcome 

SBT type of 
isolates 

1 45 2014 Sep Shenyang None 15 Yes Recovered ST2344 
2 70 2014 Aug Beijing None 93 Yes Recovered ST59 
3 53 2015 Aug Hefei None 18 No Recovered ST2369 
4 63 2016 Jan Jinan None 16 No Recovered ST42 
5 67 2016 Aug Haikou Diabetes 21 No Recovered ST742 
6 23 2016 Jul Beijing AIDS 7 Yes Died ST2366 
7 53 2016 Sep Shanghai None 14 Yes Recovered ST2368 
8 58 2016 May Lishui None 8 No Recovered NS 
9 49 2014 Jul Shenyang Cirrhosis 14 Yes Died NS 
10 76 2015 Jul Beijing None 17 Yes Recovered NS 
11 59 2016 Sep Jinan None 22 No Recovered NS 
*All patients were male. ICU, intensive care unit; ID, identification; NS, no strain isolated; SBT, sequence-based typing; ST, sequence type. 

 



resided in 7 cities, and most (9/11) cases were observed 
in summer (in China, July–September). All were hos-
pitalized; length of hospitalization ranged from 7 to 93 
days. Six were admitted to an intensive care unit. The 
case-fatality rate was 18.2% (2/11) after antimicrobial 
and supportive therapies.

We performed antimicrobial susceptibility testing 
using E-test strips (bioMérieux, https://www.biomer-
ieux.com). According to the epidemiologic cutoff values 
of the European Committee on Antimicrobial Suscepti-
bility Testing (4) or as determined by a previous study 
(5), all 7 strains were susceptible to fluoroquinolones, 
macrolides, and rifampin but not to cefuroxime (Appen-
dix Table 1).

We subtyped the 7 strains using pulsed-field gel elec-
trophoresis (6) and sequence-based typing (SBT) (7). All 7 
strains were identified as different pulsed-field gel electro-
phoresis and SBT types (Appendix Figure 3). Submission 
to the European Working Group on Legionella Infections L. 
pneumophila SBT database (http://www.ewgli.org) identi-
fied 4 profiles as new; these profiles were assigned new se-
quence types (STs) (ST2344, ST2366, ST2368, and ST2369). 
Querying the European Working Group on Legionella Infec-
tions database showed that 2 STs (ST42 and ST59) contained 
strains that are distributed worldwide (Appendix Table 2). 
We also tested the 7 strains for their intracellular growth abil-
ity using previously described methods (8), and all showed 
high intracellular growth in J774 cells, suggesting that these 
strains are pathogenic (Appendix Figure 4).

Many Legionnaires’ disease cases are reported world-
wide, including hundreds in the United States and Europe 
each year (8,9). However, no data are available on the 
prevalence of Legionnaires’ disease in China. In China, no 
Legionella urine antigen test reagent has been approved 
for clinical diagnosis and few hospitals conduct Legionella 
culture, so in clinical laboratories, Legionnaires’ disease is 
difficult to detect; therefore, diagnosis is based mainly on 
signs and symptoms. Legionnaires’ disease is usually diag-
nosed as unexplained pneumonia.

The results of this study showed that L. pneumophila 
is an important pathogen for pneumonia patients in China, 
and current diagnostic methods in China may misdiagnose 
or overlook it. We suggest establishment of a routine moni-
toring reporting system to investigate the prevalence and 
epidemiology of Legionnaires’ disease in China.

This study was supported by grants from the National Natural 
Science Foundation of China (grant no. 81671985) and the  
Science Foundation for the State Key Laboratory for  

Infectious Disease Prevention and Control from China (grant no. 
2015SKLID508).

About the Author
Dr. Qin is a microbiologist at the National Institute for 
Communicable Disease Control and Prevention, Chinese CDC, 
Beijing. Her research interests are surveillance of Legionnaires’ 
disease, and the molecular subtyping and genomic diversity  
of Legionella.

References
  1. Diederen BMW. Legionella spp. and Legionnaires’ disease. J 

Infect. 2008;56:1–12. http://dx.doi.org/10.1016/j.jinf.2007.09.010
  2. Zhang Q, Zhou H, Chen R, Qin T, Ren H, Liu B, et al.  

Legionnaires’ disease caused by Legionella pneumophila  
serogroups 5 and 10, China. Emerg Infect Dis. 2014;20:1242–3. 
http://dx.doi.org/10.3201/eid2007.131343

  3. Chinese Society of Respiratory Diseases, Chinese Medical  
Association. Guidelines for the diagnosis and treatment of  
community-acquired pneumonia in adults in China (2016  
edition). Chinese Journal of Tuberculosis and Respiratory  
Diseases. 2016;39:253–79.

  4. The European Committee on Antimicrobial Susceptibility Testing. 
Antimicrobial susceptibility testing of Legionella pneumophila. 
[cited 2016 Sep 9]. http://www.eucast.org/fileadmin/src/media/
PDFs/EUCAST_files/General_documents/Legionella_guidance_
document_20160909.pdf

  5. Bruin JP, Ijzerman EP, den Boer JW, Mouton JW, Diederen BM. 
Wild-type MIC distribution and epidemiological cut-off values in 
clinical Legionella pneumophila serogroup 1 isolates. Diagn  
Microbiol Infect Dis. 2012;72:103–8. http://dx.doi.org/10.1016/ 
j.diagmicrobio.2011.09.016

   6. Zhou H, Ren H, Zhu B, Kan B, Xu J, Shao Z. Optimization of 
pulsed-field gel electrophoresis for Legionella pneumophila  
subtyping. Appl Environ Microbiol. 2010;76:1334–40.  
http://dx.doi.org/10.1128/AEM.01455-09

  7. Ratzow S, Gaia V, Helbig JH, Fry NK, Lück PC. Addition of  
neuA, the gene encoding N-acylneuraminate cytidylyl transferase, 
increases the discriminatory ability of the consensus sequence-
based scheme for typing Legionella pneumophila serogroup 1 
strains. J Clin Microbiol. 2007;45:1965–8. http://dx.doi.org/ 
10.1128/JCM.00261-07

  8. Qin T, Zhang W, Liu W, Zhou H, Ren H, Shao Z, et al.; Centers 
for Disease Control and Prevention (CDC). Legionellosis—
United States, 2000–2009. MMWR Morb Mortal Wkly Rep. 
2011;60:1083–6.

  9. Joseph CA, Ricketts KD, Collective on behalf of the European 
Working Group for Legionella Infections. Legionnaires disease  
in Europe 2007–2008. Euro Surveill. 2010;15:19493.  
http://dx.doi.org/10.2807/ese.15.08.19493-en

Address for correspondence: Tian Qin, National Institute for 
Communicable Disease Control and Prevention, Chinese Center for 
Disease Control and Prevention. PO Box 5, Changping, Beijing 102206, 
China; email:qintian@icdc.cn

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 6, June 2019 1219

RESEARCH LETTERS



Molecular Evidence of Human 
Monkeypox Virus Infection, 
Sierra Leone

Fei Ye,1 Jingdong Song,1 Li Zhao,1  
Yi Zhang, Lianxu Xia, Lingwei Zhu,  
Idrissa Laybohr Kamara, Jiao Ren,  
Wenling Wang, Houwen Tian, Guizhen Wu, 
Wenjie Tan
Author affiliations: China Center for Disease Control and  
Prevention, Beijing, China (F. Ye, J. Song, L. Zhao, Y. Zhang, 
J. Ren, W. Wang, H. Tian, G. Wu, W. Tan); Sierra Leone–China 
Friendship Biological Safety Laboratory, Freetown, Sierra Leone 
(F. Ye, J. Song, Y. Zhang, L. Xia, L. Zhu, I.L. Kamara)

DOI: https://doi.org/10.3201/eid2506.180296

Monkeypox virus is a zoonotic disease endemic to Africa. 
In 2017, we confirmed a case of human monkeypox virus 
in Sierra Leone by molecular and serologic methods. Se-
quencing analysis indicated the virus belongs to the West 
African clade and data suggest it was likely transmitted by 
wild animals.

Monkeypox virus (MPXV), of the genus Orthopoxvi-
rus, was identified in captive cynomolgus monkeys 

in Copenhagen in 1958 (1). The first documented case of 
human MPXV infection was reported in a patient from the 
Democratic Republic of the Congo in 1971 (2). Other out-
breaks have occurred, including a large one in the United 
States in 2003, in which 47 confirmed and probable human 
cases of MPXV infection were identified after importation 
of wild rodents from Ghana (3). Phylogenetic analyses of 
MPXVs have revealed 2 distinct clades, West African and 
Congo Basin (4). In the past decade, human MPXV infec-
tions also have increased in Central and West Africa (5).

Ecologic niche modeling shows that Sierra Leone is 
in a geographic region suitable for transmission of MPXV 
(6). Several cases of human MPXV have been detected in 
West Africa, including a case in Sierra Leone in 1970 and 
another in March 2014 (5). We report confirmation of an 
MPXV infection in Sierra Leone in March 2017.

A 35-year-old man from Kpaku village, Galliness 
Perri chiefdom, Pujehun district, in southern Sierra Leone 
near the border with Liberia, sought treatment on March 
16, 2017, for fever, body pain, malaise, dysphagia, and 
enlarged cervical lymph nodes. The patient reported hunt-
ing and eating squirrels ≈10 days before becoming ill, and 
traveling to Pelewahun gee bu in Bo district 3 days be-
fore his symptoms began. On March 17, he began having  

generalized vesicular skin eruptions. Clinicians sent ve-
sicular swab specimens and blood samples collected on 
March 28 (12 days after the patient sought treatment) and 
on May 10 (day 55 after the patient sought treatment) to the 
Sierra Leone–China Friendship Biologic Safety Laboratory 
in Freetown, Sierra Leone. 

We conducted MPXV-specific real-time PCR, as pre-
viously described (7), and detected MPXV DNA in the day 
12 blood sample (cycle threshold = 35.88). In addition, we 
performed MPXV-specific IgG ELISA, as previously de-
scribed (8). The day 12 sample was positive at 1:800 dilu-
tion and the day 55 sample was positive at 1:3,200 dilution, 
demonstrating a >4-fold increase in the MPXV-specific an-
tibody response during the patient’s recovery.

We amplified a 1,028-bp fragment of DNA for further 
Sanger sequencing (Figure, panel A) and submitted it to 
GenBank under Monkeypox virus Sierra Leone 2017 (ac-
cession no. MG906726). Phylogenetic analysis showed 
this strain is closer to MPXV isolates from the West African 
clade than from the Congo Basin clade (Figure, panel B). In 
addition, we found only a single nucleotide difference be-
tween the Sierra Leone 2017 fragment and MPXV Utrecht, 
UTC_1964 (Appendix Figure, panel A, https://wwwnc.cdc.
gov/EID/article/25/6/18-0296-App1.pdf).

For further comparison, we selected previous MPXV 
sequences from NCBI (https://www.ncbi.nlm.nih.gov) 
and aligned these to Sierra Leone 2017 (Appendix Figure, 
panel B) using DNAMAN software (Lynnon Corporation, 
https://www.lynnon.com/dnaman.html). We found that Si-
erra Leone 2017 was closely related to UTC_1964. In ad-
dition,  a 6-nucleotide deletion (GTATAC, a repeat unit) 
was more evident in the dUTPase region of Sierra Leone 
2017 compared with other MPXVs from Africa. Also, a 
25-nucleotide insertion (5× repeat of TCCAT unit) in the 
kelch-like protein-encoding region was more evident in 
the USA_2003_039 genome compared with most MPXV 
isolates from Africa. This insertion leads the N-terminal 
amino acids of the protein sequence that changed from 
EWNGMEWNGK in USA_2003_039 to VNNFEIK in Si-
erra Leone 2017.

Recent studies have shown that genome-region dele-
tion in the Congo Basin MPXV clade can affect viral rep-
lication and pathogenicity (9). The deletion we noted in 
Sierra Leone 2017, which is absent in previously isolated 
MPXVs from Africa, might be a molecular signature and 
further evaluation is needed to determine whether it plays a 
role in viral replication and pathogenicity.

The case-patient lived in a region with large areas of 
tropical forest and many wild mammals. An ecologic niche 
model suggests this region is suitable for MPXV trans-
mission (6). Considering the patient’s history of hunting 
and eating squirrels, and the lack of new cases among 16 
identified community contacts in Pujehun, we hypothesize 
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that the patient was likely infected by contact with wild 
animals. Of note, MPXV genetic evidence from this case-
patient was closely related to UTC_1964, a strain that was 
isolated from an animal imported from Africa to the Rot-
terdam Zoo in 1966 (10). Because the reservoir species of 
MPXV remains unknown, we hypothesize that our case-
patient was probably infected by exposure to wild animals 
and not from MPXV imported to Sierra Leone from Central 
Africa. However, further serologic surveys of animals in 
this region could provide useful evidence for the origin of 
MPXV strain Sierra Leone 2017.

In summary, we described a confirmed case of human 
MPXV in Sierra Leone in 2017 and molecular evidence 
hinting of its animal origin. We suggest MPXV circula-
tion in wild animals and humans in West Africa requires 
more attention, and emphasize the value of local surveil-
lance and molecular characterization of MPXV to help 
determine its origin.
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Figure. Phylogenetic analysis 
and molecular signatures of 
monkeypox virus (MPXV) Sierra 
Leone 2017 and other collected 
MPXV isolates. A) Schematic 
representation of the MPXV Sierra 
Leone 2017 genomic fragment 
by reference to genomic data on 
MPXV Sierra Leone 1970. MPXV 
Sierra Leone 2017 contains 
3 parts: an unknown region, 
genes encoding dUTPase, and 
genes encoding partial kelch-
like protein. *, binding position 
of primers used for real-time 
PCR detection. Bottom panel 
displays genes described. Arrows 
indicate direction of transcription. 
B) Phylogenetic relationships 
between genomic fragments of 
MPXV collected in Sierra Leone 
and other orthopoxviruses. 
Neighbor-joining phylograms 
constructed by using MEGA6 
(https://www.megasoftware.
net) and the maximum-likelihood 
method. Scale bar indicates  
nucleotide substitutions per site.
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We detected Leishmania infantum in 98 Norway rats (Rat-
tus norvegicus) trapped in parks and sewers of Barcelona, 
Spain. The 84 rats from the sewers showed a prevalence of 
33.3% and up to 2,272 estimated parasites. These results, 
in the most abundant potential reservoir in cities, is of public 
health concern.

Canine and human leishmaniasis caused by Leishma-
nia infantum is considered an emerging disease in the 

Mediterranean basin (1). In addition to dogs, several wild 
mammals have been found infected by L. infantum in rural 

environments in Europe (2). With regard to the epidemio-
logic factors promoting infection with Leishmania, the ap-
pearance of new animal reservoirs besides dogs has been 
highlighted (1). In this context, only a few studies examine 
the possible reservoir role of synanthropic animals in cit-
ies, where the role of certain domestic mammals has been 
analyzed exclusively (1).

Because human leishmaniasis is endemic in Barcelo-
na, Spain (3), we investigated and quantified the presence 
of L. infantum in an urban population of the Norway rat, 
Rattus norvegicus, using a highly sensitive quantitative 
PCR (qPCR) method for Leishmania DNA detection. Rat 
leishmaniasis could complicate the epidemiologic situa-
tion of human and canine leishmaniasis, considering that 
the Norway rat is the most widespread mammal in the 
world after humans and also the most abundant animal 
in cities.

We trapped 98 Norway rats, 84 in the sewage sys-
tem and 14 in parks, during the winter of 2016–17 in 
a rodent surveillance and control program in Barcelona 
(permission no. SF/044 obtained from the regional gov-
ernment of Catalonia). We treated the rats according to 
Directive 2010/63/EU of the European Parliament and 
Council decision of September 22, 2010. We obtained 
DNA from 10 mg of spleen using the Purification of To-
tal DNA Kit (QIAGEN, https://www.qiagen.com), fol-
lowing the manufacturer’s instructions. We processed 
the samples whose DNA concentration was too low with 
the extraction kit by the phenol–chloroform–isoamyl 
(25:24:1) DNA extraction technique. We quantified the 
parasite DNA by qPCR using Taqman probe with Fam 
fluorochrome (4).

