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Assessing the Epidemic Potential
of RNA and DNA Viruses

Mark E.J. Woolhouse, Liam Brierley, Chris McCaffery, Sam Lycett

Many new and emerging RNA and DNA viruses are zoo-
notic or have zoonotic origins in an animal reservoir that is
usually mammalian and sometimes avian. Not all zoonotic
viruses are transmissible (directly or by an arthropod vec-
tor) between human hosts. Virus genome sequence data
provide the best evidence of transmission. Of human trans-
missible virus, 37 species have so far been restricted to
self-limiting outbreaks. These viruses are priorities for sur-
veillance because relatively minor changes in their epidemi-
ologies can potentially lead to major changes in the threat
they pose to public health. On the basis of comparisons
across all recognized human viruses, we consider the char-
acteristics of these priority viruses and assess the likelihood
that they will further emerge in human populations. We also
assess the likelihood that a virus that can infect humans
but is not capable of transmission (directly or by a vector)
between human hosts can acquire that capability.

A?eries of recent emerging infectious disease outbreaks,
including the 2014 Ebola virus disease (EVD) epi-
demic in West Africa and the continuing Zika virus disease
epidemic in the Americas, have underlined the need for
better understanding of which kinds of pathogens are most
likely to emerge and cause disease in human populations.
Many, although not all, emerging infectious diseases are
caused by viruses, and these frequently emerge from non-
human host reservoirs (1-3). The enormous diversity (4)
and high rates of evolution (5) of viral pathogens discour-
age attempts to predict with any precision which ones are
most likely to emerge in humans. However, there is some
consensus, at least in general terms, regarding the kinds of
traits that are most essential in determining the capacity of
a virus to infect, cause disease, and spread within human
populations (Table 1). We focus on one of these traits, the
capacity of a virus to spread from one human to another
(by any transmission route other than deliberate laboratory
exposure), a key determinant of the epidemic potential of
avirus.

A theoretical framework for studying the dynamics of
infectious disease outbreaks is well established (6). The ca-
pacity of an infectious disease to spread in a host population

Author affiliation: University of Edinburgh, Edinburgh, UK

DOI: http://dx.doi.org/10.3201/eid2212.160123
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can be quantified in terms of its basic reproduction number,
R, R, is defined as the average number of secondary cases
generated by a single primary case in a large, previously
unexposed host population, and its value tells us a great
deal about the epidemiology of a pathogen. R, = 0 indicates
no spread in that population; this value would apply to zoo-
notic infections that do not spread between humans. R in
the range O<R <1 indicates that chains of transmission are
possible but that outbreaks will ultimately be self-limiting.
R,>1 indicates that major epidemics can occur or that the
disease may become endemic in that host population. A
higher value of R also indicates that a greater reduction in
transmission rates must be achieved to control an epidemic
(6). R, values have been estimated for >60 common human
pathogens (7), including human influenza A virus (R <2),
measles virus (R,<18), and dengue virus (R <22).

R, is determined by a combination of pathogen traits,
such as its transmission biology, which is itself a complex
interplay between the within-host dynamics of the patho-
gen and the host response to infection, and host traits, such
as demography, behavior, genetics, and adaptive immunity.
Consequently, for any given infectious disease, R, can vary
between host species and between host populations. Infec-
tious diseases with R close to 1 are a particular concern
because small changes in their epidemiologies can lead to
major changes in the threat they pose to public health (8).

R, is closely related to another conceptual approach to
disease emergence, the pathogen pyramid. There are differ-
ent versions of this scheme (3,9). We consider a pyramid
of 4 levels (Figure 1). Level 1 represents the background
chatter of pathogens to which humans are continually or
sporadically exposed but most of which are not capable of
causing infection. Other levels can be considered in terms
of the R, of the pathogen in humans: level 2 corresponds to
R,=0, level 3to 0<R <1, and level 4 to R >1.

Data and Analysis

Identifying and Characterizing Level 3 and 4 Viruses

We updated our previous systematic literature review
(10) of the capacity of virus species to transmit be-
tween humans (i.e., level 3 and level 4 viruses; online
Technical ~ Appendix, http://wwwnc.cdc.gov/ElID/ar-
ticle/22/12/16-0123- Techappl.pdf). Such viruses are

2037
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Table 1. Virus traits potentially relevant for capacity to emerge and cause disease in human populations*

Trait Definition

Reservoir host relatedness
Virus relatedness
Virus host range
Evolvability
Host restriction factors

can and cannot emerge
Transmission route
Virulence
Host-virus coevolution

Viruses derived from specific host taxa (e.g., other primate species might be of increased concern)
Particular virus taxa might be predisposed to infect, cause disease, and transmit among humans
Viruses with a broad or narrow host range might be of greatest concern

Higher substitution rates might make it easier for some viruses to adapt to human hosts

Host factors, many still to be identified, are a barrier to viral infection and help determine which viruses

Certain transmission routes might predispose viruses to emerge in humans
Certain virus or host factors might determine whether a virus causes mild or severe disease in humans
Lack of a shared evolutionary history might be associated with higher virulence

*Adapted from Morse et al. (3).

found in 25 of 29 families containing viruses that infect
mammals or birds (discounting 2 reports of family No-
daviridae species in mammals/birds). The 4 exceptions
comprise 2 families that have no known human-infective
viruses (Arteriviridae and Birnaviridae) and 2 with spe-
cies that have been reported in humans but only at level 2
(Asfarviridae and Bornaviridae).

A total of 22 of these families contain level 4 viruses
with epidemic potential in humans (sometimes described
as human-adapted viruses) (11). This finding indicates that
this capability is widely distributed among virus taxa. The
3 families with level 3 viruses but no level 4 viruses are the
Arenaviridae, Bunyaviridae, and Rhabdoviridae.

A list of 37 presumptive level 3 virus species is pro-
vided in Table 2. These species cover a wide taxonomic
range and a variety of transmission routes, including vec-
torborne. Several level 3 viruses have historically been as-
sociated with sizeable outbreaks (>100 cases) in human
populations: Bwamba, Oropouche, Lake Victoria Marburg,
Sudan Ebola, and o’nyong-nyong viruses. For some other

Figure 1. Pathogen pyramid for RNA and DNA viruses. Level 1
indicates viruses to which humans are exposed but which do not
infect humans. Level 2 indicates viruses that can infect humans
but are not transmitted from humans. Level 3 indicates viruses
that can infect and be transmitted from humans but are restricted
to self-limiting outbreaks. Level 4 indicates viruses that are
capable of epidemic spread in human populations. Transitions
between levels (indicated by arrows) correspond to different
stages of virus emergence in human populations. Reprinted from
Woolhouse et al. (10).

2038

viruses, including Guanarito, Junin, lymphocytic chorio-
meningitis, and Sabia (all arenaviruses); simian virus 40;
Titi monkey virus; and influenza A(H5N1) virus, human-
to-human transmission is rare or merely suspected. In addi-
tion, several viruses are only known or believed to transmit
between humans by iatrogenic routes or vertical transmis-
sion; this group (Table 2) might be regarded as unlikely
epidemic threats.

When a virus is transmitted by a vector, it can be par-
ticularly difficult to confirm or exclude the infectiousness
of human cases, as with Semliki forest, Barmah forest, and
Rift Valley fever viruses. Similarly, even when human-
vector-human transmission is believed to occur, it is often
difficult to quantify its contribution to a given outbreak, as
with Venezuelan equine encephalitis virus.

Level 2 viruses are those that can infect humans (>100
species) but have never been reported to be transmitted by
humans (10). In at least some instances, such as influenza
A(H5NT1) virus (12), this finding is attributable to tissue
tropisms during human infection that are incompatible with
onward transmission.

Shifts in pyramid level equate to shifts in the public
health threat posed by a virus. We consider possible shifts
in the following sections.