Only 1 rat (7.1%) captured in the parks tested posi-
tive for L. infantum. However, rats captured in the sew-
age system showed a 33.3% prevalence (28/84) of L. in-
fantum infection. The estimated number of parasites in the 
positive samples from spleens varied considerably, ranging 
from 0.28 to >2,200 (Table). Histologic sections of posi-
tive spleens were stained by Giemsa and by the strepta-
vidin–biotin peroxidase complex immunohistochemical 
method (5) (Appendix Figure, https://wwwnc.cdc.gov/
EID/article/25/6/18-1027-App1.pdf). 

The low number of infected Norway rats found in 
Mediterranean countries in Europe so far has led to the 
species being categorized as an incidental host, capable of 
becoming infected but considered irrelevant to the long-
term persistence of the disease (2,6–8). However, our study 
demonstrates the importance of the trapping site for finding 
a large Leishmania-infected rat population. 

According to the World Health Organization, the 
incrimination of a particular mammal as a Leishmania 
reservoir must depend on an accumulation of evidence 
(9). First, the reservoir must be sufficiently abundant 
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and long-lived. In this sense, the Norway rat is the most 
abundant mammal in cities, with a lifespan of around 1–3 
years. The lack of predators or interspecific competition 
in cities guarantees a longer lifetime than in wild environ-
ments. Second, intense host–sand fly contact is necessary. 
Sewers are a breeding site for Phlebotomus sand flies, 
which can reach abundant population levels (10). Third, 
the prevalence of Leishmania infection should be >20%. 
Our study revealed a 33.3% prevalence in Norway rats in 
the sewers. Fourth, the course of infection should be non-
pathogenic and long enough to enable the parasites to sur-
vive any nontransmission season. Neither splenomegaly 
nor hepatomegaly were evident in the affected animals, 
although further studies should be addressed to assess 
the true pathogenic degree of rat leishmaniasis. Finally, 
parasites should be available in the skin or the blood in 
sufficient numbers to be taken up by a sand fly. The avail-
ability of the parasite to the sand fly cannot be proved by 
our findings. However, in naturally infected Norway rats 
in Spain, L. infantum was detected in the hair of the rats 
by molecular methods (7).

Only counting sewer rats, and not those living above 
ground, a 0.13 rat-per-person scenario is suspected for 
Barcelona (Agència de Salut Pública de Barcelona, pers. 
comm., June 2018). Therefore, the prevalence found 

in the sewers in this study means that there could be 
>70,000 underground rats with leishmaniasis in Barce-
lona (1,620,809 human inhabitants in 2017), a figure of 
public health concern for a potential reservoir.

If future xenodiagnostic studies determine that 
sand flies become infected successfully by the rats, as 
has already been demonstrated in the case of its conge-
ner, the black rat, (R. rattus) (11), the finding of a new 
reservoir, besides the dog, would be a major advance in 
the epidemiology of leishmaniasis. However, the com-
plexity of rat control would represent a great hindrance  
to overcome.
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Table. Real-time PCR results for the 29 Leishmania infantum–
positive Norway rats analyzed, Barcelona, Spain* 
Rat no. Ct†  Estimated no. parasites SD 
1 32.81 75.67 25.70 
2 32.33 50.68 12.21 
3 29.25 723.15 345.67 
4 30.84 344.30 56.40 
5 38.50 0.28 0.20 
6 28.49 10.81 3.36 
7 28.46 2,272.46 771.72 
8 32.32 118.12 63.76 
9 29.60 516.20 199.36 
10 28.10 14.24 2.98 
11 30.19 566.28 7.32 
12 28.41 11.98 5.09 
13 29.96 679.46 35.59 
14 31.47 31.38 0.20 
15 31.46 215.66 66.84 
16 30.79 356.32 42.03 
17 33.01 66.31 31.43 
18 29.68 465.21 68.73 
19 30.75 370.40 70.72 
20 31.60 1.44 1.51 
21 26.52 48.81 20.15 
22 31.82 159.43 27.73 
23 28.15 0.33 17.66 
24 28.56 9.98 1.30 
25 30.25 547.67 93.15 
26 30.93 161.73 11.80 
27 28.38 11.59 2.70 
28 29.84 761.38 223.52 
29 33.16 55.22 1.41 
*Ct, cycle threshold. 
†Mean values of the 3 replicates of each sample. Cutoff established: 
positive result, Ct <35; negative result, Ct ≥35. 
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Influenza D virus has been found to cause respiratory dis-
eases in livestock. We surveyed healthy dromedary camels 
in Ethiopia and found a high seroprevalence for this virus, in 
contrast to animals co-existing with the camels. Our obser-
vation implies that dromedary camels may play an impor-
tant role in the circulation of influenza D virus.

Influenza D virus (IDV) was first isolated from pigs with 
respiratory symptoms in the United States in 2011 (1). 

Epidemiologic analyses revealed that the most likely main 
host of IDV is cattle, because the seropositivity rate in these 
animals is higher than that for other livestock (2–4). In a re-
cent report, dromedary camels (Camelus dromedaries) ex-
hibited substantially high seroprevalence (99%) for IDV in 

Kenya (5), suggesting that this animal is a potential reser-
voir of IDV. We examined seroprevalence of IDV in drom-
edary camels in Ethiopia and in Bactrian camels (Camelus 
bactrianus) in Mongolia.

We collected serum samples from dromedary camels 
(n = 38; average age 4.3 years, range 1–13 years), goats (n 
= 20; average age 3.9 years, range 1–8 years), sheep (n = 
20; average age 2.7 years, range 1–4 years), cattle (n = 15; 
average age 6.7 years, range, 1–11 years), and donkeys (n 
= 2; ages 1 and 6) from 2 herds in Bati district, Amhara re-
gion, and 1 herd in Fafen district, Somali region, Ethiopia. 
All animals were apparently healthy, shared the same pas-
turage during the day, and stayed in barns specific for each 
animal species at night. To detect influenza D infection, 
we titrated the serum samples by hemagglutination inhi-
bition (HI) assay using 3 antigenically distinct influenza 
D strains: D/swine/Oklahoma/1334/2011 (D-OK lineage; 
D/OK) (1), D/bovine/Nebraska/9–5/2013 (D/660-lineage; 
D/NE) (6), and D/bovine/Yamagata/10710/2016 (D/Ja-
pan-lineage; D/Yamagata) (7). For the HI test, we treated 
the samples with receptor-destroying enzyme (RDEII; 
Denka Seiken, http://www.keyscientific.com) at 37°C for 
16 h, followed by heat inactivation at 56°C for 30 min. We 
then reacted serially diluted samples with each virus (4 
HAU) at room temperature for 30 min and incubated them 
with a 0.6% suspension of turkey red blood cells at room 
temperature for 30 min. The HI titer of each sample was 
expressed as the reciprocal of the highest sample dilution 
that completely inhibited HA. We considered samples 
with HI titer >1:40 positive, to eliminate nonspecific re-
actions at low dilutions (4,8,9).

Of the 21 dromedary camel samples from Bati, 10 
were positive for D/OK, 11 for D/NE, and 19 for D/Ya-
magata (Figure). Of other animal samples, only 1 goat 
sample was positive (titer 1:40), indicating that the 
prevalence rate of influenza D antibodies was higher in 
dromedary camels than in co-grazing ruminants in the 
tested herd. The data on the camels’ age indicated that 
the HI antibodies were not detected due to maternal an-
tibodies, which is only stable for 5–6 months in drom-
edary camels (10). Much closer face-to-face contact may 
be required for virus transmission among different ani-
mal species. The HI titers in camel samples were higher 
for D/Yamagata (range 1:40–1:160) than those for D/OK 
and D/NE (1:40–1:80). Meanwhile, we found several 
positives in dromedary camel samples from Fafen, albeit 
at lower positive rates and titers compared with those in 
Bati (Figure). 

We confirmed the specificity of the HI reaction with a 
viral neutralizing test using HI-positive samples (data not 
shown). HI titers obtained were not high, suggesting that the 
infections may have occurred in these animals some time 
ago or that results might have been due to the variance of HI 
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methods used in each laboratory. For example, turkey red 
blood cell was used in this study, whereas horse red blood 
cell was used in a previous study (5). Nonetheless, these 
data suggest that the virus antigenically related to D/Ya-
magata was circulating in dromedary camels in this region.

In a previous report, a considerable number of drom-
edary camels in Kenya were seropositive not only for influ-
enza D but also for influenza C virus (ICV) (5). Thus, we 
additionally used C/Ann Arbor/1/1950 virus as an antigen 
for HI assay. The results suggest a limited circulation of 
ICV in this area because 0 samples in Bati were positive 
and only 2 in Fafen, which were negative for IDV, were 
positive (titers 1:40). In addition, we performed the HI test 
using selected samples following preadsorption with ICV. 
We did not observe any significant decrease in HI titers to 
IDV, suggesting no cross-reactivity between IDV and ICV 
in our samples.

We also collected serum samples of apparently healthy 
Bactrian camels (n = 40) in Dundgovi, Zavkhan, and Um-
nugovi Provinces, Mongolia, and tested for HI antibody 
for IDV. These samples did not test positive for these  
IDV strains.

Despite the limited samples tested, this study sug-
gests that dromedary camels in East Africa might play a 
substantial role in the circulation of IDV. Further studies 
using additional samples from multiple countries are ex-
pected to clarify the role of this animal on the ecology and 
epidemiology of this virus, including its reservoir potential 
in nature.
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Figure. Hemagglutination 
inhibition (HI) antibody 
titers for influenza D viruses 
in serum samples from 
dromedary camels, Bati and 
Fafen Districts, Ethiopia. 
Each dot represents 1 camel. 
HI assay was performed 
with RDE(II)-treated serum 
samples and turkey red blood 
cells (0.6%) against D/swine/
Oklahoma/1334/2011 (D/OK), 
D/bovine/Nebraska/9–5/2013 
(D/NE), and D/bovine/
Yamagata/10710/2016 (D/
Yamagata). HI-positive rate for 
each virus is shown below the 
virus name.
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Low antibody titers to Neospora caninum have been re-
ported in humans, but infection has not been confirmed. 
We used N. caninum–specific PCR to test 600 clinical 
samples from patients with toxoplasmosis signs but Toxo-
plasma gondii–negative PCR results. We did not detect N. 
caninum DNA, demonstrating it is an unlikely opportunistic 
zoonotic agent.

The coccidian parasite Neospora caninum (Apicom-
plexa: Sarcocystidae) is a major abortifacient agent in 

ruminants, especially cattle. It is phylogenetically close to 
Toxoplasma gondii (1), a parasite of high prevalence in hu-
mans, but biologically different. N. caninum parasites have 
a restricted host range but can infect primates (2,3).

N. caninum infection causes neuromuscular disease 
in dogs and reproductive disorders in ruminants, causing 
fetal loss due to vertical transfer of parasites during acute 
infections or reactivation of chronic infections. Clinical 
neosporosis in animals resembles the disease outcome of 
toxoplasmosis (1). 

N. caninum parasites have been successfully cul-
tured in human cell lines, but low antibody titers of un-
confirmed specificity against N. caninum have been re-
ported in human serum samples (1,4,5). The significance 
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Table. Types of samples analyzed and demographic and 
clinical data for 600 patients tested for Neospora caninum 
parasites, Spain* 
Characteristics  No. (%) 
Sample type  
 Amniotic fluid 267 (44.5) 
 Cerebrospinal fluid 113 (18.8) 
 Blood 100 (16.7) 
 Placental tissue 51 (8.5) 
 Bronchoalveolar lavage 25 (4.2) 
 Urine 17 (2.8) 
 Brain biopsy 12 (2.0) 
 Aqueous humor 4 (0.7) 
 Fetal tissues and fluids 4 (0.7) 
 Lymph node aspirate 3 (0.5) 
 Vitreous humor 2 (0.3) 
 Bone marrow aspirate 1 (0.2) 
 Hepatic abscess aspirate 1 (0.2) 
Patient demographic information  
 Sex  
  Unknown 6 (1.0) 
  M 135 (22.5) 
  F 459 (76.5) 
   Of childbearing age, 17–42 y 333 (55.5) 
 Age, y  
  >1, average 36.1 481 (80.2) 
  <1 116 (19.3) 
 Native country  
  Spain 382 (63.7) 
  Other† 36 (6.0) 
  Unknown 182 (30.3) 
Patient clinical information  
 Immune status  
  Immunocompetent 458 (76.3) 
  Immunodepressed or  
  immunosuppressed 

83 (13.8) 

  HIV/AIDS 19 (22.9) 
  Chemotherapy 29 (34.9) 
  Organ transplant  35 (42.2) 
  Unknown 59 (9.8) 
 Pregnancy-related disorders 454 (75.7) 
  Seroconversion–infection suspicion  
  and lymphadenopathy  

418 (92.1) 

  Spontaneous abortion  27 (5.9) 
  Ophthalmic 4 (0.9) 
  Other fetal signs‡  5 (1.1) 
 Neurologic and ocular symptoms and  
 conditions§ 

108 (18.0) 

  Neurologic condition with ocular signs 8 (7.4) 
  Ophthalmic only 3 (2.7) 
 General signs, n = 38 38 (6.3) 
  Pneumonia 24 (63.2) 
  Lymphadenopathy 2 (5.3) 
  Hematologic or oncologic 12 (31.6) 
*Patients were from 12 regions: Andalusia, Aragon, Asturias, Balearic 
Islands, Cantabria, Castile-La Mancha, Castile and Leon, Extremadura, 
Galicia, Madrid, Navarre, Valencia.  
†Africa, 8; Asia, 1; Europe, 8; Latin America, 19. 
‡Anencephaly, malformations, and microcephaly. 
§Neurologic symptoms and conditions include ataxia, disorientation, 
sudden blindness, encephalitis, calcifications, and intracranial space 
occupying lesions; ophthalmic symptoms and conditions include 
chorioretinitis, panuveitis, posterior uveitis, and vitritis. 
 



of these findings is uncertain because neither parasite 
DNA nor viable parasites have been demonstrated in hu-
man tissues. Unconfirmed reports of N. caninum–specif-
ic antibodies in the human population (4,5) prompted us 
to test specifically for Neospora DNA in human clinical 
specimens and assess its possible role in human illness.

We obtained 600 DNA samples from a collection of 
anonymized human clinical samples from the National 
Registry of Biobanks (no. C.0004715) in Spain that were 
deemed exempt from a second ethics approval. Our crite-
ria for selection included any pregnancy-related disorder 
affecting women or fetuses, toxoplasmosis-like clinical 
signs or suspicion of toxoplasmosis, and negative results 
for T. gondii–specific real-time PCR (6) and nested PCR 
(7) (Table).

We isolated total DNA using a QIAamp DNA Mini Kit 
(QIAGEN, https://www.qiagen.com) and used a single-
tube nested PCR to amplify the N. caninum internal tran-
scribed spacer 1 region using external primers NN1–NN2 
and internal primers NP1–NP2, as previously described 
(8,9). We expected a diagnostic 249-bp fragment. In each 
batch of amplifications, positive PCR controls included ge-
nomic DNA of 10, 1, and 0.1 N. caninum tachyzoites. Us-
ing these PCR methods, we found that the analytical sen-
sitivity was <1 tachyzoite of Neospora spp. or T. gondii.

We did not detect N. caninum–specific DNA in the 
samples analyzed. Previously, transplacental neosporosis 
was experimentally demonstrated in rhesus macaques (Ma-
caca mulatta) in the United States (2,3). A literature review 
summarized reports of unconfirmed presence of antibodies 
against N. caninum in patients with neurologic disorders, 
pregnant women, and healthy people, including blood do-
nors (1). Findings of N. caninum IgG in HIV-infected pa-
tients from Brazil and France (4,5) are of special interest 
because of possible association with T. gondii infections.

We believe N. caninum parasites are an unlikely op-
portunistic zoonotic agent. Application of direct meth-
ods for parasite detection in a greater number of sam-
ples from HIV-positive patients should complement  
unclear serologic findings to fully dispel suspicion of hu-
man neosporosis.
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In September 2018, classical swine fever reemerged in Ja-
pan after 26 years, affecting domestic pigs and wild boars. 
The causative virus belongs to the 2.1 subgenotype, which 
caused repeated outbreaks in eastern and Southeast Asia. 
Intensive surveillance of swine and vaccination of wild 
boars will help control and eradicate this disease in Japan.

Classical swine fever (CSF) is one of the economically 
most devastating diseases worldwide and is notifiable to 

the World Organisation for Animal Health (OIE). The pres-
ence of CSF in a pig population results in severe restrictions 
on international trade of pigs and pork products. Many coun-
tries have implemented compulsory eradication programs and 
perform intensive surveillance. Most countries with indus-
trialized pig production and high biosecurity standards have 
achieved the OIE status of being CSF free, including Japan 
in 2015 (1). Nevertheless, CSF is endemic to many countries 
that have a high number of backyard pigs. Because wild boars 
are as susceptible to CSF virus (CSFV) as domestic pigs, 
eradication of CSF in wild boars is of epidemiologic value (2).

CSFV, a positive-sense RNA virus (family Flaviviri-
dae, genus Pestivirus) is divided into 3 major genotypes 
(1–3) and several subgenotypes (3,4). In Europe, the more 
recent outbreaks were caused by genotype 2.1 (Lithuania, 
2009 and 2011) and genotype 2.3 (Latvia, 2013–2015) (5). 
In Asia, recent outbreaks were caused mainly by CSFV 
genotypes 1.1, 2.1, 2.2, and 2.3.

The spread of African swine fever (ASF) across China 
in 2018 has increased awareness of ASF and CSF in South-
east Asia. During August 16–September 3, 2018, at a pig 
farm in Gifu city, Gifu Prefecture, Japan, ≈20 fattening pigs 
died. A veterinarian recognized that the pigs were weak-
ened and inappetent; no clinical signs were detected before 
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From the neo- (Latin, “new”) + spora (Greek, “seed”) 
and canis (Latin, “dog”), Neospora caninum is a spo-

rozoan parasite that was first described in 1984. It is a ma-
jor pathogen of cattle and dogs but can also infect horses, 
goats, sheep, and deer. Antibodies to N. caninum have 
been found in humans, predominantly in those with HIV 
infection, although the role of this parasite in causing or 
exacerbating illness is unclear.

Neospora caninum [ne-osʹpə-rə ca-ninʹum]
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August 20. Staff from the Gifu prefectural animal hygiene 
service center collected and sent samples from the follow-
ing animals to the National Institute of Animal Health (To-
kyo, Japan) to test for ASF and CSF viruses: 6 live pigs on 
August 24, 1 dead pig on September 3, and 11 live pigs 
and 1 dead pig on September 8. The CSFV genome was 
detected by reverse transcription PCR and confirmed by 

nucleotide sequencing. Control measures comprised cull-
ing of ≈600 pigs from the infected farm, movement restric-
tions, disinfection, epidemiologic investigations, clinical 
and laboratory investigations of 13 farms with epidemio-
logic links, and intensified surveillance. On September 13, 
a dead wild boar was found in the restriction zone of the 
initial outbreak and was CSFV positive. By March 7, 2019, 
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Figure. Phylogenetic tree displaying the genetic relatedness of the classical swine fever virus (CSFV) isolate obtained from the 2018 
classical swine fever (CSF) outbreak in Japan to other CSFV isolates. Phylogenetic analyses were performed by using the neighbor-
joining method with complete E2 (1,119 nt) sequences, including 1,000 iterations for bootstrap analysis, and were generated by the 
genetic typing module of the CSF database at the European Union and OIE Reference Laboratory for Classical Swine Fever (6). Only 
bootstrap values >70% are indicated. For each isolate, country and year are given, along with catalog number of the CSF database 
and the GenBank accession number in parentheses. The arrow indicates the sequence of the virus isolate obtained from a domestic 
pig during the 2018 CSF outbreak in Japan (Japan/2018) (GenBank accession no. LC425432). Boldface indicates additional newly 
generated sequences (GenBank accession nos. MK026451–65). Two ancient sequences from Japan (CSF0742, CSF0743) were 
identified as belonging to genotype 2 with no clear affiliation to any of the 3 established subgenotypes 2.1, 2.2, and 2.3 (indicated as 
genotype 2, unclassified). Asterisks indicate 5 E2 sequences belonging to a group of sequences that are most closely related to the E2 
sequence of the CSFV isolate Japan/2018. Scale bar indicates nucleotide substitutions per site. 



a total of 68 dead and 153 live wild boars in Gifu and Aichi 
Prefectures had been found to be CSFV positive.

The last CSF outbreak in Japan (Kumamoto Prefec-
ture) occurred in 1992; since 2006, vaccination against CSF 
has been banned. The absence of CSF in Japan for 26 years 
strongly suggests reintroduction of the virus from outside Ja-
pan. To support epidemiologic investigations, we performed 
molecular typing based on the partial 5′ untranslated region 
(UTR) (150 nt) and on the complete E2 gene (1,119 nt) by 
using the CSF sequence database and the integrated tool for 
phylogenetic analysis (3,6). Most similar sequences identi-
fied by database search (GenBank, https://www.ncbi.nlm.
nih.gov/nuccore; BLAST, https://blast.ncbi.nlm.nih.gov/
Blast.cgi) were included in the analysis together with 15 
complete E2 encoding sequences (GenBank accession nos. 
MK026451–65) newly generated from isolates originating 
from Japan (10 sequences in 1951–1986), Thailand (4 se-
quences in 2001, 2011, and 2012), and Vietnam (1 sequence 
in 2010) (Figure). Phylogenetic analyses revealed that the 
2018 isolate from Japan belongs to genotype 2.1; the E2 
(Figure) and 5′-UTR sequences (Appendix, https://wwwnc.
cdc.gov/EID/article/25/6/18-1578-App1.pdf) were most 
closely related to CSFV detected in China during 2011–2015 
(98%–99% identity in E2 sequences; Figure) and China and 
Mongolia during 2014–2015 (98%–99% identity in partial 
5′-UTR; Appendix). Subsequently, a complete genome se-
quence of the index isolate was determined (GenBank acces-
sion no. LC425854); the closest genetic relationship (98.9% 
identity) was with 2 recent isolates (GenBank accession 
nos. MG387217–8) from Beijing, China (7). Members of 
this phylogenetic clade reportedly form an emerging group 
of moderately virulent CSFV that is becoming more preva-
lent in China (8,9). Despite good availability of sequence 
data from China, much less information is available from 
other countries in the region. Therefore, similar viruses may 
be in other countries in eastern and Southeast Asia. Addi-
tional CSFV sequences from previous outbreaks in Japan, 
Thailand, and Vietnam were only distantly related to the 
sequence of the isolate from Japan. Partial E2 and 5′UTR 
sequences (GenBank accession nos. LC425434–5) obtained 
from the first positive wild boar (index case) revealed 100% 
identity to the index isolate.

Japan is among the top 10 pork-producing countries 
worldwide; in 2017, an estimated 16.3 million pigs were 
slaughtered in Japan. Presence of CSFV in wild boars re-
mains a serious threat for domestic pigs. By February 2019, 
the virus had further spread from Gifu Prefecture into oth-
er prefectures in Japan, emphasizing the need for defined 
strategies to control the outbreak, including vaccination 
of wild boar, in addition to the standard policy of culling. 
Moreover, intensive surveillance is needed to monitor the 
situation carefully and will contribute to the control and 
eradication of CSF in Japan.
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We tested samples of pork products confiscated from trav-
elers to South Korea for African swine fever virus (ASFV). 
We detected ASFV in 4 food items confiscated from travel-
ers from Shenyang, China, in August 2018. Surveillance of 
pork products at country entry points is needed to mitigate 
the risk for ASFV introduction.

African swine fever (ASF) is a fatal viral disease that 
affects pigs of all ages and breeds. ASF virus (ASFV) 

is highly virulent and remains a global threat because of the 
lack of a vaccine and the ability of the virus to survive in 
various environmental conditions. Since 2007, ASFV has 
been spreading across Europe and Russia. In August 2018, 

China reported the first outbreak of ASF in Asia (1). Since 
then, ASFV has been reported in numerous provinces and 
continues to spread across China (2).

Although ASF has never occurred in the Republic of 
Korea (hereafter referred to as South Korea), ASFV could be 
introduced into this country through various routes. The risk 
for ASF introduction into South Korea increases with the 
continuous spread of the disease across China. Pork products 
contaminated with ASFV are among the main risk factors 
for spreading the disease (3). Hence, since 2015, we have 
been conducting surveillance on pork products confiscated at 
airports and ports from travelers coming from countries af-
fected by ASF. Since the program started in 2015, an average 
of 6,200 products have been seized per month, and we tested 
an average of 10 (0.16%) products per month.

After the first ASF outbreak in China, South Korea 
enhanced quarantine inspections of travelers, especially 
those coming from China. A total of 4,064 pork products 
(3,374 sausages, 12 hams, and 678 other products contain-
ing pork) were seized from travelers from China in August 
2018. Among these products, we randomly selected sam-
ples from 52 (1.28%) products for real-time PCR testing. 
We homogenized these samples and extracted nucleic acids 
using High Pure PCR Template Preparation Kit (Roche, 
https://www.roche.com) in a Biosafety Level 3 laboratory 
at the Animal and Plant Quarantine Agency in Gimcheon, 
South Korea. We used ASFV OURT88/3 virus as a positive 
control. To amplify the ASFV B646L gene, we performed 
TaqMan real-time PCR (Applied Biosystems, https://www.
thermofisher.com) as recommended (4).

In total, 4 samples from China tested positive for 
ASFV: 2 blood sausages (identification [ID] no. 18083111, 
seized August 16, 2018, and ID no. 18081148, seized Au-
gust 20, 2018), 1 dumpling (ID no. 18082721, seized Au-
gust 18, 2018), and 1 commercial sausage product (ID no. JI 
18080406, seized August 26, 2018). All ASFV-positive sam-
ples were from products seized at the Incheon and Jeju In-
ternational Airports from passengers flying from Shenyang, 
China, where the first ASFV outbreak in China was reported.

We performed conventional PCR to further analyze 
the ASFV isolates detected. We amplified 3 independent 
regions of the ASFV genome: the B646L gene encoding 
p72, the E183L gene encoding p54, and a tandem-repeat 
sequence located between the I73R and I329L genes (5–7). 
All genes detected were ASFV genotype II (Figure). All 
positive samples had an intergenic region II variant with an 
additional tandem-repeat sequence (5′-GGAATATATA-3′) 
between the I73R and I329L genes (5). The intergenic 
region II variant we observed was identical to those re-
ported in isolates Ukr12/Zapo, Bel13/Grodno, Lt14/1490, 
Lt14/1482, Pol14/Sz, and Pol14/Krus (6). The same tan-
dem-repeat sequence insertion was also observed in China 
isolates ASFV SY18 and CN201801 (1,2).
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We compared the gene sequences of our samples with 
those of ASFV SY18 (GenBank accession nos. MH713612, 
MH717102, and MH717104). The genes detected in the 
blood sausage samples (ID nos. 18083111 and 18082721) 
were 100% identical to those of ASFV SY18. However, the 
E183L gene and I73R–I329L intergenic spacer were not 
detectable in the other 2 samples (ID nos. 18081148 and JI 
18080406), suggesting that only part of the ASFV genome 
remained intact and preventing more thorough genomic 
comparisons. We also attempted to culture virus from the 
4 samples in primary pig alveolar macrophage cells using 
the procedure established by the Center for Animal Health 
Research (http://asf-referencelab.info/asf/en/procedures-
diagnosis/sops), the European Union Reference Laboratory 
for ASF in Madrid, Spain, but the virus did not propagate.

Our results indicate that the ASFV isolates detected 
in South Korea in August 2018 were identical to those 
reported in China. Also, the detection of ASFV genes in 
commercial sausage products from China indicates that 
pigs infected with ASFV might have been slaughtered and 
distributed in markets throughout China.

The Food and Agriculture Organization of the United 
Nations reported the possibility of ASFV spread from China 
to other parts of Asia, including the Korean Peninsula and 
Japan (8). Table and kitchen scraps containing pork contami-
nated with ASFV was reported to be a potential source of 
the infection in China (9). Contaminated pork products fed 
to pigs have often been the source of ASFV outbreaks and 
introduction into previously unaffected areas (10). Thus, de-
tection of ASFV in these confiscated products highlights the 

Figure. Phylogenic analysis of partial 
B646L gene sequence of African 
swine fever virus (ASFV) in samples 
of pork products brought into South 
Korea by travelers from Shunyang, 
China, August 2018, and reference 
sequences. Neighbor-joining 
phylogenic tree was constructed 
by using MEGA 6.0 (https://www.
megasoftware.net). Black dots 
indicate genes of ASFV isolates 
detected in 3 food items containing 
pork and 1 commercial pork product 
confiscated from travelers. Vertical 
lines at right indicate ASFV genotypes 
I–XXIV. GenBank accession numbers 
are provided for reference sequences. 
Scale bar indicates the number of 
base pair substitutions per nucleotide.



importance of surveillance at points of entry to mitigate the 
risk for ASFV introduction through illegal imports.
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Rabbit-associated hepatitis E viruses (HEVs) cause zoo-
notic infections. We investigated 2,389 hares in Germany 
during 2007–2014. Complete genome characterization of 
a hare-associated HEV strain revealed close genomic re-
latedness to rabbit-associated HEV strains. Although hare-
specific HEV seroprevalence was low, at 2.6%, hares rep-
resent a potential source of sporadic HEV infections.

Hepatitis E virus (HEV; family Hepeviridae, genus 
Orthohepevirus) is a major cause of acute hepati-

tis in humans worldwide. Large outbreaks have included 
waterborne HEV in the tropics and zoonotic infections in 
temperate climates (1). In 2017, researchers identified hu-
man infection with HEV strains associated with rabbits (ra-
HEV) in France (2,3). 

In Germany, rabbits (family Leporidae, genus Oryc-
tolagus) are common in the wild but are also popular 
pets, potentially explaining human exposure to raHEV. 
Hares (family Leporidae, genus Lepus), although ge-
netically related, are physically larger and are primarily 
hunted as food in large parts of Europe (>5 million hares 
annually) (4). HEV associated with hares (haHEV) had 
been previously unknown (5). For this study, we tested 
for HEV in 2,389 European brown hares (L. europaeus) 
hunted in Germany during 2007–2014, across an area of 
≈30,000 km2 (Appendix Figure 1, http://wwwnc.cdc.gov/
EID/article/25/6/18-1618-App1.pdf). One animal (0.04% 
of all samples; 95% CI 0.03%–0.05%) tested positive 
in a broadly reactive reverse transcription PCR assay; 
25 (2.6%; 95% CI 1.6%–3.5%) animals were identified  
as seropositive. 

RNA concentration was 5.4 × 104 IU/mL in the serum of 
the animal that tested positive, comparable to viral loads ob-
served in rabbits and in human blood donors (3,6). After we 
determined its complete viral genome (GenBank accession 



no. MK050463), the haHEV isolate showed the typical ge-
nome organization of Orthohepevirus A, including 3 predict-
ed open reading frames (ORF). We found a 93-nt insertion in 
the X-domain of ORF1 that is thought to be typical of raHEV 
strains and absent in other HEV strains (2,3). This finding 
may reflect a common origin of raHEV and haHEV strains or 
a host-associated virus adaptation. We found no evidence for 
recombination of haHEV with other Orthohepevirus species 
or subtypes. 