Level 1 to Levels 3 and 4

Virus species of mammalian and, more rarely, avian origin
are sometimes observed to be transmissible between humans
when first found in humans, which constitutes a jump from
level 1 straight to level 3 or 4 (Figure 1), and events of this
kind have been reported regularly. Recent examples that
appear on the basis of available evidence to fit this model
include severe acute respiratory syndrome coronavirus
(first reported in humans in 2003), Bundibugyo Ebolavirus
(2008), Lujo virus (2009), severe fever with thrombocyto-
penia syndrome virus (2011), and Middle East respiratory
syndrome coronavirus (MERS-CoV) (2012).

We still have incomplete knowledge of the diversity of
viruses that infect mammals and birds; the few hundred rec-
ognized species (4) surely represent only a small fraction of
the total (3). Moreover, we have few predictors of potential
human-to-human transmissibility. One possible indicator

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 22, No. 12, December 2016
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Table 2. Viruses (n = 37) that are known or suspected of being transmissible (directly or indirectly) between humans but to date have
been restricted to short transmission chains or self-limiting outbreaks

Genome, virus family

Virus name

Single-stranded RNA (ambisense)
Arenaviruses

Bunyaviruses

Guanarito, Junin, Lassa, Lujo, Machupo, Sabia, Dandenong,*

lymphocytic choriomeningitis*

Andes, Bwamba, Crimean-Congo hemorrhagic fever, Oropouche, Rift Valley,

severe fever with thrombocytopenia syndrome

Single-stranded RNA (positive sense)
Flaviviruses
Coronaviruses
Togaviruses

Japanese encephalitis,* Usutu,* West Nile*
Middle East respiratory syndrome

Barmah Forest, o’nyong-nyong, Ross River, Semliki Forest,

Venezuelan equine encephalitis

Single-stranded RNA (negative sense)
Filoviruses
Paramyxoviruses
Rhabdoviruses

Bundibugyo Ebola, Lake Victoria Marburg, Sudan Ebola

Nipah
Bas-Congo, rabies*

Double-stranded RNA
Reoviruses

Nelson Bay, Colorado tick fever*

Double-stranded DNA
Adenoviruses
Herpesviruses
Polyomaviruses
Poxviruses

Titi monkey
Macacine herpesvirus 1
Simian virus 40
Monkeypox, Orf, vaccinia

*Human transmission of these viruses is known only by iatrogenic or vertical routes.

is emergence from nonhuman primates, with suggestions
that primate viruses are more likely to be able to, or to ac-
quire the ability to, spread in human populations (13,14).
However, emergence of human transmissible viruses from
bat (e.g., severe acute respiratory syndrome coronavirus)
or bird (e.g., influenza) reservoirs indicates that this trait is
associated with a wide range of reservoirs.

Level 2 to Levels 3 and 4

The possibility that level 2 viruses might acquire the ca-
pacity to be transmitted between humans (i.e., move into
level 3 or 4) is a major concern, especially in the context
of influenza A(H5N1) virus and other avian influenza virus
subtypes. However, there are few examples of this transi-
tion throughout the entire recorded history of human virus-
es going back to 1901. One possible example involves the
simian immunodeficiency virus (SIV) and HIV. A SIV__ -
derived laboratory strain of SIV has been reported to infect
humans, but without onward transmission (15). SIV__is
related to HIV-2. SIV_, which is related to HIV-1, has not
been directly observed in humans. However, different HIV-
1 lineages, independently derived from SIV__, are variably
transmissible in humans, and the pandemic HIV-1 M lin-
eage was the only virus to overcome a key host restriction
factor (human tetherin) (16). The only other examples of
viruses newly transmitted between humans relate to rare
instances of iatrogenic transmission (e.g., Colorado tick fe-
ver or rabies viruses).

Epidemiologic and phylogenetic considerations rou-
tinely inform our assessment of the likelihood of human-
to-human transmission being observed in the future. For
example, there is markedly less concern about rabies virus

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 22, No. 12, December 2016

than about avian influenza virus, and we suggest 2 reasons
for this observation. First, rabies virus has a much longer
history of and a much higher incidence of human infection,
but human-to-human transmission is extremely rare. Sec-
ond, there is no evidence that other rhabdoviruses viruses
(with the possible exception of Bas-Congo virus, which
represents a novel genus) are transmissible in humans (or
primates more generally).

Level 3to Level 4

Level 3 viruses can also become level 4 viruses. We note
that virus evolution is not (necessarily) required for R,
to become >1 in human populations. Differences in host
(or vector) behavior, ecology, or demography might be
sufficient (8).

Instances of shifts from level 3 to level 4 in recent
times have been infrequent. Three candidates are Ebolavi-
rus, Zika virus, and chikungunya virus. However, although
these viruses have caused epidemics of unprecedented size
in humans populations in the past decade, the condition
R,>1 in human populations might had been previously met
for all 3 viruses (17-19).

For Ebola virus, the epidemic in West Africa in 2014
constituted the first appearance of this virus in high-den-
sity, urban populations, which is expected to correspond
to a higher value of R. The chikungunya virus epidemic
in the Indian Ocean region in 2005 was associated with a
vector species jump (from Aedes aegypti to Ae. albopictus
mosquitoes) that has been linked to a mutation in the vi-
rus envelope 1 protein gene (18). The chikungunya virus
epidemic in the Caribbean region in 2013 followed the first
appearance of chikungunya in the Americas and infected

2039
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populations that had no history of exposure to the virus.
The current Zika virus epidemic in South America appears
to be another example of a transition from a level 3 to a
level 4 arbovirus associated with geographic spread into
areas with high densities of vectors (19). Occasional Zika
virus transmission directly from infected humans to other
humans are of considerable interest, but probably contrib-
ute little to R .

Chikungunya, Zika and the other level 4 arboviruses
(yellow fever and dengue viruses) illustrate that, for arbo-
viruses, a high potential for spread in human populations
is linked to carriage by anthropophilic vector species, par-
ticularly mosquitoes of the genus Aedes. In contrast, no
tick species are regarded as anthropophilic, and there are
no level 4 and few level 3 tickborne arboviruses.

Epidemiologic Patterns

The preceding sections illustrate that identifying transitions
of viruses between level 2 and level 3 or between level 3
and level 4 is not always straightforward. Standard epide-
miologic theory can help clarify our expectations.

As we discussed, pyramid level is related to the ba-
sic reproduction number R in human populations. In turn,
the value of R is indicative of expected outbreak dynam-
ics. Some key results (Figure 2) are the probability that a
single primary case will generate >1 secondary cases (for
any value of R ), the expected average size of an outbreak
generated (over the range O<R <1), and the probability
that an epidemic will spread in the human population (for
R,>1). These results strictly apply to homogeneous infec-
tions in a homogeneous host population, although more
general frameworks can accommodate host or pathogen
heterogeneity (20-22). Nonetheless, the key predictions

Figure 2. Expected outbreak dynamics for RNA and DNA viruses
given a single primary case in a large, previously unexposed host
population, as a function of the basic reproduction number R .
Mean size of outbreak as total number of cases (N) is given by

N = 1/(1 - R,) for R <1 (light gray line, left axis). Probability of 0
secondary cases (i.e., outbreak size N = 1) is given by P, =
exp(-R,) (black line, right axis). Probability of a major outbreak is
given by P =1-1/R, for R >1 (dark gray line, right axis).

takeoff
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that secondary cases do not always occur even if R >0
and that major epidemics do not always occur even if R >1
are robust.