When averaged over the complete genome, the ha-
HEV isolate we obtained shared 86% nucleotide identity 
with the most closely related raHEV strain (GenBank ac-
cession no. KY436898), from a rabbit sampled in Germa-
ny in 2016 (5). Average translated amino acid identity of 
the haHEV with raHEV strains was high at 88.5%–97.5% 
for ORF1, 90.2%–98.5% for ORF2, and 88.6%–95.1% 
for ORF3. In phylogenetic reconstructions, the haHEV 
clustered with raHEV strains, further suggesting a com-
mon origin for haHEV and raHEV, and suggesting an ori-
gin of haHEV in ancestors carried by rabbits and distinct 
from the greater HEV diversity existing in swine (7) (Fig-
ure; Appendix Figure 2). This interpretation is consistent 
with sporadic sharing of habitats between wild rabbits and 
hares in the study area. 

To determine seroprevalence, we expressed the capsid 
protein of haHEV and used it for indirect immunofluores-
cence assays (Appendix). In total, serum samples from 944 
hares, covering all sampling regions and years, were avail-
able in sufficient quality and quantity for serological test-
ing (Appendix Table 2). HEV seroprevalence for hares was 
2.6% (95% CI 1.6%–3.5%), similar to values in a previous 
serologic study of 669 European brown hares that used a 
capsid fragment from a human HEV genotype 1 strain as 
antigen and yielded a seroprevalence of 1.6%–4.3% (5). The 
sampling sites from that study were up to 400 km from those 
in our study, suggesting geographically widespread HEV in-
fection of hares. That study also found wild rabbits to be 
seropositive at rates >35% (5). The lower HEV seropreva-
lence in hares than in rabbits might be explained by the fact 
that hares live solitarily and have low-density populations, 
≈12–20 animals/100 ha in the sampling region; wild rabbits 
live in groups of ≈15 that are also proximal to other groups. 

We found no statistically significant differences in se-
roprevalence for hares <1 versus >1 year of age (χ2 0.08; p 
= 0.78), which is unlike the age-dependent increase of sero-
positivity observed in pigs and humans (8,9). Explanations 
may include a lack of statistical power in this study or dif-
ferential pathogenesis of HEV in hares. Although the data 
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Figure. Maximum-likelihood 
phylogeny of the concatenated 
open reading frame 1 and 2 
nucleotide sequences of hare 
hepatitis E virus (HEV) strain 
from Germany (black diamond), 
related strains from rabbits (bold) 
and humans, and reference 
Orthohepevirus A strains, as 
defined by Smith et al. (7). 
Taxon names of all reference 
sequences include genotype, 
subtype (x if not available), 
and GenBank accession 
number. Black circles at nodes 
indicate bootstrap supports of 
>90% and white circles >75% 
(1,000 replicates). The clades 
comprising sequences other than 
HEV genotype 3 were collapsed 
for graphical reasons. Scale bar 
indicates nucleotide substitutions 
per site.



on HEV pathogenesis in rabbits are in part controversial, 
occurrence of HEV in apparently healthy laboratory rab-
bits suggests that rabbits frequently survive HEV infection 
(10). Whether the apparently low seroprevalence in hares 
compared with rabbits is thus due to infrequent infection, 
differential antibody responses, or other host- or virus-as-
sociated factors remains to determined.

We detected no statistically significant differences 
in seroprevalence rates, either between sexes (χ2 0.01; p 
= 0.92) or across the 8 sampling years (Yates χ2 0.6; p 
= 0.96) and the 5 individual sampling regions (Yates χ2 
1.945; p = 0.96). These findings suggested constant low 
levels of HEV transmission in hares irrespective of sex 
and geographic region.

The infection of hares with HEV strains that are close-
ly related to raHEV strains suggests that hares may act as 
sporadic sources of zoonotic HEV infections. Although the 
low RNA detection rate and seroprevalence speak against 
a prominent role of hares in the epidemiology of zoonotic 
HEV, hunters and persons handling hare-derived products 
could represent risk groups. Awareness about hare-derived 
HEV infections may be particularly relevant for immuno-
compromised persons, in whom chronic HEV infections 
are most common.
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Fox-derived Sarcoptes scabiei mites caused an outbreak 
of mange on a farm in Switzerland in 2018. Pruritic skin le-
sions suggestive of S. scabiei mite infestation developed in 
4 humans who had direct contact with affected farm animals 
but not foxes. Sarcoptic mange is continuously spreading; 
such outbreaks affecting humans could start occurring  
more frequently.
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The Sarcoptes scabiei mite is the causative agent of sca-
bies in humans and sarcoptic mange in animals (1). Sca-

bies is considered a neglected reemerging disease of public 
health concern (2). Sarcoptic mange causes distress in live-
stock, economic loss in the livestock industry, and disease 
and death in wildlife (3). The degrees of host specificity and 
cross-infectivity of S. scabiei mites are still debated (3).

In January 2018, sarcoptic mange was suspected on a 
farm in the Jura Mountains, Switzerland. The outdoor loose 
housing system of this farm hosting 2 oxen (Bos taurus), 2 
horses (Equus caballus), 5 goats (Capra hircus), 4 alpacas 
(Vicugna pacos), 8 fallow deer (Dama dama), and 15 sheep 
(Ovis aries) was separated from a stable housing 3 pigs 
(Sus scrofa domesticus). Six dogs (Canis lupus familiaris) 
and 17 cats (Felis catus) had access to all stables. Pruritic 
skin lesions developed in several species 2–3 weeks af-
ter repeated episodes of mangy red foxes (Vulpes vulpes) 
sleeping in the stables and making partial body contact with 
the livestock (Figure, panels A, B). Pruritic skin lesions 
also developed in 4 persons who had direct contact with the 
domestic animals but not the foxes. A fox with mange was 
found dead nearby and a necropsy was performed. Oxen, 
dogs, and pigs were treated with avermectins before diag-
nostic investigations were carried out.

Clinical examination revealed papules, erythema, ex-
coriations, hyperkeratosis, and hypotrichosis with variable 
severity in 2 pigs, 2 goats, 2 dogs, all horses, and all oxen 
(Figure, panels C, D). The 3 sheep and 1 cat examined did 
not have lesions suggestive of mange. Close examination 
of the fallow deer and alpacas was impracticable. Humans 
had pruritic erythematous papules and excoriations on their 
neck, legs, or arms (Figure, panel E). Health authorities 
temporarily prohibited 1 affected person (a teenager) from 
attending school because of suspected scabies. Pruritus and 
skin lesions disappeared in the affected animals and hu-
mans within 6 weeks after >2 treatments with avermectins, 
topical neem oil, or both.

We identified S. scabiei mites by light microscopy in 
the skin scrapings from 2 pigs, 1 horse, 1 ox, 1 goat, and 1 
fox but none of the scrapings from 3 sheep, 5 dogs, and 1 
cat sampled. A few mites but no eggs, eggshells, or gravid 
females were observed on livestock, whereas all stages were 
present and numerous on the fox. Skin scrapings were not 
obtained from the affected humans. We confirmed S. scabiei 
mite mitochondrial 16S rDNA by TaqMan real-time PCR (4) 
in the sampled horse, ox, goat, and fox but not in the sampled 
sheep, cat, dogs, or pigs. Analyses with a panel of 9 micro-
satellites (sarms 33, 35–38, 40, 41, 44, and 45) (5) confirmed 
that foxes were the source of the mites (Figure, panel F); the 
mites on the outbreak farm were similar to each other and to 
mites previously collected from foxes in Switzerland (6) but 
different from those collected from wild ungulates in Spain, 
Switzerland, France, and Italy (5,7,8).

Genetic investigations suggest that multiple S. scabiei 
mite subpopulations can infect the same host and that mite 
subpopulations can differ from host to host. Different sub-
populations undergo varying degrees of gene flow depend-
ing on the geographic distances among infested hosts and 
cluster in animals that share a taxonomic classification above 
the species level (1,9). In Europe, wildlife herbivore-, carni-
vore- and omnivore-derived S. scabiei mites have been de-
scribed as distinct groups, and intraspecies and interspecies 
transmission have been proposed to occur among hosts of 
the same taxon but not among different taxa under natural 
conditions (8). However, prey-to-predator transmission was 
demonstrated in Africa (10). Thus, direct contact between af-
fected hosts or fomites and susceptible hosts (1) rather than 
mite host specificity might determine whether S. scabiei 
mites are transmitted to different taxonomic groups.

Our investigation unambiguously identified wild car-
nivore–derived S. scabiei mites as the cause of a point-like 
outbreak involving different domestic herbivores and omni-
vores. However, we found no evidence of mite reproduction, 
which suggests that the mites that transmitted from foxes to 
other species were not able to actively replicate. Yet, persis-
tence of clinical signs despite treatment and suspected subse-
quent transmission from domestic animals to humans is not 
fully consistent with the self-limiting pattern described for 
zoonotic scabies, although reinfection of domestic animals 
by other foxes with mange could have occurred.

Increased fox abundance, reemergence, and continu-
ous spread of sarcoptic mange in foxes could lead to its 
emergence in other wild and domestic animal species. Al-
though mites or their DNA could not be demonstrated in 
the affected humans, their clinical signs were highly sug-
gestive of scabies, highlighting the zoonotic potential of S. 
scabiei mites. The propensity of foxes with mange to live 
close to human settlements, the increase in green farming, 
and increased density and size of domestic animal popula-
tions augment the risk for contacts between foxes, domestic 
animals, and humans. Therefore, such outbreaks might be-
come more frequent in the future.
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Figure. Clinical and molecular 
characterization of an outbreak 
of fox-derived Sarcoptes scabiei 
mites in multiple mammal species 
on a farm in Switzerland, 2018. 
A) Outbreak timeline displaying 
animal species (pigs [Sus scrofa 
domesticus], oxen [Bos taurus], dogs 
[Canis lupus familiaris], goats [Capra 
hircus], horses [Equus caballus], 
and red foxes [Vulpes vulpes]) 
showing clinical signs compatible 
with sarcoptic mange and humans 
with signs of zoonotic scabies, in 
order of appearance. Gray portion 
of arrow indicates the period during 
which clinical signs were observed in 
domestic animals and humans. Foxes 
with mange were observed in stables 
up to 3 weeks before the beginning 
of clinical signs in livestock. B–E) 
Clinical signs observed in a red fox 
(B; lethargy, severe hyperkeratosis), 
a pig (C; erythematous papules 
on shoulder and thorax), an ox 
(D; alopecia and erythema in the 
perineal region), and a teenage girl 
(E; erythematous papules on an arm). 
F) Multilocus microsatellite analysis 
demonstrating the genetic relationship 
of 10 individual mites isolated from a 
horse, an ox, a goat, and a fox at the 
farm where the outbreak occurred 
(black dots) and 48 additional mites 
from red foxes from the same region 
of Switzerland (population 1); Iberian 
ibex (Capra pyrenaica) from southern 
Spain (population 2); and wild boars 
(Sus scrofa) from Switzerland, nearby 
areas of France, and northern Italy 
(population 3). Neighbor-joining tree 
(left) constructed by using distance 
matrices with Populations version 
1.2.28 (http://bioinformatics.org/
populations) and displayed by using 
MEGA4 (http://www.megasoftware.
net). Tree branch lengths are 
proportional to the percent genetic 
distance. Bar plot (right) obtained with 
Structure 2.3.4 (https://web.stanford.
edu/group/pritchardlab/structure.html) 
represents the cluster membership 
according to the analyses of 9 
markers for K = 3 with the probability 
(0%–100%) for each mite to belong 
to a different population. Medium 
gray indicates population 1, light 
gray indicates population 2, and dark 
gray indicates population 3. The 3 
populations are the same as those 
in the distance tree. F, red fox; SI, 
Iberian ibex; WB, wild boar. 
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Operating clinical analyzers within recommended param-
eters can be challenging during outbreak response. Using 
the Piccolo Xpress point-of-care blood chemistry analyzer 
on guinea pig blood, we found that values of many ana-
lytes are still readily comparable when samples and reagent 
discs are handled at various conditions outside of manufac-
turers recommendations.

Blood chemistry analyses are useful for guiding patient 
care. However, following manufacturer-recommended 

handling and storage conditions can be challenging in areas 
with underdeveloped infrastructure, as experienced in past 
and ongoing Ebola outbreak response (1). To investigate 
the utility of data from samples or reagent discs handled 
under suboptimal conditions, we evaluated 14 conditions 
outside of manufacturers recommendations by using Strain 
13/N guinea pig blood and plasma samples. Animal pro-
cedures were approved by the Centers for Disease Control 
and Prevention Institutional Animal Care and Use Com-
mittee and conducted at an AAALAC-International–ac-
credited facility.

Samples were run on the Abaxis Piccolo Xpress 
Chemistry Analyzer (https://www.abaxis.com; quality con-
trol with Abbot General Chemistry controls and verifica-
tion sample, https://www.fishersci.com/shop/products/pic-
lpd-pls-gen-chm-ct-2x6x1ml/07p0401a). This platform is 
a compact and portable Clinical Laboratory Improvement 
Amendments–approved automated point-of-care system 
for whole blood, serum, and plasma (2). This platform, 
together with the General Chemistry 13 reagent disc used 
here, is widely used in past and ongoing Ebola outbreak re-
sponses (3–6) and in laboratory research on viral pathogen-
esis, therapeutics, and vaccine efficacy (7–9). All samples 
were collected in the recommended lithium heparin (LiH) 
tubes, except as indicated.

We determined intrinsic variation of each analyte un-
der recommended conditions by running 31 samples on 2 



different machines simultaneously or on 1 machine sequen-
tially (represented as mean percentage change ± SD). We 
then evaluated 2 blood collection anticoagulants, 8 sample 
storage conditions, and 4 reagent disc storage conditions. 
Overall, >200 samples from 93 guinea pigs (48 males, 45 
females; 7 were <1 month of age, 24 were 1–3 months, 
8 were 4–6 months, 16 were 7–12 months, 17 were 1–2 
years, 11 were 2–3 years, and 10 were >3 years), from 
healthy animals or animals with noninfectious chronic dis-
ease (e.g., renal failure) were analyzed.

We first evaluated the effect of anticoagulants on sam-
ple analytes. Blood was collected and then partitioned from 
the syringe into paired samples stored in LiH (baseline), 
EDTA, or sodium citrate. Deviations from baseline were 
determined and expressed as mean percentage differences 
(Table). As expected, because of the chelating action of 
EDTA, assay reactions involving cationic substrates (Ca2+, 
alkaline phosphatase) generated no values or were greatly 
altered, although values of several analytes remained closely  
comparable to baseline. Values from samples collected in 

sodium citrate were uniformly lower than those collected 
in LiH.

To assess effects of sample storage temperatures on 
data output, we conducted similar analyses on whole blood 
stored overnight at –20°C, −4°C, or room temperature 
(≈20°C–22°C) and on plasma stored overnight at -20°C, 
room temperature, or 32°C. In general, plasma was more 
resistant to suboptimal temperatures; values for most ana-
lytes were comparable with paired control. Although data 
from whole blood samples varied more, many analytes 
(creatinine, alanine aminotransferase, alkaline phospha-
tase, total bilirubin) remained within ± 1 SD of baseline 
values. This finding is useful in situations where centrifug-
ing blood samples might not be possible. For application to 
high-containment studies, we also evaluated the utility of 
data from plasma stored overnight at –20°C and γ-irradiated 
(5 × 106 rads) before analysis. Under these conditions, 
6 of 12 analytes varied by >1 SD from expected range,  
suggesting that samples should be processed before inacti-
vation by γ-irradiation.