From an epidemiologic perspective, our confidence
that a putatively level 2 virus is truly incapable of human-
to-human transmission is thus a function of the number of
index cases observed. The transition between level 3 and
level 4 can be studied in terms of the expected distribu-
tion of outbreak sizes (23). In the range 0<R <1, an over-
dispersed distribution of outbreak sizes is expected: most
outbreaks are small (often just single cases) with a long
tail of larger outbreaks. This pattern has been reported for
a range of emerging viral diseases (Figure 3). As the criti-
cal threshold R, = 1 is approached, this value is signaled in
the outbreak size distribution (Figure 3). This framework
has been used successfully to monitor the epidemiology of
measles virus in the United Kingdom after a decrease in
childhood vaccination rates in the late 1990s and indicated
the approach to the critical threshold that corresponded to
loss of herd immunity (23).

Outbreak size distribution analysis has been applied
to human case data for Andes virus (24), monkeypox vi-
rus (20), and MERS-CoV (25) (Figure 3). For EVD up to
2013, data are clearly inconsistent with theoretical expecta-
tion for R <1 (Figure 3), which suggests that large num-
bers of small outbreaks have remained undetected or that
R, was already >1 in at least some settings. Either way,
R~1 for EVD in humans implies that small differences
in the biology or epidemiology of the virus would lead to
large changes in scale of outbreaks (8), which could make
events such as the EVD epidemic in 2014, if not predict-
able, then much less unexpected.

Evolution
Changes in pyramid level might be mediated by virus evo-
lution or changes in virus ecology (28). A major issue is
whether the capacity of a virus to spread in human popula-
tions arises as a result of adaptation (evolution of trans-
missibility that occurs during human infection) or pread-
aptation (genetic variation within nonhuman reservoirs that
predisposes a virus not only to infect humans but also trans-
mit between humans, noting that RNA viruses often show
high levels of genetic variation such that they are some-
times described as quasi-species [29]). These alternatives
have been characterized as tailor-made and off-the-shelf,
respectively (28). The first alternative implies a progres-
sion from no or low transmissibility between humans to
moderate or high transmissibility. The second alternative
implies moderate or high transmissibility at first infection
of humans.

We consider that our survey of documented changes
of pyramid level is most consistent with the off-the-shelf
model of virus emergence. In particular, we can find no
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Figure 3. Distribution of outbreak sizes for RNA and DNA viruses
as plots of outbreak size x (horizontal axis) versus fraction of
outbreaks of size >x (vertical axis), both on logarithmic scales.
Data are shown for 4 infectious diseases. Squares indicates
Andes virus disease in South America (24); diamonds indicate
monkeypox in Africa (26); circles indicate Middle East respiratory
syndrome in the Middle East (25); and triangles indicate filovirus
(all species) diseases in Africa before 2013 (27). For comparison,
expected values for the case R = 1, obtained from the
expression for the probability of an outbreak of size >x, P(x) =
I'(x — ¥.)\rl'(x), are also shown (dashed line). Data for filoviruses
are not consistent with expectation for R <1.

convincing examples of level 2 viruses becoming level 3
or 4 viruses, which suggests that, if this happens at all, it
typically happens sufficiently rapidly (i.e., requires a suf-
ficiently small number of introductions) that we fail to ob-
serve the level 2 phase. In contrast, we regularly observe
viruses at levels 3 or 4 the first time they are detected in
human populations.

Nonetheless, the possibility of virus evolution of
transmissibility in a new host has been demonstrated ex-
perimentally for influenza A(H5N1) virus in ferrets (30). A
theoretical study (31) suggested that the fact that this virus
subtype has been circulating widely in poultry populations,
with frequent human exposure and sporadic human infec-
tion for almost 20 years, provides little or no reassurance
about its future evolutionary trajectory.

HIV lineages show clear evidence of adaptation to hu-
mans (16), but as discussed earlier, it is not clear whether
the SIV lineages that gave rise to HIV-1 or HIV-2 were ca-
pable of transmission between human hosts. We speculate
that extended infection times make tailor-made emergence
more likely for retroviruses.

Transmission

Demonstrating that an infected human has the potential
to transmit the infection to another human is not always
straightforward. High virus titers in body secretions and
excretions, blood, or skin are considered indicative. Case
clusters are suggestive, but if persons occupy the same
environment (e.g., household), then it might be difficult
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to rule out common exposure. Case clusters must be epi-
demiologically plausible (i.e., delimited in space and time
in a manner consistent with the known or assumed epide-
miology of the virus). Genotyping techniques are useful
tools for confirming a cluster but do not resolve the source
of infection.

For several of the viruses we studied (e.g., Bas-Con-
go, Lujo, Nelson Bay, and severe fever with thrombo-
cytopenia syndrome viruses) (Table 2), the evidence for
human-to-human transmission is best regarded as tenta-
tive, particularly where putative clusters were small. Such
assessments can be even more difficult for vectorborne
viruses. In many situations, the best evidence for the hu-
man-to-human transmission will come from analysis of
Virus genome sequences.

Phylogenetic Analysis

One approach to resolving the question of human-to-hu-
man transmission is analysis of nucleotide sequence data,
sometimes referred to as forensic phylogenetics. Nucleo-
tide substitution rates in fast-evolving RNA viruses, such
as MERS-CoV and Ebola virus, are =1-5 x 10-%/site/year
(32,33), making it possible to use sequences isolated from
different hosts at different times to estimate time-resolved
phylogenetic trees. Estimates of the transmission chain
from temporal sequence data can be improved by incorpo-
rating additional information on the date of onset of indi-
vidual cases, duration of latent and infectious periods, and
overall prevalence (34).

We provide some example phylogenetic trees gener-
ated from simulated epidemics (Figure 4). In an epidemic
in an animal reservoir with occasional transmission to hu-
mans (Figure 4, panel A), for each human sequence, the
most closely related next sequence is of animal origin.
Clusters of closely related human sequences are shown,
and the distribution of the expected cluster sizes is a func-
tion of R (Figure 4, panels B, C) (35).

In an outbreak, it might be difficult to find and sample
the putative source animal cases. However, estimating the
time to most recent common ancestor (TMRCA) of the hu-
man cases will indicate how long the infection has been
spreading. For sporadic zoonoses (Figure 4, panel A), most
transmission has occurred unobserved in the animal res-
ervoir, and the TMRCA of pairs of human cases will be
long because these sequences are not closely related. For
outbreaks involving human-to-human transmission (Fig-
ure 4, panels B, C), the TMRCA of the cluster of human
cases will be closer to the date of the first human infection
(whether sampled or not) and provides the estimated date
of the zoonotic event.

Use of sequence data to distinguish between multiple
instances of human infection from a common animal source
and human-to-human transmission in the early stages of an
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Figure 4. Phylogenetic trees for
simulated emerging infectious
disease outbreaks caused by
RNA and DNA viruses in a mixed
population of 1,000 human and
5,000 nonhuman hosts. Trees
were constructed by using a
standard susceptible—infected—
removed model (6). For each of 3
infection scenarios in nonhuman
hosts (black lines), rare zoonotic
transmission events (blue lines),
human-to-human transmission
(red lines), and human cases
(red circles) are indicated. For
the nonhuman population R =2
throughout. Transmissibility within
the human populations varies from
A) spillover: no human—human
transmission (R, = 0); B) limited
human—human transmission with
R, =1; and C) epidemic spread
within humans (R >1). A maximum
of 100 infections are randomly
sampled from each population in
each simulated outbreak.

outbreak is extremely challenging because of short times-
cales, and involvement of few mutations. However, genetic
differences and phylogenetic evidence show that at least 2
of the first 3 reported cases of influenza A (H7N9) virus in-
fection in humans were believed to originate from distinct
domestic avian sources (36).

Further sequencing of avian samples implied that a
low-pathogenicity influenza A(H7N9) virus strain had
been spreading in domestic birds for =1 year before spo-
radic cases were detected in humans (37). Similarly, detec-
tion of genetically distant lineages of MERS-CoV, which
persisted for only a few months each, suggest multiple
introductions from an animal reservoir and only limited
human-to-human transmission to date (32). In contrast,
the influenza A(HIN1) pandemic in 2009 and the EVD
epidemic in West Africa in 2014 were believed to be the
results of single zoonotic events, followed by sustained
human-to-human transmission (33), as shown by a single
rapidly expanding lineage.

Conclusions

Our survey of the capacity of RNA and DNA virus infec-
tions to be transmitted, directly or indirectly, between hu-
mans leads to several conclusions and practical suggestions
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for improving surveillance of emerging infectious diseases
and targeting efforts to identify future public health threats.
In support of these conclusions, the World Health Orga-
nization recently published list of priority emerging infec-
tious diseases and corresponding viruses (38) included 6 of
the viruses in Table 2.

A major observation is that the taxonomic diversity of
viruses that are possible threats to public health is wide, but
bounded. Most human infective viruses are closely related
to viruses of other mammals and some to viruses of birds.
There are no indications that humans acquire new viruses
from any other source. However, diversification within hu-
man populations occurs and is a prominent feature of some
DNA virus taxa (e.g., family Papillomaviridae) (4).

In general, however, our knowledge of origins of hu-
man viruses is still incomplete. Although the origins of
HIV-1 have been extensively investigated (16), for most
other viruses, even level 4 viruses, little or no research has
occurred. An origins initiative (9) would help establish
the routes into human populations that have been used by
other viruses.

Transmissibility within human populations is a key de-
terminant of epidemic potential. Many viruses that can in-
fect humans are not capable of being transmitted by humans;
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most human transmissible viruses that emerge already have
that capability at first human infection or acquire it relatively
rapidly. If transmission from humans would require a change
in a phylogenetically conserved trait, such as tissue tropism
or transmission route (4), then such viral paradigm shifts will
probably be extremely rare (39).

Even when a virus is capable of transmission between
humans, the critical threshold R >1 is not always achieved.
However, because changes in virus traits or host population
characteristics can influence R, level 3 viruses (Table 2)
are of special interest from a public health perspective, and
of special concern when, like MERS-CoV, they also cause
severe illness. Demonstrating human transmissibility is of-
ten difficult, but essential. The best evidence is likely to
come from virus genome sequencing studies. These studies
should be a public health priority (40).

We currently have few clues to help us predict which
mammalian or avian viruses might pose a threat to hu-
mans and, especially, which might be transmissible be-
tween humans. One argument in favor of experimental
studies of these traits, including controversial gain of
function experiments (30), is that they could help guide
molecular surveillance for high-risk virus lineages in non-
human reservoirs.

The first line of defense against emerging viruses is ef-
fective surveillance (40). A better understanding of which
kinds of viruses in which circumstances pose the greatest
risk to human health would enable evidence-based target-
ing of surveillance efforts, which would reduce costs and
increase probable effectiveness of this endeavor.
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the patients and environmental samples indicated that the
patients had been exposed in different locations and that at
least 2 distinct strains of Y. pestis were circulating among
vector—host populations in the area. Public education efforts
and insecticide applications in select areas to control rodent
fleas probably reduced the risk for plague transmission to
park visitors and staff.

lague is a zoonotic disease caused by the gram-negative

bacterium Yersinia pestis; the organism’s reservoir is
rodents and the vectors are fleas (1,2). Transmission to hu-
mans can occur through bites by infected fleas or through
handling Y. pestis—infected rodents (1,2). Epidemics of
plague still occur on the continents of Africa, Asia, and
North and South America (3). Plague was introduced to
California in 1900 (1,4-6), where over the next 25 years it
caused occasional outbreaks in rats commensally residing
with humans in urban areas (2,4,6). Shortly after its intro-
duction, Y. pestis moved into wild rodent populations, es-
tablishing a sylvatic transmission cycle (7,8). In subsequent
decades, plague spread across California and other western
states (9) periodically affecting humans (4-6,10-13).

The human risk of contracting plague is higher during
epizootic transmission when Y. pestis is amplified among
susceptible rodent hosts (2), such as the California ground
squirrel (Otospermophilus beecheyi), the golden-mantled
ground squirrel (Callospermophilus lateralis), and certain
chipmunk species (Tamias spp.) (2,3,14,15). Higher mor-
tality rates among these animals lead to the release of infec-
tious fleas into the environment (2). The California ground
squirrel plays a major role in human exposure in California
because its predominant flea species, Oropsylla montana,
is a competent Y. pestis vector (1,2) that is often abun-
dant on this rodent and in its burrows (16) and will readily
bite humans (1,11). Since the 1980s, evidence of Y. pestis
transmission in rodents in the Sierra Nevada mountains has
been generally restricted to locations at elevations >1,200
meters (California Department of Public Health, unpub.
data, 1983-2015). Despite ongoing sylvatic transmission,
human plague remains rare in the western United States
(17-19), including in California, where no cases have been
confirmed since 2006 (20,21).

During the summer of 2015, the Los Angeles County
Department of Public Health (LACDPH) and the Georgia
Department of Public Health reported 2 cases of plague in
persons who had recently travelled to Yosemite National
Park (Yosemite). The California Department of Public
Health (CDPH), in collaboration with the US Centers for
Disease Control and Prevention (CDC) and the National
Park Service (NPS), investigated the increased Y. pestis
transmission in Yosemite. We summarize the epidemio-
logic, laboratory, and environmental findings and the pub-
lic health response.
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Methods

Epidemiologic and Laboratory Investigation

We defined a case of plague as clinically compatible ill-
ness and isolation of Y. pestis from a person with a history
of travel to Yosemite during the 7 days before illness on-
set. Clinically compatible illness included fever, headache,
chills, and malaise in conjunction with regional lymphad-
enitis, septicemia, or pneumonia (22). Patients were identi-
fied by their county or state health department and reported
to CDPH or CDC.

Diagnosis of plague was made after PCR testing of
clinical specimens, including blood and bubo aspirates;
Laboratory Response Network assays and culture were
used. Recovered isolates were confirmed as Y. pestis by
bacteriophage lysis (23). For whole-genome multilocus
sequence typing (MLST), DNA extracted from Y. pestis
isolates was sequenced by using the PacBio RS Il platform
and sequence reads were assembled by using a hierarchal
genome assembly process (Pacific Biosciences, Menlo
Park, CA, USA). Allele calls for 3,979 Y. pestis open read-
ing frames (ORFs) (4,046,060 bp) and cluster analyses
were performed as described (24).

Local and state public health officials interviewed pa-
tients with confirmed cases and their family members who
had traveled with them. Respondents were asked about
their illness history, travel, activities, and interactions with
rodents in and around the Yosemite area during the week
before illness onset.

Environmental Investigation

The environmental investigation was prioritized by pa-
tient travel itineraries and historical evidence of Y. pes-
tis transmission at these locations or in similar habitats.
To assess the scope of Y. pestis transmission and the
potential exposure risk for visitors and park personnel,
the investigation was expanded to include additional lo-
cations in Yosemite. At prioritized locations, visual risk
assessments were conducted to evaluate the presence
and abundance of rodents, the type of human activities
in the area, and the potential for human exposure to in-
fective fleas (25). In areas with suspected Y. pestis trans-
mission, a 30 x 30 cm flannel cloth was used to sample
fleas from rodent burrow entrances. Rodents were live-
trapped for plague serologic testing and flea collection
(25). For rodent trapping, Sherman (H.B. Sherman Traps,
Tallahassee, FL, USA) and Tomahawk (Tomahawk
Live Trap, Hazelhurst, WI, USA) live traps were baited
once with a mixture of grains and opened either from
overnight through the following midday or from early
morning through noon. Relative rodent abundance was
estimated by calculating the ratio of captured rodents to
the total number of traps set and is referred to as the trap
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success rate. Captured rodents were anesthetized with
isoflurane, identified to species, brushed to collect fleas,
and subjected to collection of 0.1 mL of blood for Y.
pestis antibody testing. Deer mice (Peromyscus manicu-
latus) collected near structures were euthanized; all other
rodents were marked with a numbered ear tag (Nation-
al Band & Tag Company, Newport, KY, USA) and re-
leased near the point of capture. Small mammal handling
techniques were reviewed and approved by the CDPH
Institutional Animal Care and Use Committee, protocol
2015-14. In addition to live rodent trapping, rodent car-
casses reported by Yosemite staff or visitors were collected
for testing.