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 6, June 2019 1239

RESEARCH LETTERS

 
Table. Mean percentage change of clinical chemistry values obtained on the Piccolo Xpress Chemistry Analyzer from blood samples 
or reagent discs processed under various conditions that deviated from the manufacturer recommendations* 

Condition  
No. 

tested 
Percentage change compared with baseline 

GLU BUN CRE CA ALB TP ALT AST ALP TBIL GGT AMY 
Sample collection             
 WB in EDTA† 15 3.0 0.2 0.8 ERR 4.1 3.0 1.4 10.9 93.2 0.6 21.0 1.7 
 WB in Na citrate† 18 30.0 23.3 20.8 59.1 31.0 34.4 36.5 23.6 38.1 6.9 31.3 0.5 
Sample handling              
 WB 4C O/N† 13 19.2 1.2 9.4 1.0 2.3 0.0 1.6 20.1 2.5 1.9 227.3 0.0 
 WB RT O/N† 16 76.4 1.7 4.7 2.0 4.2 4.9 0.1 37.7 9.3 0.6 572.3  1.2 
 WB 32C O/N† 16 92.6 8.9 6.4 0.7 4.1 6.3 0.2 64.0 10.5 1.8 489.0 2.8 
 WB 20C O/N† 3‡ ERR ERR ERR ERR ERR ERR ERR ERR ERR ERR ERR ERR 
 PL† 35 0.4 1.1 13.2 1.2 1.1 0.1 2.8 1.5 2.1 4.7 11.1 0.1 
 PL RT O/N§ 15 0.4 2.9 11.3 0.3 4.1 1.9 0.4 1.8 3.3 4.8 1.5 0.5 
 PL 32C O/N§ 18 0.2 6.1 12.2 0.1 6.2 2.2 5.5 2.1 0.6 3.9 0.2 0.5 
 PL 20C O/N§ 14 1.1 0.4 3.9 2.4 0.6 1.6 2.5 4.0 5.9 3.6 0.0 0.5 
 PL 20C O/N +  
 -irradiation§ 

16 0.3 3.4 11.3 2.5 0.0 4.9 12.3 13.2 15.8 1.6 15.8 0.5 

Disc handling              
 WB + disc RT 7 d† 15 3.4 1.1 3.6 1.4 0.9 0.6 3.0 2.2 2.9 2.2 36.6 1.2 
 WB + disc 32C 5 d† 12 4.3 0.5 56.7 0.3 1.3 0.8 4.1 1.8 7.6 7.5 22.0 1.7 
 WB + disc 32C 14 d†¶ 7‡ 0.9 ERR ERR 1.8 8.0 0.5 5.3 0.2 ERR 0.0 0.5 0.5 
 WB + disc 32C 5 wk† 2‡ ERR ERR ERR ERR ERR ERR ERR ERR ERR ERR ERR ERR 
Intrinsic variation              
 1 SD  3.0 2.8 18.3 1.5 3.1 1.8 8.9 4.0 13.2 16.6 20.3 1.8 
 2 SD  5.9 5.7 36.5 3.1 6.2 3.7 17.7 8.1 26.5 33.3 40.6 3.7 
Reference values#  143  

16 
mg/dL 

20.5  
3.3 

mg/dL 

0.32  
0.2 

mg/dL 

11.4  
0.5 

mg/dL 

2.9  
0.2 

g/dL 

5.4  
0.3 

g/dL 

27  
6 

U/L 

46  
15 
U/L 

43  
15 
U/L 

0.3  
0.04 

mg/dL 

10  
3 

U/L 

1,149 
 131 
U/L 

*All analytes were quantified with the Piccolo General Chemistry 13 reagent discs (https://www.abaxis.com). Baseline values were obtained from aliquots 
of the same samples run according to manufacturer’s recommendations for comparison. Values in white cells varied by <1 SD; values in light gray cells, 
by 1–2 SD; and values in dark gray cells, by >2 SD from the determined % intrinsic variation derived from analysis of samples run either sequentially on 
the same machine or in parallel on different machines.  indicates -irradiated at 5  106 rads. ALB, albumin; AMY, amylase; ALP, alkaline phosphatase; 
ALT, alanine aminotransferase; AST, aspartate aminotransferase; BUN, blood urea nitrogen; CA, calcium; CRE, creatinine; ERR, analyte, sample, or disc 
error; GGT, -glutamyltransferase; GLU, glucose; Na, sodium; O/N, overnight; PL, plasma; RT, room temperature; TBIL, total bilirubin; TP, total protein; 
WB, whole blood. An expanded version of this table is available online (https://wwwnc.cdc.gov/EID/article/25/6/18-1928-T1.htm). 
†Baseline sample: WB. 
§‡Smaller sample size tested because tests did not function at indicated condition.  
‡§Baseline sample: PL. 
¶Only subset of discs (7 of 10) generated values; remainder generated no values because of disc error. 
#Reference values for strain 13/N guinea pigs 50–900 d of age, expressed as mean  SD (10). 

 



Finally, we assessed effects of storing reagent discs at 
room temperature or 32°C for varying lengths of time. Al-
though discs must be refrigerated when stored >48 hours, all 
values obtained from discs stored at room temperature for 
a week were within ± 1 SD of controls, except glucose and 
γ-glutamyltransferase (± 1–2 SD). Data from discs stored at 
32°C for 5 days were similarly comparable with baseline; we 
observed deviations in glucose, γ-glutamyltransferase, and 
creatinine. Discs stored at 32°C for 14 days were unreliable; 
many generated no values or a “disc error” message. Howev-
er, values read from discs that did not result in an error mes-
sage were all within expected limits. All discs stored at 32°C 
for 5 weeks generated error messages. These findings sug-
gest that although extended storage at elevated temperatures 
substantially damages discs, discs stored at these conditions 
for up to 2 weeks might still yield clinically relevant data.

In summary, we found that under various suboptimal 
conditions, many analytes are still readily comparable 
(within ± 1 SD of intrinsic variation) to those from paired 
samples handled according to the manufacturer’s recom-
mendations. In addition, the pattern of values that deviate 
from baseline is often consistent (e.g., glucose decreases) 
and may be considered in clinical evaluation. Although 
we used SDs to highlight deviation here, the clinical im-
plication of these findings will vary based on the analyte 
and condition being monitored. We believe these findings, 
based on guinea pig samples, enabling us to efficiently 
sample a large population and process under controlled 
conditions, are translatable to other species, including 
humans, because the equivalent veterinary point-of-care 
platform (VetScan VS2) is also disc-based and uses com-
parable assay chemistry. However, the possibility for 
some species differences remains and should be consid-
ered for future investigations.
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We report a case of infection with New York orthohantavirus 
in a woman who showed renal impairment and hemorrhage, 
complicated by hydrocephalus, in Long Island, New York, 
USA. Phylogenetic analysis showed that this virus was ge-
netically similar to a New York orthohantavirus isolated in 
the same region during 1993.

In the United States, New York orthohantavirus (NYV) is 
carried by the white-footed mouse (Peromyscus leuco-

pus). During 1993–1995, human cases of NYV infection 
were reported in persons who visited or resided on Long 
Island, New York, USA (1). Since that time, no other cases 
have been reported on Long Island. We report an NYV in-
fection with unusual clinical manifestations.

A 52-year-old woman from the east end of Long Island 
came to an emergency department in May 2017 because 
of fevers, headaches, myalgias, vomiting, somnolence, and 
lethargy for 3 days. She had a history of tick exposure and 
had recently cleaned her basement, where she reported ob-
serving mice droppings.

The patient had a core temperature of 102°F, a heart 
rate of 108 beats/min, a respiration rate of 20 breaths/
min, and a blood pressure of 94/56 mm Hg. Her oxygen  

saturation was 95% on room air. Laboratory tests showed 
the following results: leukocytes 4,500 cells/mm3, plate-
lets 102,000 platelets/mm3, aspartate aminotransferase 355 
U/L, alanine aminotransferase 180 U/L, procalcitonin 4.3 
ng/mL, erythrocyte sedimentation rate 2 mm/h, and C-re-
active protein 4.7 mg/dL. A chest radiograph showed clear 
lung fields. A lumbar puncture showed an opening pressure 
of 45 cm of H2O (reference range 8–15 cm H2O), 1 nucle-
ated cell (reference value <5/high-powered field), glucose 
152 mg/dL, and protein 31 mg/dL.

On day 4 postonset, her condition rapidly deteriorated. 
A second chest radiograph showed developing pulmonary 
congestion, and she required intubation and mechanical 
ventilation. She also had severe thrombocytopenia (18,000/
platelets mm3), acute kidney injury, proteinuria and micro-
hematuria (peak creatinine 2.3 mg/dL, urinary protein 30 
mg/dL, 50 erythrocytes/high-powered field), worsening 
transaminitis (aspartate aminotransferase 329 U/L, ala-
nine aminotransferase 258 U/L), and an increased lactate 
dehydrogenase (769 U/L). A computed tomography (CT) 
scan of the lungs showed bilateral pleural effusions (day 6 
postonset). Because a CT scan of the head showed cerebral 
edema, the patient was transferred to a tertiary care hospital 
(day 7 postonset).

Serologic test results were negative for Powassan vi-
rus, Ehrlichia spp., Anaplasma spp., Lyme disease, and 
Rocky Mountain spotted fever. Results of a hantavirus 
IgM and IgG ELISA (recognizing the nucleocapsid pro-
tein common to all hantaviruses) were positive (Associated 
Regional and University Pathologists Laboratories, https://
www.aruplab.com). An acute hantavirus infection was con-
firmed by the Centers for Disease Control and Prevention 
(Atlanta, GA, USA) by ELISA and identified antibodies 
that cross-reacted with Sin Nombre virus antigens (serum 
titers: IgM 1:6,400 and IgG 1:400). Orthohantavirus RNA 
was also detected by using reverse transcription PCR spe-
cific for the large RNA segment (2).

Although the patient’s condition improved on day 14 
postonset, she had 3 episodes of witnessed tonic–clonic sei-
zures. A CT scan of the head showed an acute intraparenchy-
mal hemorrhage (platelet count range 37,000/µL–57,000/
µL) in the left basal ganglia with intraventricular extension 
into the left lateral and third ventricles and hydrocephalus 
that required placement of an emergent external ventricular 
drain. Blood and cerebrospinal fluid (CSF) collected at day 
15 postonset had undetectable levels of virus RNA but IgM 
(serum 1:6,400, CSF 1:20) and IgG (serum 1:6,400, CSF 
1:20) antibody titers had increased. She was discharged on 
day 26 postonset and given anticonvulsant therapy. One 
year later, the patient was asymptomatic.

We sequenced hantavirus RNA isolated from the ini-
tial blood specimen by using Sanger and unbiased next-
generation sequencing (Figure). Phylogenetic analysis of 
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a partial genome inferred that the virus had a most recent 
common ancestor with an NYV collected in 1994 from a 
white-footed mouse from Shelter Island, NY (3). Given the 
inferred evolutionary relationship, our data are consistent 
with disease transmission likely occurring after contact 
with excreta from a local rodent. It is unclear if NYV (for-
merly classified as a distinct species) might have caused the 
neurologic complications (hydrocephalus and intracranial 

bleeding) for this case. Neurologic signs and symptoms did 
not develop for previous cases of infection with NYV (1).

Hantavirus pulmonary syndrome is a severe respiratory 
illness caused by infection with New World hantaviruses (4). 
During 1993–2015, a total of 688 cases of hantavirus pul-
monary syndrome were reported in the United States (case-
fatality rate 36%) (5). We report an orthohantavirus infection 
that progressed to respiratory failure and renal impairment 
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Figure. Inference of 
phylogenetic relationships 
for A) large, B) medium, and 
C) small RNA segments of  
orthohantaviruses by using 
representative full-genome 
sequences in study of infection 
with New York orthohantavirus 
and associated respiratory 
failure and multiple cerebral 
complications. Partial sequences 
from the case in New York during 
2017 (specimen no. 201703967), 
are indicated in bold (GenBank 
accession no. MK300066–8). 
Genome coverage for the 
201703967 small, medium, and 
large RNA segments are 12%, 
30%, and 5%, respectively. 
Evolutionary history was inferred 
by using a maximum-likelihood 
method based on the subtree 
pruning and regrafting model 
with the general time-reversible 
plus gamma (n = 4) nucleotide 
substitution model, and branch 
support was calculated by using 
the approximate likelihood ratio 
test method.  Branch lengths 
are measured in number of 
nucleotide substitutions per 
site (scale bars). Clades 
are collapsed by region for 
clarity, and clades of interest 
are annotated with reservoir 
subfamily. Clades with 
incomplete reservoir information 
are annotated with ~, and bat 
subfamilies are shown in italics. 
Sequences collected outside 
a specified geographic region 
are denoted by a symbol. 
*Black Creek Canal virus, USA; 
†Bayou virus, USA; ‡Prospect 
Hill virus, USA; §Kilimanjaro 
virus, Tanzania; ¶Uluguru virus, 
Tanzania; #Limestone Canyon 
virus, USA; **Sangoussa virus, 
Guinea; ††Rockport virus, USA; 
‡‡Jemez Springs virus, USA.



on day 4 postonset, which preceded cerebral complications 
on day 14 postonset. Brain complications, including sub-
arachnoid (6), pituitary hemorrhage (7), and encephalitis 
(8), with orthohantavirus infections have been reported. The 
direct effect of the virus into the brain has been demonstrated 
in an animal model (9), which raises the question whether 
intracranial bleeding for this case-patient was associated 
with endothelial damage directly from the virus infection. 

In conclusion, we report an orthohantavirus infec-
tion in New York that caused intracranial bleeding and 
hydrocephalus that required an emergent surgical inter-
vention. Because orthohantaviruses are endemic to North 
America and several strains/species have not been fully 
characterized, it is essential that clinicians recognize and 
be aware of other clinical manifestations of these infec-
tions (e.g., kidney injury), which are often indicators of 
subsequent complications.
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We report a case of Rickettsia japonica infection in an 
81-year-old man in central Japan. The patient had fever, 
rash, and an eschar but no evidence of a tick bite. His symp-
toms began 8 days after a land leech bite. The land leech is 
a potential vector of R. japonica.

Japanese spotted fever, a tickborne disease caused by Rick-
ettsia japonica, has been reported in Japan, Korea, and 

China (1–3). We describe a case of Japanese spotted fever 
after a land leech (Haemadipsa zeylanica japonica) bite.

On August 3, 2016, an 81-year-old man was trans-
ported to an emergency department with a 2-day history 
of fever (temperature of 38°C), staggering, appetite loss, 
and general malaise. He was undergoing hormonal therapy 
for prostate cancer and had an indwelling urinary catheter. 
However, he was fully independent and walked 2 km every 
day as a tour guide to a mountain road in the southern Boso 
area of Japan. At admission, he was alert and oriented, with 
no apparent fever (temperature of 36.8°C). Clinicians ob-
served a nonpruritic, painless rash on his torso and extremi-
ties (Figure, panels A, B), including his palms and the soles 
of his feet. The attending physician thoroughly searched for 
an eschar and noted only a single nonpruritic, painless le-
sion on the man’s lower abdomen (Figure, panel C). The 
patient and his family reported that the eschar appeared at 
the site where a land leech had been attached on July 24, 10 
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days before admission, and that the site bled when the leech 
was removed. They denied any tick bite.

Notable laboratory data included low platelet count 
(102,000/µL), slightly elevated aspartate aminotransferase 
(52 IU/L), elevated lactate dehydrogenase (468 IU/L), and 
elevated C-reactive protein (5.37 mg/dL). Urinalysis was 
positive for protein and occult blood. Chest radiograph and 
electrocardiogram findings were unremarkable.

We suspected rickettsial disease because the patient 
had typical symptoms, including fever, rash, and eschar, 
and a history of walking in the mountains. We sent his 
blood samples and the crust of the eschar to the Chiba 
Prefectural Institute of Public Health (Chiba, Japan) for 
indirect immunofluorescence and PCR assays (Appendix, 
https://wwwnc.cdc.gov/EID/article/25/6/18-1985-App1.
pdf). In addition, the blood samples were tested at the Ma-
hara Institute of Medical Acarology (Anan, Japan) with in-
direct immunoperoxidase assay to identify 6 Orientia tsu-
tsugamushi serotypes: Kato, Karp, Gilliam, Irie/Kawasaki, 
Hirano/Kuroki, and Shimokoshi.

The patient received 100 mg of minocycline intrave-
nously every 12 hours for 7 days and received the same 
dose orally for 1 day after he was discharged. His symp-
toms promptly resolved without any complications. 

Paired serum antibody titers against R. japonica in the 
acute phase (day 1 of treatment) were IgM <1:20 and IgG 
<1:20 but increased to IgM 1:1,280 and IgG 1:10,240 in 
the convalescent phase (day 21 of treatment). The samples 
tested for O. tsutsugamushi were negative for all serology 
except IgG titer against serotypes Karp (1:160) and Hirano/
Kuroki (1:80) in both acute and convalescent phases, indi-
cating past infection with O. tsutsugamushi. Target genes 
obtained from the eschar were identical with R. japonica; 
the 17-kDa protein had 100% sequence homology and gltA 
99.5% (Appendix Figures 1, 2).

We detected R. japonica from the eschar formed 
after a land leech bite in a patient without evidence of 
a tick bite. Most patients with rickettsial diseases, such 
as Japanese spotted fever and scrub typhus, do not no-
tice a tick or mite bite (4), but a leech bite is easy to 
detect because the site bleeds for an extended time due 
to hirudin in leech saliva. We conducted a thorough 
physical examination to check for tick bites but found 
no additional eschar on this patient. In our experience 
(4), a typical eschar caused by a tick or mite bite ap-
pears as a circular crater with a scab, red flare with an in-
distinct border, and desquamation. However, the eschar 
in this case was atypical because of a relatively well-  
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Figure. Patient with Rickettsia 
japonica infection after being 
bitten by a land leech, Japan.  
A, B) Erythematous macular 
rash on the patient’s torso  
(A) and extremities (B); C, D) 
eschar on the lower abdomen 
showing an atypical appearance 
with a relatively well-demarcated 
boundary of erythema with a  
tiny scab.



demarcated boundary of erythema with a tiny scab (Fig-
ure, panel D).

A new species of Rickettsia was detected from 
leeches in Japan (5,6). Furthermore, certain leech spe-
cies, parasitizing frogs or fish, can complete the vertical 
transmission of Rickettsia spp. with possible horizontal 
transmission (6). The leech is reported to be a potential 
vector for human rickettsial infections (7,8). Slesak et al. 
described the case of a 39-year-old woman with R. felis 
infection confirmed by eschar PCR after a leech bite in 
northern Laos (7). Balcells et al. reported the case of a 
54-year-old man with scrub typhus–like illness after a 
leech bite in southern Chile (8). In our previous study 
(4), 13% (4/31) of patients with Japanese spotted fever 
and 2% (4/188) of patients with scrub typhus diagnosed 
by serologic tests had a history of land leech bite before 
the symptom onset.

Our report is limited because we did not have the land 
leech for testing by PCR. The patient might have had rick-
ettsia on his skin and then been inoculated by the leech bite 
or by scratching after the bite (7). Further investigations, 
including an experimental model, are needed to support the 
potential role of leeches in the transmission of R. japonica 
and other Rickettsia spp.
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Molecular analysis of atypical schistosome eggs retrieved 
from children in Malawi revealed genetic interactions oc-
curring between human (Schistosoma haematobium) and 
livestock (S. mattheei and S. bovis) schistosome species. 
Detection of hybrid schistosomes adds a notable new per-
spective to the epidemiology and control of urogenital schis-
tosomiasis in central Africa.
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Urogenital schistosomiasis is a waterborne disease 
transmitted by certain freshwater snails that occurs 

throughout much of sub-Saharan Africa. Until recently, 
this disease was attributed solely to Schistosoma haema-
tobium, which was considered to have limited zoonotic 
potential (1). However, genetic analysis of natural infec-
tions with noninvasive larval sampling (2) has provided 
new evidence. In West Africa, for example, species inter-
actions with hybrid combinations of S. haematobium and 
the bovine or ovine species of S. bovis and S. curassoni 
are commonly encountered in humans and snails (3). Al-
though key biologic features of hybrids may not always 
be apparent, the risk for zoonotic transmission along with 
enhanced definitive and intermediate host compatibilities 
needs investigation (2,3). The recent emergence and per-
sistent transmission of S. haematobium–bovis hybrids on 
the Mediterranean island of Corsica (4) demonstrates the 
public health impact of such genetic introgression.

Genetic analysis of S. haematobium group species in 
central and southern Africa is a high priority. Atypical egg 
morphologies suggest a capacity for natural hybridization 
of S. haematobium with the bovine species S. mattheei, 
later confirmed with biochemical markers and experi-
mental infections demonstrating viable progeny (3). Dur-
ing ongoing surveillance of urogenital schistosomiasis in 
Chikhwawa District, Malawi, we encountered atypical S. 
haematobium eggs in urine samples from several infected 
children (5). We report the further genetic characterization 
of atypical eggs collected from epidemiologic surveys of 

children within Chikhawa, Nsanje, and Mangochi Districts 
(Figure, panel A). 

Ethics approvals for the epidemiological surveys were 
granted by Liverpool School of Tropical Medicine, College 
of Medicine, Malawi, and Ministry of Health and Popula-
tion, Malawi. All children found infected were treatment 
with praziquantel.

We filtered schistosome eggs from the urine of infect-
ed children, then photographed and measured them before 
storing them on Whatman FTA cards for molecular analysis 
(2). We alkaline-eluted and genotyped DNA from individ-
ual eggs using both the mitochondrial cytochrome oxidase 
subunit 1 (cox1) and the nuclear ribosomal internal tran-
scribed spacer (rITS) DNA regions (2) (Appendix Table, 
https://wwwnc.cdc.gov/EID/article/25/6/19-0020-App1.
pdf). In addition, for the samples from Mangochi District, 
we analyzed a partial region (300-bp) of the nuclear ribo-
somal 18S DNA to confirm the presence of S. mattheei 
nuclear DNA (2,6) (Appendix). 

Of 6 atypical eggs from Chikhwawa, all had a pure S. 
haematobium genetic profile (Figure, panels B, C). Of 19 
eggs from Nsanje, 18 had a pure S. haematobium genetic 
profile; 4 eggs had atypical morphology, but only 1 atypi-
cal egg had a discordant genetic profile (i.e., cox1 S. bovis 
and rITS S. haematobium). Of 20 eggs from Mangochi, 16 
typical S. haematobium eggs had a pure S. haematobium 
genetic profile, whereas the 4 atypical eggs had the same 
discordant genetic profiles (cox1 S. mattheei and rITS S. 
haematobium-mattheei). Inspection of the partial 18S gene 
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Figure. Investigation of atypical 
schistosome eggs retrieved from 
children in Malawi. A) Locations 
where urine samples containing 
Schistosoma haematobium eggs 
were collected from children 
in Mangochi (Samama village, 
14°41′74.65′′S, 35°21′75.80′′E), 
Chikhwawa (Mpangani village, 
16°03′62.99′′S, 34°84′10.63′′E), 
and Nsanje (Kastiano village, 
16°90′63.98′′S, 35°26′65.78′′E) 
districts. Of the children sampled, 
≈10% had atypical eggs in 
their urine, in an approximate 
atypical:typical ratio of 1:25. 
Note that the Shire River flows 
southward from Lake Malawi, 
linking the 3 sampled locations 
within the same drainage 
basin. B) Photomicrographs of 
a representative atypical egg 
from each location. Corresponding genotypes assigned for the mitochondrial cox1 and nuclear rITS loci: Mangochi, cox1 S. mattheei and 
rITS S. haematobium-mattheei; Chikhwawa, cox1 and rITS S. haematobium; Nsanje, cox1 S. bovis and rITS S. haematobium. A typical S. 
haematobium egg is shown for comparison. Sizes are not to scale. C) Histogram of length measurements for 83 typical S. haematobium eggs 
collected from Nsanje. Solid line indicates the associated density distribution. The mean length of this sample of typical eggs was 135 ± 28 µm 
(1 SD), with minimum 86 µm and maximum 180 µm. Arrows with dashed lines at right indicate the length of the 3 atypical eggs, which fall well 
outside the range of length variation of the 83 typical eggs as measured.



sequence confirmed S. haematobium–mattheei hybrids 
(Appendix). We deposited all sequence data into GenBank 
(accession nos. MK358841–MK358858).

Our genetic analysis demonstrated the presence of 
S. haematobium group hybrids in Malawi as introgressed 
forms of S. haematobium–mattheei and S. haematobium–
bovis. Of note, an unusual egg morphology may not always 
correspond with the ability to detect introgression with the 
current combination of genetic markers used (6; Appen-
dix). As described by Boon et al., successive backcrossings 
of hybrid progeny may obscure our ability to detect ances-
tral introgression, and the development of a wider panel of 
nuclear genetic markers is needed (6). Nonetheless, detec-
tion of these 2 hybrid schistosomes strongly suggests inter-
actions of S. haematobium with the ungulate schistosomes 
S. mattheei and S. bovis. That S. bovis has not been reported 
in Malawi implies a changing species dynamic with possi-
ble zoonotic transmission along the drainage basin of Lake 
Malawi, adding a new dimension to the epidemiology and 
control of urogenital schistosomiasis in Malawi (7).

Because we did not attempt miracidial hatching dur-
ing this study, we cannot confirm that these hybrids or in-
trogressed forms are fully viable in autochthonous natural 
transmission. However, the process of ancestral introgres-
sion with subsequent natural selection may help explain 
unexpected shifts in local snail–schistosome relationships 
(e.g., the changing compatibility of Bulinus nyassanus 
snails in Lake Malawi with S. haematobium schistosomes) 
(8). Further studies are needed to better characterize schis-
tosomes involved in human infection, investigate more 
thoroughly any zoonotic potential, and assess all possible 
combinations of interspecies introgressions. 

Molecular evidence for ancestral hybridization be-
tween S. haematobium and S. mansoni schistosomes was 
presented recently (9); given autochthonous transmission 
of intestinal schistosomiasis in Lake Malawi (10), there 
may be sufficient epidemiologic opportunity for other in-
trogression events to occur with the hybrids we report. 
We therefore advise heightened concurrent surveillance of 
urogenital and intestinal schistosomiasis, entailing a One-
Health approach with molecular vigilance for interspecies 
interactions along with phenotypic assessments for any 
altered host pathogenicity or susceptibility to praziquantel 
treatment. Detection of the hybrid schistosomes we report 
adds a new perspective to the epidemiology and control of 
urogenital schistosomiasis in central Africa.

Acknowledgments
We are particularly grateful to the local health and education 
authorities of Malawi, district teachers, and community health 
workers involved in schistosome surveys in Chikhwawa, Nsanje, 
and Mangochi. We thank Jahashi Nzalawahe for assistance with 
measurements and analysis of schistosome egg morphology. 

M.H.A. is funded by a PhD scholarship from the Ministry of 
Health, Kingdom of Saudi Arabia. S.K. received a scholarship 
from Commonwealth Scholarship Commission and a research 
fellowship from the African Research Network for Neglected 
Tropical Diseases (ARNTD).

About the Author
Dr. Webster is a researcher with the Natural History Museum, 
London, UK. She has specific expertise in medical helminthology 
and a longstanding interest in studies of schistosome hybridization 
in both natural and experimental settings.

References
  1. Rollinson D. A wake-up call for urinary schistosomiasis: 

reconciling research effort with public health importance. 
Parasitology. 2009;136:1593–610. http://dx.doi.org/10.1017/
S0031182009990552

  2. Huyse T, Webster BL, Geldof S, Stothard JR, Diaw OT, Polman K, 
et al. Bidirectional introgressive hybridization between a cattle and 
human schistosome species. PLoS Pathog. 2009;5:e1000571.  
http://dx.doi.org/10.1371/journal.ppat.1000571

  3. Leger E, Webster JP. Hybridizations within the genus Schistosoma: 
implications for evolution, epidemiology and control. Parasitology. 
2017;144:65–80. http://dx.doi.org/10.1017/S0031182016001190

  4. Boissier J, Grech-Angelini S, Webster BL, Allienne JF,  
Huyse T, Mas-Coma S, et al. Outbreak of urogenital  
schistosomiasis in Corsica (France): an epidemiological case 
study. Lancet Infect Dis. 2016;16:971–9. http://dx.doi.org/10.1016/
S1473-3099(16)00175-4

  5. Poole H, Terlouw DJ, Naunje A, Mzembe K, Stanton M,  
Betson M, et al. Schistosomiasis in pre-school-age children and 
their mothers in Chikhwawa district, Malawi with notes on  
characterization of schistosomes and snails. Parasit Vectors. 2014; 
7:153. http://dx.doi.org/10.1186/1756-3305-7-153

  6. Boon NAM, Fannes W, Rombouts S, Polman K, Volckaert FAM, 
Huyse T. Detecting hybridization in African schistosome species: 
does egg morphology complement molecular species  
identification? Parasitology. 2017;144:954–64. http://dx.doi.org/ 
10.1017/S0031182017000087

  7. Makaula P, Sadalaki JR, Muula AS, Kayuni S, Jemu S, Bloch P. 
Schistosomiasis in Malawi: a systematic review. Parasit Vectors. 
2014;7:570. http://dx.doi.org/10.1186/s13071-014-0570-y

  8. Stauffer JR Jr, Madsen H, Webster B, Black K, Rollinson D,  
Konings A. Schistosoma haematobium in Lake Malaŵi:  
susceptibility and molecular diversity of the snail hosts Bulinus 
globosus and B. nyassanus. J Helminthol. 2008;82:377–82.  
http://dx.doi.org/10.1017/S0022149X08056290

  9. Le Govic Y, Kincaid-Smith J, Allienne JF, Rey O, de Gentile L,  
Boissier J. Schistosoma haematobium–Schistosoma mansoni 
hybrid parasite in migrant boy, France, 2017. Emerg Infect Dis. 
2019;25:365–7. http://dx.doi.org/10.3201/eid2502.172028

10. Alharbi MH, Condemine C, Christiansen R, LaCourse EJ,  
Makaula P, Stanton MC, et al. Biomphalaria pfeifferi snails and 
intestinal schistosomiasis in Lake Malawi, Africa, 2017–2018. 
Emerg Infect Dis. 2019;25:613–5. http://dx.doi.org/10.3201/
eid2503.181601

Address for correspondence: J. Russell Stothard, Liverpool School of 
Tropical Medicine, Pembroke Pl, Liverpool, Merseyside L3 5QA UK; 
email: russell.stothard@lstmed.ac.uk

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 25, No. 6, June 2019 1247

RESEARCH LETTERS



Hepatitis Rebound  
after Infection with  
Yellow Fever Virus

Blandine Denis, David Chirio, Diane Ponscarme, 
Ségolène Brichler, Nathalie Colin de Verdière, 
François Simon, Jean-Michel Molina
Author affiliations: Hôpital Saint Louis, Paris, France (B. Denis,  
D. Chirio, D. Ponscarme, N. Colin de Verdière, F. Simon,  
J.-M. Molina); Hôpital Avicenne, Bobigny, France (S. Brichler); 
Université Paris Diderot, Sorbonne Cité, Paris  
(F. Simon, J.-M. Molina)

DOI: https://doi.org/10.3201/eid2506.190096

In 2018, yellow fever with hepatitis was diagnosed for 2 
unvaccinated travelers returning to France from Brazil. 
Hepatitis persisted for >6 months; liver enzyme levels again 
increased 2 months after disease onset with no detection 
of yellow fever virus RNA or other pathogens. Persistent 
hepatitis with hepatic cytolysis rebound probably resulted 
from immune response.