Flea and rodent specimens were tested for Y. pestis by
CDPH, CDC, and NPS. Blood samples from trapped ro-
dents were sent to CDPH for concurrent testing by passive
hemagglutination and passive hemagglutination inhibition
to detect antibodies against Y. pestis F1 antigen (23). All
positive passive hemagglutination titers >1:32, the lowest
dilution tested, that were negative by passive hemaggluti-
nation inhibition were considered positive (23). Fleas col-
lected by burrow swabbing, from live-captured rodents, or
from rodent carcasses were sent to CDPH or CDC to be
identified to species according to standard taxonomic keys
(26) and to be tested for Y. pestis. Fleas of the same species
from the same burrow or rodent host were sorted into pools
of up to 10 fleas and then homogenized in brain-heart infu-
sion broth by using glass beads and Mixer Mill MM301
(Retsch, Haan, Germany).

Rodent carcasses were tested at CDPH, CDC, and
NPS. Spleen and liver tissues were removed; for direct flu-
orescent antibody testing, slide touch tissue preparations

Plague, Yosemite National Park, 2015

were incubated with fluorescein isothiocyanate—labeled
rabbit anti-F1 antibodies, washed, and then viewed by
fluorescence microscopy (23). DNA was extracted from
flea homogenates and carcass tissues by using the Mag-
NA Pure Compact Nucleic Acid Isolation Kit (Roche
Diagnostics, Basel, Switzerland) and amplified by using
TagMan primers and probe targeting the cafl gene (27).
Animal and flea specimens positive by PCR were inocu-
lated onto sheep blood agar plates or onto cefsulodin-
irgasan-novobiocin agar plates to enable isolation of Y.
pestis from contaminated environmental samples (23).
Isolates were confirmed as Y. pestis by bacteriophage ly-
sis and typed by whole-genome MLST (24) with the ex-
ception that genome sequencing was performed with the
MiSeq platform (Nextera XT library preparation, MiSeq
Reagent Kit v2, 300 cycle; lllumina, San Diego, CA,
USA). Read corrections and assemblies were generated
by using SPAdes 3.6 (28). All diagnostic tests were per-
formed by using standard negative and positive controls.

Results

Laboratory and Epidemiologic Findings

On August 2, 2015, LACDPH presumptively diagnosed
septicemic plague for a 14-year-old male resident of Los
Angeles County (patient 1) and reported the suspected case
to CDPH and CDC (L. Tovar Padua, David Geffen UCLA
School of Medicine, pers. comm., 2016 Jan 7). LACDPH
later confirmed the diagnosis. The patient became symp-
tomatic on July 18, after camping at Crane Flat Camp-
ground in Yosemite July 12—17 and visiting Yosemite Val-
ley and Rainbow Pool Day Use Area (Stanislaus National

Table 1. Yersinia pestis transmission risk assessments in and around Yosemite National Park, California, USA, August—October 2015*

Elevation, Assessment Y. pestis
Site Association Name Jurisdiction m activity* detection
1 Patient 1 visited Rainbow Pool Day Use Area  Stanislaus National Forest 850 V,B None
2 Patient 1 visited Crane Flat CG Yosemite National Park 1,890 V,B,T,C Serology +,
flea pool +
3 Patients 1 and 2 visited Yosemite Valley Yosemite National Park 1,220 H,V, T,C None
4 Patient 2 visited Glacier Point Yosemite National Park 2,190 V,B, T Serology +
5 Patient 2 visited Sentinel Dome Yosemite National Park 2,470 V,B None
6 Patient 2 visited Vernal Falls Yosemite National Park 1,510 V,B None
7 Patient 2 visited Bass Lake Sierra National Forest 1,040 None
8 Patient 2 visited Lewis Creek Sierra National Forest 1,280 V,B None
9 Patient 2 visited Nelder Grove Sierra National Forest 1,640 V,B None
10 Expanded investigation White Wolf CG Yosemite National Park 2,400 \% None
11 Expanded investigation Porcupine Flat CG Yosemite National Park 2,480 \% None
12 Expanded investigation Tamarack Flat CG Yosemite National Park 1,940 V,B, T Serology +
13 Expanded investigation Hodgdon Meadows CG Yosemite National Park 1,450 \% None
14 Expanded investigation Tuolumne Meadows Yosemite National Park 2,620 V,B, T,C Serology +,
flea pool +,
carcass +
15 Expanded investigation Crane Flat—NatureBridge Yosemite National Park 1,890 \% None
Campus
16 Expanded investigation Wawona Yosemite National Park 1,220 C None
17 Expanded investigation Bridalveil Creek CG Yosemite National Park 2,130 \ None

*B, burrow swabbing; C, carcass collection; CG, campground; H, historical review; T, rodent trapping; V, visual assessment; +, positive for Y. pestis.
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Figure 1. Locations of plague transmission risk assessments in
and around Yosemite National Park, California, USA, August—
October 2015.

Forest) during this period (Table 1; Figure 1). He reported
that he fed squirrels but did not touch them (L. Tovar Pad-
ua, pers. comm., 2016 Jan 7).

On August 14, the Georgia Department of Public Health
presumptively diagnosed bubonic plague for an 18-year-old
female resident of Georgia (patient 2) after she had become
symptomatic on August 11. On the same day, CDC was noti-
fied of the suspected case and later confirmed the diagnosis.
During the prior week, this patient had stayed in a rental home
in Oakhurst, California, and visited Yosemite Valley, Vernal
Falls, Glacier Point, and Sentinel Dome in Y osemite, as well as
NelderGrove, Lewis Creek,and Bass Lakeintheadjacent Sierra
National Forest (Table 1; Figure 1). Patient 2 reported having
observed numerous squirrels in her vicinity at Vernal Falls
and Glacier Point but did not report having had any contact
with them.

Neither patient reported seeing dead rodents. Whole-
genome MLST showed that the genome sequence of Y.
pestis isolates from each patient (blood culture from pa-
tient 1, bubo aspirate from patient 2) differed at 21 ORFs
(Table 2; Figure 2), including 18 single-nucleotide poly-
morphisms (SNPs). Each patient was accompanied on the
trip by family members who did not become ill.
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Environmental Findings

Plague risk assessments were conducted for 9 locations in
Yosemite and the surrounding national forests visited by
the patients (Table 1; Figure 1). Within the park, 8 more
sites were also evaluated for Y. pestis transmission and po-
tential risk areas for transmission to humans.

Sites Visited by Patient 1

On August 4, the Rainbow Pool Day Use Area (Table
1; Figure 1) was evaluated and deemed to be an area of
low risk because of the lack of historical documentation
of plague at this habitat and elevation, low abundance of
California ground squirrels observed in the day use area,
and lack of other diurnal rodent species that are known Y.
pestis reservoirs in this region. Limited burrow swabbing
collected no fleas. A visual evaluation of Yosemite Val-
ley (Table 1; Figure 1) was postponed because it similarly
lacked historical documentation of local Y. pestis transmis-
sion and because no reports of sick or dying rodents from
this heavily visited area had been received. The next week,
numerous healthy California ground squirrels were noted
in Yosemite Valley. At Crane Flat Campground (Table 1;
Figure 1), visual assessment and subsequent burrow swab-
bing suggested recent epizootic activity; California ground
squirrel abundance seemed to be very low relative to the
number of burrows in the campground, abandoned burrows
were noted, and 134 Y. pestis—negative fleas were collected
from the entrances of 29 (31.5%) of 94 burrows sampled.
Carrion flies (Calliphora latifrons) were also collected or
observed at several burrows. Few chipmunks were ob-
served in the campground, but several Douglas squirrels
(Tamiasciurus douglasii) were noted. Rodent trapping
conducted the following day corroborated the low abun-
dance of rodents (trap success rate 6.9%; Table 3). Y. pes-
tis antibodies were detected in 1 (12.5%) of 8 California
ground squirrels (Table 4), and a pool of 8 O. montana fleas
collected from a seronegative California ground squirrel
tested positive by PCR for Y. pestis (Table 3). Subsequent
whole-genome MLST of Y. pestis recovered from this flea
pool demonstrated 100% sequence identity across all ORFs
when compared with the isolate from patient 1 (Figure 2).

Sites Visited by Patient 2

The 7 locations visited by patient 2 were evaluated on Au-
gust 18 and 19 (Table 1; Figure 1). Bass Lake was not visu-
ally assessed because of the historic lack of plague activ-
ity in this area. Visual assessments and burrow swabbing
at Sentinel Dome, Vernal Falls, Nelder Grove, and Lewis
Creek found no obvious indications of Y. pestis transmis-
sion or increased human risk. Initial evaluation at Glacier
Point revealed several abandoned California ground squir-
rel burrows in close proximity to pathways and picnic ar-
eas. From the entrances of the 2 burrows swabbed, 21 fleas
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Table 2. MLST alleles in whole-genome sequences of Yersinia pestis isolates recovered from humans, animals, and fleas, Yosemite

National Park, California, USA, August 2015*t

Y. pestis strain CO92

MLST allele, ORF genome position

Mutation typet

Group 1 isolates§ Group 2 isolates{

YPCDL1.31 22450 SNP T C
YPMTL1.46 48841 SNP T C
YPOO0193 211446 6-bp VNTR — Loss
YPOO0445 467549 1-bp INDEL - Deletion
YPOO0776 Multiple 9-bp VNTR Loss Gain
YPO0894 980089 15-bp VNTR - Gain
YPOO0968 1072143 SNP C T
YPOO0976 1084232 SNP G T
YPO1332 1498571 SNP T C
YPO1422 1617725 18-bp VNTR Loss -
YPO1705 1946021 SNP C T
YPO2153 2423508 SNP C G
YPO2253 2531428 SNP T A
YPO2556 2871852 6-bp VNTR Gain -
YPO2840 3170905 SNP T A
YPO2842 3172167 SNP T G
YPO2859 3196474 SNP A T
YPO3032 3385894 SNP A G
YPO3339 3725154 SNP T C
YPO3409 3807578 SNP T c
YPO3419 3821161 SNP Cc T
YPO3481 3886839 SNP C T
YPO3490 3898668 SNP T c
YPO3828 4296699 8-bp INDEL - Insertion
YPO4068 4587603 SNP G T

*INDEL, insertion/deletion; MLST, multilocus sequence typing; ORF, open reading frame; SNP, single-nucleotide polymorphism; VNTR, variable number

of tandem repeats; —, none.

tPacBio (Pacific Biosciences, Menlo Park, CA, USA) sequencing of patient isolates yielded an average read length of 15,541 bp with 83,608 average
filtered subreads and an average quality and coverage of 84.5% and 202x, respectively. lllumina MiSeq sequencing of flea and animal isolates yielded an
average ContigN50 of 40,440 for the 6 assemblies and an average read coverage depth of 84.35x.

FGain/loss and insertion/deletion are relative to the CO92 reference genome. All identified SNPs, VNTRs, and INDELs demonstrated at least 10x

sequence coverage and 100% of the base calls confirming the mutation.

8Group 1; patient 1, flea pool from Crane Flat, animals from Tuolumne Meadows.

Group 2; patient 2.

were collected. The rodents observed in the area were ha-
bituated to humans, and several were noted coming in close
proximity to visitors. On the basis of these assessments,
Glacier Point was identified as a potential exposure site for
patient 2. Rodents were subsequently trapped and tested
(Table 3); 1 (7.1%) of 14 California ground squirrels and
2 (22.2%) of 9 lodgepole chipmunks (Tamias speciosus)
were seropositive (Table 4). All 118 flea pools obtained
from Glacier Point, via burrow swabbing or rodent trap-
ping, were negative for Y. pestis by PCR.

Expanded Investigation
On August 10, NPS was notified that 2 dead rodents were
found in the Tuolumne Meadows Campground, ~25 km
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from the nearest location visited by the patients (Table 1;
Figure 1). During the initial assessment, NPS and CDPH
staff observed normal rodent diversity and abundance for
this location and no fleas were captured by burrow swab-
bing. Over the following month, 21 rodent carcasses were
collected from the campground and adjacent locations, 17
of which were tested for Y. pestis; the remaining 4 were
too decomposed for testing. The 2 golden-mantled ground
squirrel carcasses collected on August 10 and 8 additional
rodent carcasses collected in the campground and sur-
rounding area were positive for Y. pestis (Table 4). Flea
pools from 2 of the rodent carcasses (1 Megarthroglossus
divisus flea from a Douglas squirrel, 5 Ceratophyllus cili-
atus mononis fleas from a lodgepole chipmunk) were also

Figure 2. Sequencing results,
based on percent similarity,
for Yersinia pestis isolates
from Yosemite National Park,
California, USA, August—
October 2015.
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positive by PCR for Y. pestis (Table 4). Of the 18 lodge-
pole chipmunks trapped in this area (Table 3), 3 (16.7%)
were positive for Y. pestis antibodies (Table 4). A flea pool
(3 Peromyscopsylla hesperomys adelpha fleas) from a se-
ronegative deer mouse also tested positive for Y. pestis
(Table 4). Whole-genome MLST of 5 Y. pestis isolates re-
covered from carcasses from Tuolumne Meadows showed
that their genome sequences shared 100% sequence iden-
tity across all ORFs, compared with the isolates recovered
from patient 1 and the flea pool from Crane Flat Camp-
ground (Figure 2).

The expanded environmental investigation found evi-
dence of Y. pestis transmission at 1 other location (Table
1; Figure 1). Two visual assessments at Tamarack Flat
Campground noted a lower than expected abundance and
diversity of rodents and numerous abandoned California
ground squirrel burrows. Follow-up trapping (Table 3)
led to detection of Y. pestis antibodies in 1 (20.0%) of 5
California ground squirrels tested (Table 4). Rodent trap-
ping for testing was also conducted in Yosemite Valley in
mid-October. None of 13 California ground squirrels and
15 Peromyscus mice tested positive for Y. pestis antibod-
ies (Table 3). Six rodent carcasses from developed sites in
Yosemite Valley and 3 from the Wawona area also tested
negative for Y. pestis.

Flea Control

Sites with evidence of recent Y. pestis transmission and
an increased risk for human exposure were temporarily
closed, and rodent burrows were treated with insecticide
to reduce flea populations and protect wildlife and human
health. The following 5 areas in Yosemite were identified
for insecticide treatments: Crane Flat Campground, Glacier
Point, Tuolumne Meadows Campground, Tamarack Flat
Campground, and the Crane Flat-NatureBridge campus.
In total, 16.3 kg of 0.05% deltamethrin was used per label
instructions to treat an estimated 3,700 rodent burrows. Al-
though time and logistical constraints precluded pre- and
posttreatment flea evaluations at all locations, evidence
from limited sampling suggested that the insecticide appli-
cations reduced the local flea populations. Before treatment

at Crane Flat Campground, 134 fleas had been collected
from 94 burrows and the California ground squirrel flea in-
dex (total no. fleas on rodents/total no. rodents) was 17.5.
After the insecticide application, 58 treated burrows yield-
ed no fleas and the California ground squirrel flea index
was 1.0. After insecticide application at Glacier Point, the
California ground squirrel flea index declined from 8.1 to
2.7. No pretreatment rodent trapping was conducted at the
Tuolumne Meadows Campground to provide comparative
flea indices for rodents, but the posttreatment flea index for
ground-dwelling rodents was 0.9. Before insecticide ap-
plication at this site, 80 rodent burrows were marked and
sampled, yielding a total of 6 fleas; after treatment, no fleas
were found at those same burrows.