Although most cases of yellow fever are asymptomatic, 
some lead to severe liver disease, caused by liver cell 

cytolysis. In February 2018, yellow fever with hepatitis was 
diagnosed for 2 patients returning to France after travel to 
Brazil (Rio de Janeiro coastal area, including the island of 
Ilha Grande). Both were previously healthy, HIV-negative 
men, 38 (patient A) and 28 (patient B) years of age; neither 
had been vaccinated against yellow fever. Their first signs 
and symptoms occurred 7 (patient B) and 8 (patient A) days 
after arrival in Brazil, and they sought care in France on 
day 7 of symptom onset.

Each patient had fever, jaundice, asthenia, thrombocy-
topenia (57,000 [patient A] and 61,000 [patient B] plate-
lets/mm3; reference range >150,000 platelets/mm3), and 

hepatitis (alanine aminotransferase [ALT] >5,000 IU/L and 
aspartate aminotransferase [AST] >3,400 IU/L; reference 
range <40 IU/L). One patient also had acute renal failure 
(serum creatinine 170 µmol/L). For both patients, malaria 
blood smear was negative, IgM against yellow fever virus 
was detected on 3 evaluations by IgM capture ELISA, and 
seroconversion was confirmed by detection of yellow fe-
ver virus IgG by indirect ELISA at the National Reference 
Center for Arboviruses (HIA Laveran, Marseille, France). 
Results of testing for other viruses (dengue [4 serotypes]; 
chikungunya; Zika; hepatitis A, B, C, E; cytomegalovirus; 
and Epstein-Barr) were negative. The patients showed no 
sign of bleeding and were discharged 2 (patient B) and 3 
(patient A) days after admission, after thrombocytopenia 
and liver enzyme elevations had improved.

The patients remained asthenic for ≈1 month with no 
other symptoms. Elevated bilirubin levels persisted 6 weeks 
after discharge for patient A and 8 weeks for patient B; levels 
even increased in patient A (up to 164 µmol/L on day 14 of 
symptom onset). Within 3 weeks, liver cytolysis decreased 
to <4 times the upper limit of the reference range. However, 
≈2 months after symptom onset, liver enzyme levels again 
increased (ALT >1,000 IU/L) (Figure). For each patient, 
rebound ALT levels were higher than rebound AST levels 
(patient A: ALT 1,046, AST 301 IU/L; patient B: ALT 1,410, 
AST 483 IU/L). During the rebound period, yellow fever 
RNA detection by PCR remained negative. Conversely, for 
each patient, yellow fever virus neutralizing activities were 
detected in plasma by a recently developed highly specific 
test based on a pseudoviral vector releasing pseudotype yel-
low fever virus–like particles (1). Serum from each patient 
exhibited 100% inhibitory activity against yellow fever vi-
rus particles (1). Deep sequencing performed on plasma and 
urine remained negative for eukaryotic pathogens (2). Also 
negative were serum autoimmune antibodies (antinuclear, 
anti–smooth muscle, anti–liver-kidney microsomal type 1, 
and antimitochondrial) and anti–soluble liver antigen. For 
patient B, liver enzyme levels returned to reference range 
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Figure. Time course for liver 
enzyme levels in 2 patients with 
yellow fever, France, 2018. A) 
Patient A; B) patient B.  
AST, aspartate aminotransferase; 
ALT, alanine aminotransferase.



within 6 months; for patient A, AST returned to reference 
range within 6 months and ALT within 7 months (Figure). 
Because the patients were asymptomatic at the time of re-
bound, we did not perform liver biopsies.

Each patient had acquired yellow fever in Ilha Grande, 
Brazil, as had 11 other nonvaccinated travelers to Brazil in 
2018 (3), before vaccination against yellow fever was rec-
ommended for travelers to the states of São Paulo and Rio de 
Janeiro. For each of the 2 patients reported here, illness was 
similar: relatively mild disease despite jaundice and severe 
cytolysis (AST >1,200 IU/L, ALT >1,500 IU/L at diagnosis), 
known risk factors associated with higher mortality rates (4). 
For each patient, hepatic cytolysis rebounded ≈2 months af-
ter the initial peak, with no clinical signs or symptoms and 
no detection of other pathogens. Previous reports have de-
scribed liver cytolysis during yellow fever as being acute, 
decreasing rapidly on days 9–15, then reaching the upper 
limits of the reference range on day 16, and some persist-
ing up to 2 months (5). Liver biopsy results have shown that 
liver lesions can persist up to 2 months (6). 

We report persistent hepatitis over 6 months with a re-
bound of hepatic cytolysis after 2 months. In comparison, re-
lapse has been described for ≈3% of patients with hepatitis A 
(7) with a biphasic peak of ALT (7,8) and detection of hepatitis 
A virus RNA in plasma (9), both 4–8 weeks after the first peak.

In terms of the cause of the hepatic cytolysis rebound in 
the 2 patients reported here, neither had taken a hepatotoxic 
drug during the rebound period, and results of deep sequenc-
ing for eukaryotic pathogens and autoimmune antibodies 
were negative. However, major yellow fever virus neutral-
izing activities were detected. Thus, the rebound could be 
attributed to host immune response to yellow fever virus 
rather than to another pathogen or to direct effects of the vi-
rus itself. In summary, our results show that yellow fever can 
induce persistent hepatitis with a rebound of liver cytolysis, 
probably an immune response to the yellow fever virus.
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We analyzed  the whole-genome sequence of African swine 
fever virus  Belgium 2018/1. The strain fits into the Euro-
pean genotype II (>99.98% identity). The high-coverage 
sequence revealed 15 differences compared with an im-
proved African swine fever virus Georgia 2007/1 sequence. 
However, in the absence of genetic markers, no spatial or 
temporal correlations could be defined.
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African swine fever (ASF) is one of the most pathogenic 
viral diseases of swine leading to clinical and pathomor-

phological signs of a viral hemorrhagic fever (1). In 2007, 
ASF was introduced into Georgia (2) and thereafter into nu-
merous eastern European and European Union (EU) countries 
(3), as well as Asia (China, Mongolia, and Vietnam) (World 
Organization for Animal Health–World Animal Health Infor-
mation database, http://www.oie.int/wahis_2/public/wahid.
php/Wahidhome/Home/indexcontent, 2019 Feb 21).

In September 2018, the African swine fever virus 
(ASFV) was introduced into Belgium (3,4); as of April 28, 
2019, 719 cases have been reported by Belgium’s Federal 
Agency for the Safety of the Food Chain (http://www.af-
sca.be/ppa/actualite/belgique).

Samples from the first 2 cases were taken for analysis 
to the Belgium National Reference Laboratory for ASF at 
Sciensano, Brussels, and were later confirmed by the ASF 
EU Reference Laboratory (EURL) in Valdeolmos, Spain. 
Partial sequencing at the EURL revealed a p72 genotype II 
with CVR-1, IGR-2, and MGF1 variants. Initial assessments 
of virus type and epidemiology were published by Garigli-
any et al. (4) to share the data without delay. Subsequently, 
samples were transferred to the Friedrich-Loeffler-Institut, 
Greifswald, Germany, for whole-genome sequencing.

We prepared samples and sequenced them on an Illu-
mina MiSeq (https://www.illumina.com), as previously de-
scribed (5). In addition, we enriched DNA libraries for Illu-
mina sequencing for ASFV specific target sequences using 
an ASFV-specific myBaits kit (Arbor Biosciences, https://
arborbiosci.com). We analyzed the resulting sequence data 
by mapping against an improved ASFV Georgia 2007/1 se-
quence (International Nucleotide Sequence Database Col-
laboration accession no. FR682468.2) using Newbler 3.0 
software (6); we assembled the identified ASFV-specific 
reads using SPAdes 3.13.0 (7).

For the assembly of the inverted terminal repeat (ITR) 
regions, we mapped the reads against the individual ASFV 
Georgia 2007/1 ITR regions using Newbler and manually 
assembled them with the ASFV Belgium 2018/1 sequence 
in Geneious 11.1.5 (Biomatters, https://www.geneious.
com). For validation, we mapped all reads along the final 
contig using Newbler; the result was a median unique depth 
of 292 with an interquartile range of 42. We annotated the 
sequence according to the improved ASFV Georgia 2007/1 
sequence, using Glimmer3 in Geneious. We aligned dif-
ferent available ASFV whole-genome sequences using 
MAFFT 7.388, and we performed a phylogenetic analysis 
using IQ-TREE v1.6.5 (8,9). The whole-genome sequence 
is available from the International Nucleotide Sequence 
Database Collaboration databases under study accession 
no. PRJEB31287 and sequence accession no. LR536725.

The ASFV Belgium 2018/1 whole-genome sequence 
has a length of 190,599 bp. Comparison with the improved 

ASFV Georgia 2007/1 sequence revealed 15 differences, 
for an overall sequence identity of 99.98% at the nucleotide 
level. The detected differences included 4 nucleotide transi-
tions, 5 nucleotide transversions, 5 changes in homopoly-
mer regions, and 1 integration of a repeat into a previously 
described variable intergenic region (10) (Table).

Altogether, 4 differences in annotated genes are nonsyn-
onymous; 2 cause a frameshift, thereby truncating the MGF 
110–1L gene and changing the amino acid sequence of the 
DP60R protein; and 9 differences were identified in noncod-
ing regions (Table). The differences in the ITR regions must 
be viewed carefully because of the low coverage in these 
particular parts of the genome, but the differences in the core 
regions are well supported by the sequencing data (Table). 
The differences at the specific positions 7,061; 44,586; 
134,524; and 170,827 were also identified in the ASFV-
SY2018 (China), Estonia 2014, Kashino 04/13 (Russia), and 
Pol 16/17 (Poland) sequences, and position 170,827 also in 
ASFV strain Odintsovo_02/14 (Russia). Further genetic dif-
ferences could be identified in 7 so-called poly G/C regions. 
Whether these are artifacts originating from sequencing any 
of the analyzed genomes or pose real differences remains to 
be determined by the analysis of further sequences from Bel-
gium and other countries, which is in progress.

Finally, the alignment of all publicly available eastern 
European whole-genome sequences, as well as ASFV-Chi-
na, shows that all these genomes are nearly identical with 
identities of more than 99.9% (Appendix Figure, http://
wwwnc.cdc.gov/EID/article/25/6/19-0286-App1.pdf).

In conclusion, we provide a whole-genome analysis 
of ASFV from Belgium, which could show a high overall 
identity to recent ASFV strains from eastern Europe and 
China. We also identified locations showing differences 
from ASFV Georgia 2007/1 in single nucleotides, as well 
as a previously described repeat insertion. However, be-
cause the low mutation rate and the corresponding high 
genetic stability of the eastern European ASFV strains have 
hindered the definition of reliable genetic markers thus far, 
the currently available whole-genome information does not 
allow for further statements regarding correlations in space 
and time, and does not provide enough evidence for a more 
detailed mapping of strain origin.

Although MGF110 was assigned a possible function in 
preparing the endoplasmic reticulum for viral morphogen-
esis (11), in the absence of any observations regarding virus 
attenuation in the field, no conclusion can be drawn on the 
effect of the observed differences. Therefore, further in vi-
tro and in vivo characterizations using the ASFV Belgium 
2018/1 isolate are needed.

In the future, more high-quality whole-genome ASFV 
sequences might allow identification of genetic mark-
ers that could aid high-resolution molecular epidemiol-
ogy. Coordinated efforts to improve data sharing, together 
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with harmonized protocols under quality assurance, are of  
utmost importance to interpret results correctly and aid the 
fight against ASF.
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Table. Differences in the whole-genome sequence of ASFV Belgium2018/1 and the improved ASFV Georgia2007/1 reference 
genome* 

Position Type Difference 
ASFV Georgia 

2007/1† 
ASFV Belgium 

2018/1† Coverage Gene 
Synonymous/ 

nonsynonymous ORF change 
121 Transversion G121C AAGAT AACAT 44 ITR NA NA 
129 Transversion A129T AAATA AATTA 47 ITR NA NA 
479 Variation +T 9  T 10  T 767 ITR NA NA 
1393 Variation +C 9  C 10  C 1375 NA NA NA 
6786 Variation –T 9  T 8  T 1755 NA NA NA 
7061 Transition C7061T CCCAG CCTAG 1556 MGF 110–

1L 
Trp197Stop Shortened by 

18 codons 
15688 Variation +3C 17  C 20  C 127 MGF 110–

13Lb 
Frameshift Enlarged by 1 

codon 
17640 Variation +2G 10  G 12  G 1117 NA NA NA 
17854 Variation +G 9  G 10  G 1304 NA NA NA 
19807 Variation –G 7  G 6  G 1238 NA NA NA 
20017 Variation –2G 16 x G 14  G 832 ASFV G 

ACD 00350 
Frameshift Truncation 

21815 Variation +2G 9  G 11  G 1184 NA  NA NA 
27439 Variation –T 10  T 9  T 1895 NA NA NA 
44586 Transition A44586G TGAAA TGGAA 1292 MGF 505–

9R 
Lys323Glu NA 

73282 Variation –T 9  T 8  T 1241 NA NA NA 
134524 Transition T134524C CATTT CACTT 1665 NP419L Asp414Ser NA 
145080 Transition G145080A GAGGC GAAGC 1266 D117L Pro84Leu NA 
170827 Transversion T170827A GATGG GAAGG 1263 I267L Ile195Phe NA 
190138 Variation +A 9  A 10  A 3021 DP60R Frameshift 22 changed 

codons 
173402 Repeat 

integration 
+TATATAG

GAA 
NA +TATATAGG

AA 
1731 NA NA NA 

190478 Transversion T190478A TATTT TAATT 49 ITR NA NA 
190486 Transversion C190486G ATCTT ATGTT 49 ITR NA NA 
*Differences are show in bold and underlined. ASFV, African swine fever virus; ITR, inverted terminal repeat; NA, not applicable; ORF, open reading 
frame. 
†International Nucleotide Sequence Database Collaboration accession nos: ASFV Georgia 2007/1, FR682468.2; ASFV Belgium 2018/1, LR536725. 

 



determined by differences in C-terminal KDEL endoplasmic  
reticulum retention motifs. J Virol. 2004;78:3710–21.  
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We isolated Getah virus from infected foxes in Shandong 
Province, eastern China. We sequenced the complete Getah 
virus genome, and phylogenetic analysis revealed a close 
relationship with a highly pathogenic swine epidemic strain 
in China. Epidemiologic investigation showed that pigs might 
play a pivotal role in disease transmission to foxes.

Getah virus (GETV; genus Alphavirus, family Togaviri-
dae) is a mosquitoborne RNA virus that causes death 

in young piglets, miscarriage in pregnant sows, and mild 
illness in horses (1–3). Serologic surveys show that the in-
fection might occur in cattle, ducks, and chickens (4); some 
evidence suggests that GETV can infect humans and cause 
mild fever (5,6).

In September 2017, twenty-five 5-month-old blue foxes 
at a farm in Shandong Province in eastern China showed 
symptoms of sudden fever, anorexia, and depression; 6 of 
the 25 animals had onset of neurologic symptoms and died 
on the third day of illness. We collected blood samples from 
45 healthy and 25 ill foxes. We subjected the tissue samples 
from dead animals, including the brains, lungs, spleens, kid-
neys, livers, intestines, hearts, and stomachs, to hematoxylin  
and eosin staining. Microscopic examination confirmed the 

presence of typical lesions in cerebral cortices with mild 
neuronal degeneration and inflammatory cell infiltration in 
vessels, as well as severe hemorrhagic pneumonia, conges-
tion, and hemorrhage with a large number of erythrocytes 
in the alveolar space (Figure) (1). No obvious lesions were 
found in other organs.