Public Outreach

To further reduce the plague risk for Yosemite visitors and
staff, NPS and collaborating agencies initiated an aggres-
sive public education campaign. In 2014, ~4 million per-
sons visited Yosemite (29), and, given that plague cases are
rare in the United States, it could not be assumed that most
visitors were aware of plague risk or prevention measures.
The public education campaign included 3 news releases
issued August 6-18, media interviews, and website alerts.
The park newsletter, The Yosemite Guide, which was given
to persons in every entering vehicle, included information
about plague. Placards with plague information were posted
at park entrances, locations with confirmed Y. pestis trans-
mission, all campgrounds, and many day use locations and
trailheads. Educational pamphlets were available to visitors
at a variety of locations, including affected campgrounds.

Discussion
In August 2015, these 2 cases of plague were linked to ex-
posure in the internationally popular Yosemite National
Park. The initial public health investigation and response
with broad media coverage of the first case led to the rapid
recognition and appropriate treatment of the second case-
patient (30).

The investigation found little overlap in the travel itin-
eraries of the 2 patients, and isolation of distinct strains of

Table 3. Summary of rodent trapping and seroprevalence of Yersinia pestis, by location, Yosemite National Park, August 5—October

22, 2015
Rodents Trap Rodents Y. pestis—positive Y. pestis

Date Location Traps set, no. caught, no.  success, % tested, no. rodents, no. seroprevalence, %
Aug 5 Crane Flat CG 160 11 6.9 11 1 9.1
Aug 25 Glacier Point 100 30 30.0* 27 2 7.4
Aug 25 Crane Flat CG 100 13 13.0* 13 0 0
Aug 25 Tamarack Flat CG 60 11 18.3* 11 1 9.1
Aug 26 Tuolumne 208 70 33.7* 68 3 4.4

Meadows
Sep 24 Glacier Point 108 33 30.6 6 1 16.7
Oct 22 Yosemite Valley 175 34 19.4 28 0 0
Total All 911 202 22.2 164 8 4.9
*Trapping event included overnight hours, which extended the trapping period an additional 12-14 h. CG, campground.
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Table 4. Summary of Yersinia pestis—positive samples, Yosemite National Park, August 5—October 22, 2015*

Location and date Species

Sequence

Sample type (titer or test) identification no.

Crane Flat CG

Aug 5 California ground squirrel Serum (titer 1:64) NA
Aug 5 California ground squirrel Flea pool (DFA, PCR, wgMSLT) CA15-3230
Tuolumne Meadows
Aug 10 Golden-mantled ground squirrel Carcass (DFA, PCR, wgMSLT) CA15-3265
Aug 10 Golden-mantled ground squirrel Carcass (DFA, PCR, wgMSLT) CA15-3266
Aug 11 Chipmunk (species unknown) Carcass (PCR) NA
Aug 12 Golden-mantled ground squirrel Carcass (DFA, wgMSLT) CA15-4410
Aug 14 Chipmunk (species unknown) Carcass (DFA, culture) NA
Aug 17 Lodgepole chipmunk Carcass (DFA, PCR, culture) NA
Aug 26 Douglas squirrel Carcass (DFA, PCR, wgMSLT); flea pool (PCR ) CA15-4491
Aug 26 Lodgepole chipmunk Carcass (DFA, PCR, wgMLST); flea pool (PCR) CA15-4493
Aug 26 Lodgepole chipmunk Serum (1:1,024) NA
Aug 26 Lodgepole chipmunk Serum (1:512) NA
Aug 26 Lodgepole chipmunk Serum (1:128) NA
Aug 26 Deer mouse Flea pool (PCR) NA
Sep 6 Chipmunk (species unknown) Carcass (PCR) NA
Sep 8 Chipmunk (species unknown) Carcass (PCR) NA
Glacier Point NA
Aug 25 California ground squirrel Serum (1:64) NA
Aug 25 Lodgepole chipmunk Serum (1:128) NA
Sep 24 Lodgepole chipmunk Serum (1:4,096) NA
Tamarack Flat CG
Aug 25 California ground squirrel Serum (1:128) NA

*Samples analyzed by wgMLST were cultured first. CG, campground; DFA, direct fluorescence antibody; NA, not applicable because sequencing was not

performed; wgMLST, whole-genome multilocus sequence typing.

Y. pestis suggested that at least 2 Y. pestis strains were cir-
culating among vector—host populations in the Yosemite
area. In the only area visited by both patients, Yosemite
Valley, no evidence of Y. pestis transmission in rodents was
found, and Y. pestis has not been detected in the valley’s
rodent populations in recent decades (CDPH, unpub. data,
1984-2015). We were able to connect the exposure of pa-
tient 1 to epizootic transmission at the campground on the
basis of the visual observations at Crane Flat Campground,
the positive results for rodent serology and the pool of fleas
collected there, and whole-genome MLST analysis of Y.
pestis isolates from patient 1 and the flea pool. The most
likely exposure site for patient 2 was Glacier Point, 20 km
away, on the opposite side of Yosemite Valley. Although
Y. pestis—seropositive rodents were found at this location,
we did not detect active infection in rodents or fleas and
were therefore unable to directly link the patients’ expo-
sure to this site by whole-genome MLST. Previous findings
indicate that Y. pestis whole-genome MLST alleles are not

rapidly changing and that most detected changes are caused
by the more slowly evolving SNPs than by more rapidly
changing variable number tandem repeats (24). Our results
are consistent with those of a previous SNP-based study,
which indicated that widespread plague epizootics are
caused by multiple Y. pestis clones arising independently
in small geographic areas (31).

The environmental investigation found evidence of Y.
pestis transmission in disparate locations of the park, in-
cluding epizootic activity in the Tuolumne Meadows area,
~41 and 25 km from Crane Flat and Glacier Point, respec-
tively. Evidence of Y. pestis transmission in rodents was
found at 4 of the 5 areas trapped. Of the 8 species of rodents
live trapped in Yosemite, Y. pestis antibodies were detected
in only 5 (15.2%) of 33 lodgepole chipmunks and 3 (7.3%)
of 41 California ground squirrels (Table 5). However, Y.
pestis was also isolated from golden-mantled ground squir-
rel and Douglas squirrel carcasses and a deer mouse flea,
indicating broader zoonotic involvement.

Table 5. Summary of Yersinia pestis serology results, by species, Yosemite National Park, August 5-October 22, 2015

Y. pestis—positive Y. pestis

Animal (taxonomic name) Tested, no. rodents, no. seroprevalence, %
Deer mouse (Peromyscus maniculatus) 59 0 0
California ground squirrel (Otospermophilus beecheyi) 41 3 7.3
Lodgepole chipmunk (Tamias speciosus) 33 5 15.2
Golden-mantled ground squirrel (Callospermophilus lateralis) 18 0 0

Brush mouse (Peromyscus boylii) 6 0 0
Douglas squirrel (Tamiasciurus douglasii) 5 0 0
Belding's ground squirrel (Urocitellus beldingi) 1 0 0
Long-tailed vole (Microtus longicaudus) 1 0 0

Total 164 8 4.9
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During the environmental investigation, serum sam-
ples collected from 2 bears killed in Yosemite earlier in
the summer were positive for Y. pestis antibodies. One
bear, killed in July on Tioga Road ~18 km from Crane
Flat Campground, was a cub, indicating that exposure was
probably recent. Bears serve as sentinels for plague dis-
tribution (32), and in recent decades ~10% of bear blood
samples from the Yosemite area have been positive for Y.
pestis antibodies (CDPH, unpub. data, 1980-2015).