We used supernatants of homogenized brain and lung tis-
sues from each dead fox to inoculate Vero cells, as described 
previously (7). We observed a cytopathogenic effect within 72 
hours. We observed numerous spherical, enveloped viral par-
ticles, ≈70 nm in diameter, after negative staining in a trans-
mission electron microscope. To identify potential viral patho-
gens, we performed reverse transcription PCR (RT-PCR) to 
detect a panel of viruses, including canine distemper virus, 
canine parvovirus, canine coronavirus, and canine adenovirus. 
However, we detected none of these classical endemic viruses. 

During the investigation, farmers reported that the 
foxes had been fed on organs from symptomatic pigs. We 
therefore tested for the presence of African swine fever 
virus, pseudorabies virus, porcine reproductive and respi-
ratory syndrome virus, classical swine fever virus, Japa-
nese encephalitis virus, porcine circovirus type 2, porcine 
circovirus type 3, porcine cytomegalovirus, and alphavirus 
by using the primers for those viruses (Appendix Table 2, 
https://wwwnc.cdc.gov/EID/article/25/6/18-1983-App1.
pdf). RT-PCR using universal primers for alphavirus 
(M2w-cMw3) produced a 434-bp amplicon when we tested 
all samples from dead foxes. Sanger sequencing of the am-
plicon and a BLAST search (https://blast.ncbi.nlm.nih.gov/
Blast.cgi) identified the sequence as that of GETV. 

To further investigate the epidemic GETV infection, 
we performed quantitative RT-PCR by using RNA from 
all fox samples, as described elsewhere (7). Lung samples 
from all 6 dead foxes were positive, whereas only 2 samples 
from the remaining 19 ill foxes were also positive. None of 
the samples from healthy foxes were positive (Appendix 
Tables 1, 3). We measured serologic neutralizing antibod-
ies by using a GETV isolate from a symptomatic fox, as 
previously described (8,9). Results showed no neutralizing 
antibody (<1:2) in healthy blue foxes (group 1) and vari-
able levels of neutralizing antibodies (1:2 to 1:256) in ill 
foxes (groups 2–4) (Appendix Table 3). Samples from ill 
foxes with lower antibody titers had higher copies of RNA 
(groups 2–4). Spearman correlation analysis revealed a sig-
nificant negative correlation between antibody titers and 
viral RNA copy numbers (r2 = 0.952; p<0.01).

We obtained the complete genome of the novel GETV 
SD1709 strain (GenBank accession no. MH106780) by 
using a conventional RT-PCR method (10). SD1709 ge-
nome sequence comparisons showed high identity with the  
porcine GETV strain (HuN1) at the nucleotide (99.6%) 
and deduced amino acid (99.7%–99.8%) sequences (Ap-
pendix Table 4). Furthermore, phylogenetic analysis of the  
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complete genome and structural protein E2 gene indicated 
that the SD1709 strain was most similar to the recent epi-
demic HuN1 strain, which had caused large numbers of 
piglet deaths, stillbirths, and fetal mummies in southern 
China in 2017 (1) (Appendix Figures 1, 2).

We also detected GETV infection in pig serum samples 
and in mosquitoes (Culex tritaeniorhynchus, Anopheles si-
nensis, and Armigeres subalbatus) collected in the same 
region. The infection rate in pigs detected by quantitative 
RT-PCR was 20.0% (4/20) and by serum neutralization was 
75.0% (15/20). The minimum infection rate in mosquitoes 
was ≈1.09%; C. tritaeniorhynchus mosquitoes had a higher 
minimum infection rate (2.31%) compared with other mos-
quito species (0–0.80%). These results suggest that pigs 
and C. tritaeniorhynchus mosquitoes might play a role in 
transmitting highly pathogenic GETV to captive foxes in 
this region (Appendix Tables 5, 6).

In China, the disease caused by GETV has only been 
reported in pigs in Hunan Province, although the virus has 
been detected in mosquitoes in >10 provinces (1,4). Our 
study provides evidence that GETV can cause lethal in-
fection in blue foxes. Investigation of transmission routes 
for GETV in animals might help to prevent outbreaks of 
GETV disease in China.
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Figure. Dissected brain and lung of a dead fox, collected in 2017 in Shandong Province, eastern China, and histopathologic examination 
of samples using hematoxylin and eosin staining. A) Brain, showing congestion in the meninx. B) Histologic view of meninx, showing mild 
neuronal degeneration and inflammatory cell infiltration in vessels. Original magnification ×100. Box indicates area enlarged in panel C. C) 
A higher magnification view (original magnification ×400) of lesions in panel B, showing inflammatory cell infiltration in a vessel (arrow). D) 
Lung tissue, showing extensive congestion and hemorrhage. E) Histologic view of lung tissue, showing congestion, hemorrhage, or both, 
with many erythrocytes in the alveolar space. Original magnification ×100. Box indicates area enlarged in panel F. F) A higher magnification 
view (original magnification ×400) of tissue lesions in panel E, showing erythrocytes in the alveolar space (arrows). 
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Correction: Vol. 25, No. 5
The affiliation for Marie E. Killerby was listed incorrectly in Risk Factors for MERS-CoV Seropositivity among Animal Market and 
Slaughterhouse Workers, Abu Dhabi, United Arab Emirates, 2014–2017 (A. Khudhair et al.). Dr. Killerby is affiliated only with the 
Centers for Disease Control and Prevention (Atlanta, GA, USA). The article has been corrected online (https://wwwnc.cdc.gov/eid/
article/25/5/18-1728_article).
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CORRECTION

Correction: Vol. 25, No. 3
Figures 2 and 4 were incomplete in Donor-Derived Genotype 4 Hepatitis E Virus Infection, Hong Kong, China, 2018 

(S. Sridhar et al.). The corrected figures are reproduced here, and the article has been corrected online (https://wwwnc.cdc.
gov/eid/article/25/3/18-1563_article).

Figure 2. Timeline of 
outbreak in study of donor-
derived genotype 4 HEV 
infection, Hong Kong, China, 
2018, showing baseline 
HEV IgG status of each 
organ recipient. White bars 
indicate incubation period 
during which liver function 
test results were within 
reference range. Gray 
bars indicate timeline of 
alanine aminotransferase 
derangement after 
transplantation. X indicates 
patient death. Vertical 
arrows (↑) indicate time of 
hepatitis E diagnosis. HEV, 
hepatitis E virus.

Figure 4. Kinetics of liver function test (ALT) 
results, tacrolimus levels, and plasma HEV RNA 
load with relation to ribavirin therapy. A) Case-
patient 1; B) case-patient 2; C) case-patient 3; D) 
case-patient 4; E) case-patient 5. Date for case-
patients 1, 3, 4, and 5 were updated up to week 8 
of ribavirin treatment. Horizontal gray bars indicate 
when patient began taking oral ribavirin. ALT, 
alanine aminotransferase; HEV, hepatitis E virus.
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“Portraits of children accompanied by animals have a 
long tradition in Spanish painting,” notes the Metro-

politan Museum of Art. Francisco de Goya contributed to 
that tradition with his “Portrait of Manuel Osorio Manrique 

de Zuniga.” But Goya also subverted tradition in this popu-
lar painting, commonly dubbed “The Red Boy,” by instill-
ing a sense of discomfort and darkness to what could have 
been a simple proclamation of youthful innocence.  

Such tension appears in many of Goya’s portraits. Art 
critic and historian Laura Cumming notes “That Francisco 
de Goya . . . was a portrait painter first to last is a truth often 
neglected,” but she also observes a “strain of weirdness” 

Francisco de Goya y Lucientes (1746–1828). Don Manuel Osorio Manrique de Zuniga (1784–1792) (detail). Oil on canvas,  
50 in x 40 in/127 cm x 101.6 cm. The Metropolitan Museum of Art, New York, NY, USA; The Jules Bache Collection, 1949 (49.7.41).  
Image copyright © The Metropolitan Museum of Art. Image source: Art Resource, NY.
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in his portraits. Whether one agrees fully with her assess-
ment, Goya’s art, which includes nearly 1,800 paintings, 
cartoons, murals, and etchings, defies convenient codifica-
tion: he garners mentions as being among the last of the 
great masters and among the vanguard of modern artists.

Goya painted four portraits of members of the aris-
tocratic Altamira family; of those, “The Red Boy” is the 
best known and most discussed. He completed those works 
nearly a decade before he suffered the debilitating, mysteri-
ous illness that caused headaches, vertigo, and delusions 
and is believed to have been triggered by his exposure to 
lead-based paints.

The Metropolitan Museum of Art Portraits offers this 
arm’s length description of this portrait: “Outfitted in a 
splendid red costume, the young boy, the son of the Count 
and Countess of Altamira, is shown with a pet magpie 
(which holds the painter’s calling card in its beak), a cage 
full of finches, and three wide-eyed cats. Although they 
add an engaging element for the viewer, Goya may have 
intended them as a reminder of the frail boundaries that 
separate the child’s world from the forces of evil, or as a 
commentary on the fleeting nature of innocence and youth. 
Manuel died at the tender age of eight.”

Manuel, resplendently dressed, dark eyes and hair, cuts 
a bold figure for one so young. He walks his magpie on a 
string while a trio of cats sizes up his pet, which grasps 
Goya’s calling card in its tilted beak. To the boy’s side, cap-
tive finches cluster near the bars of their green gazebo-like 
cage. Goya’s juxtaposition of cats and birds and of shadow 
and light creates a sense of latent unease and interjects an 
atmosphere of fidgeting discomfiture into the portrait. The 
black cat cloaked in shadows, nearly invisible save for its 
eyes, amplifies the undercurrent of menace. (This cat is 
so deep in the shadows that some critical assessments and 
many reproductions overlook it.)

Essayist and critic Morgan Meis observes that Goya 
portrays a child who, because of his social standing, is not 
allowed to dress or play like a child. Meis notes “The boy 
is trapped in layers of refinement that he cannot possibly 
understand,” and that “he knows nothing about court in-
trigues, just as he is unaware that the cats behind him are 
eagerly sizing up his pet bird.”

Cumming echoes those sentiments. She writes “the 
‘Boy in Red’ may be a much-loved treasure, but the moppet 
in his pool of light is surrounded by more nightmare critters 
in the shape of owl-eyed cats waiting to savage a magpie, 
while sharp-beaked finches chatter in the darkness.”

Such elements of danger and tension in Goya’s work 
find traction with modern viewers. The trio of cats, espe-
cially the spectral shadow cat, seem intent on menacing 
the tethered magpie and caged birds. Both felids and fowl 

could themselves be potential sources of zoonotic diseases 
or harbor zoonotic disease vectors.

More than 60% of known infectious diseases in peo-
ple are spread from animals, and 75% of new or emerging  
infectious diseases in people are spread from animals. 
Among those who may be at greater risk of acquiring 
zoonotic infections are young children who may not have 
learned how to practice effective hygiene or who have close 
contacts with pets or domestic animals. Human infections 
associated with cats include rabies, cat-scratch disease, cap-
nocytophagosis, pasteurellosis, ringworm, sporothrichosis, 
tularemia, plague, Q fever, campylobacterosis, salmonello-
sis, Escherichia coli infections, cryptosporidiosis, giardia-
sis, and toxoplasmosis. Influenza, psittacosis, and salmonel-
losis are among the diseases birds may transmit to humans.

The cause of young Manuel’s death, if known, is not 
reported. Goya lived into his 80s and experienced a career 
that veered between triumph and torment. In the two cen-
turies since Goya’s death, our knowledge about infectious 
diseases etiology and treatment has coalesced into an im-
pressive body of knowledge. Still, like the nearly invisible 
black cat in Goya’s painting, some threats are harder than 
others to detect, and the need for constant vigilance remains 
a public health priority.
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date, location, sponsoring organization, 
and a website. Some events may appear 
only on EID’s website, depending on  
their dates.
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Article Title
Epidemiologic and Clinical Features of Lassa Fever Outbreak in Nigeria,  

January 1–May 6, 2018

CME Questions
1. You are advising a public health department in 
Africa regarding detection and management of 
an outbreak of Lassa fever (LF). According to the 
report by Ilori and colleagues, which of the following 
statements about epidemiological characteristics of 
the LF outbreak between January 1, 2018, and May 6, 
2018 in Nigeria is correct? 
A.  Median age of cases was 32 years, and two-thirds of 

laboratory-confirmed cases were in women
B.  ≈25% of laboratory-confirmed cases were in 

healthcare workers 
C.  80.6% of confirmed cases were reported from 3 

states: Edo, Ondo, and Ebonyi
D.  Lassa virus is primarily transmitted to humans through 

contact with body fluids of infected persons

2. According to the report by Ilori and colleagues, 
which of the following statements about clinical 
characteristics and mortality in the LF outbreak 
between January 1, 2018, and May 6, 2018 in Nigeria  
is correct?

A.  Hemorrhaging occurred in more than half of 
laboratory-confirmed cases

B.  Gastrointestinal symptoms, including vomiting, 
abdominal pain, and anorexia, occurred in >30% of 
laboratory-confirmed cases 

C.  The case fatality rate (CFR) among laboratory-
confirmed cases was 12.2%

D.  The highest CFR occurred in children age <10 years
3. According to the report by Ilori and colleagues, 
which of the following statements about factors 
associated with mortality in the LF outbreak between 
January 1, 2018, and May 6, 2018 in Nigeria is correct? 

A.  Fatal cases were significantly more likely than 
survivors to have cough (p = 0.005), hemorrhaging 
(p<0.001), and unconsciousness (p = 0.0018) 

B.  Delay in visiting a health facility was a statistically 
significant predictor for death

C.  CFR was 30% in patients treated with ribavirin and 
45% in patients who did not receive ribavirin 

D.  The findings do not support national guidelines for 
clinical management of LF
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Article Title
Nontuberculous Mycobacterial Musculoskeletal Infection Cases  

from a Tertiary Referral Center, Colorado, USA

CME Questions
1. Your patient is a 47-year-old man with a prosthetic 
knee joint and suspected nontuberculous (NTM) 
musculoskeletal (MSK) prosthetic joint infection (PJI). 
According to the case series of 14 patients treated at 
the University of Colorado Hospital (UCH) over a 6-year 
period by Goldstein and colleagues, which of the 
following statements about clinical characteristics of 
patients with NTM nonspinal MSK infection is correct? 
A.  Two patients were immunosuppressed at presentation
B.  All 14 patients developed NTM infections at the site of 

a prior invasive procedure, including 10 at the site of 
a previous MSK surgery, with 6 of these involving joint 
prostheses (4 knee, 2 hip)

C.  In most of the surgery-associated cases, symptom 
onset was ≤1 month after the preceding surgical 
procedure

D.  Ten patients had elevated white blood cell count at 
presentation

2. According to the case series of 14 patients treated 
at UCH over a 6-year period by Goldstein and 
colleagues, which of the following statements about 
medical and surgical management of patients with 
NTM nonspinal MSK infections is correct?

A.  Most patients did not need multiple or prolonged 
antibiotics

B.  Antibiotic therapy was well tolerated without adverse 
effects or need for discontinuation

C.  Most patients required only a single, localized surgical 
procedure

D.  All patients with PJI had removal of infected hardware 
and 2-stage revision with a temporary articulating 
prosthesis and antibiotic spacer, later replaced with a 
permanent prosthesis

3. According to the case series of 14 patients treated 
at UCH over a 6-year period by Goldstein and 
colleagues, which of the following statements about 
microbiological and histopathological findings and 
treatment outcomes of patients with NTM nonspinal 
MSK infections would be correct? 
A.  NTM species causing MSK infection was identified 

in each patient; 7 were rapidly growing and 7 slowly 
growing

B.  Most patients with granuloma formation on 
intraoperative biopsy specimens had direct 
microscopy evidence of acid fast bacillus

C.  9 of 14 patients were cured without clinical or 
microbiological relapse during postoperative follow-up 

D.  Mycobacterium marinum was the responsible 
pathogen in cases requiring amputation
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