In addition to Yosemite, in 2015, increased Y. pestis
transmission was evident in other parts of the Sierra Ne-
vada mountains (33). Rodent trapping conducted by CDPH
in May and June found elevated Y. pestis seroprevalence
among rodents in Tulare County. A golden-mantled ground
squirrel carcass collected in August from Sequoia-Kings
Canyon National Park, also in Tulare County, tested posi-
tive. In August, evidence of epizootic activity was also de-
tected in Mono and El Dorado Counties.

The plague activity in Yosemite and other parts of
California in 2015 was part of a larger regional trend. Al-
though plague is rare in the United States (median 3 hu-
man cases/year during 2001-2012) (17-19), in 2015, the
rate increased in western states (16 cases reported to CDC)
(19,34). Synchronous increases in Y. pestis transmission
in the western United States have been documented pre-
viously and are potentially driven by large-scale climatic
trends (35).

The 2015 findings for Yosemite share some striking
similarities with those associated with the only human
plague case previously associated with Yosemite (36). In
1959, a teenage boy became ill after camping along Yo-
semite Creek trail, 5 km from Crane Flat Campground.
Subsequent investigation by CDPH and CDC found evi-
dence of a recent epizootic plague event that had decimated
the rodent populations near the campsite. During this in-
vestigation, Y. pestis transmission was also documented in
Tuolumne Meadows and at Lake Tenaya.

The rapid interagency investigation and public health
response to these cases probably reduced the risk for plague
among Yosemite visitors and staff. Critical risk-reduction
measures included expanding the investigation to recre-
ational sites beyond those visited by the patients and lo-
calized insecticide treatments at sites with Y. pestis trans-
mission. Increased educational efforts informing the public
about how to reduce their exposure to the cause of this po-
tentially fatal disease contributed to the early diagnosis for
patient 2 and to increased reports of finding dead rodents in
the park, which led to detection of Y. pestis transmission at
additional locations.
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Anomalous High Rainfall and Soil
Saturation as Combined Risk
Indicator of Rift Valley Fever

Outbreaks, South Africa, 2008—2011

Roy Williams, Johan Malherbe, Harold Weepener, Phelix Majiwa, Robert Swanepoel

Rift Valley fever (RVF), a zoonotic vectorborne viral disease,
causes loss of life among humans and livestock and an ad-
verse effect on the economy of affected countries. Vaccina-
tion is the most effective way to protect livestock; however,
during protracted interepidemic periods, farmers discontinue
vaccination, which leads to loss of herd immunity and heavy
losses of livestock when subsequent outbreaks occur. Retro-
spective analysis of the 2008-2011 RVF epidemics in South
Africa revealed a pattern of continuous and widespread sea-
sonal rainfall causing substantial soil saturation followed by
explicit rainfall events that flooded dambos (seasonally flood-
ed depressions), triggering outbreaks of disease. Incorpora-
tion of rainfall and soil saturation data into a prediction model
for major outbreaks of RVF resulted in the correctly identified
risk in nearly 90% of instances at least 1 month before out-
breaks occurred; all indications are that irrigation is of major
importance in the remaining 10% of outbreaks.

R ift Valley fever (RVF) is an acute viral disease of live-
stock and humans in Africa, Madagascar, the Comoros
Archipelago, and the Arabian Peninsula. Infection is caused
by RVF virus (family Bunyaviridae, genus Phlebovirus),
a zoonotic mosquitoborne virus. In animals, RVF causes
abortion in pregnant sheep, goats, cattle, and camels, and
it can cause death, particularly in newborn animals. Hu-
mans become infected through contact with the tissues of
infected animals or, less commonly, from the bite of infect-
ed mosquitoes; infection usually results in a benign febrile
illness, although complications, such as ocular sequelae or
fatal encephalitis and hemorrhagic disease, can occur (1,2).
Large epidemics occur at irregular intervals of 5-15 years,
or longer, when heavy rainfall facilitates the breeding of the
mosquito vectors, and result in substantial economic losses
due to livestock deaths and restrictions on animal trade (3).
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RVF was discovered in Kenya in 1930 and was sub-
sequently found in many countries of sub-Saharan Africa
(1); spread beyond this region into Egypt, Saudi Arabia,
and Yemen was noted from 1977 to 2007 (4). The disease
was first reported in South Africa during 1950-1951, when
a large epidemic occurred in the country’s central plateau;
2 additional major epidemics affected the same area in
1974-1976 and 2010-2011 and extended into neighboring
provinces (5,6). Limited outbreaks were recorded during
the intervening years; these outbreaks initially occurred on
the central plateau, but starting in the 1980s, they increas-
ingly occurred in northeastern parts of the country. Out-
breaks among animals are defined as the occurrence of >1
confirmed cases within an epidemiologic unit, meaning a
group of animals that share approximately the same likeli-
hood of exposure to infection (7). In the absence of no-
madism in South Africa, epidemiologic units in the country
essentially coincide with geographic locations of commer-
cial farms or communal grazing areas. Epidemics are not
defined, but the term is applied arbitrarily to the occurrence
of intense or multiple outbreaks in >1 epidemiologic units.

A phylogenetic study of RVF isolates (8) indicated that
2 different virus lineages, C and H, were responsible for the
2008-2011epidemics in South Africa. The 2008 and 2009
epidemics in the northeast were associated with lineage C
virus and were much less intense than the subsequent epi-
demic associated with lineage H virus in the central plateau
in 2010-2011 (6,8). However, lineage C virus was associ-
ated with major epidemics in Zimbabwe, eastern Africa,
Saudi Arabia and Yemen. Furthermore, in 2004, lineage H
was associated with only 1 human infection in Namibia in
the absence of reported disease in livestock. Thus, differ-
ences in epidemic intensity were more likely determined
by epidemiologic factors (e.g., climate, topography, veg-
etation) or vector species than by the virus strains involved.

Distinction is made between 2 types of RVF virus vec-
tors. Floodwater-breeding Aedes mosquitoes of the subgen-
era Aedimorphus and Neomelaniconion are regarded as en-
demic or maintenance vectors because they are thought to
be responsible for ensuring long-term survival of the virus
through transovarial transmission of infection. Their feeding
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and egg-laying cycle are completed within 3 weeks of
hatching; eggs are laid in mud at the edges of rainwater
that temporarily accumulates in pans (shallow depressions),
vleis (seasonal wetlands), and the banks of dams and wa-
tercourses, collectively known as dambos in Africa. Not all
sites flood directly as a result of local precipitation; river
banks, large dams, and irrigation schemes may flood weeks
to months after heavy rains occur in remote catchment areas
(9). In contrast to other mosquitoes, the eggs of floodwater-
breeding aedines require conditioning by a period of partial
desiccation as the water level recedes before they will hatch
once they get wet again during the next flood period. Thus,
they overwinter as eggs, which can survive for long periods
in dried mud, possibly for several seasons if dambos remain
dry (10). After adequate rainfall floods breeding sites, in-
fected aedines emerge and transmit the RVF virus to avail-
able susceptible animals that serve as amplifying hosts for
transmission of infection to the principal epidemic vectors,
mainly Culex species mosquitoes. Other epidemic vectors
include other culicines, anophelines, and even biting flies
that act as mechanical vectors. Epidemic mosquito vectors
breed on standing bodies of water and are able to sustain and
spread outbreaks (11,12).

In RVF virus—endemic areas with warm and moist cli-
mates, infected aedines can emerge each year, and even in-
fected culicines can hibernate as adults, resulting in regular
exposure of livestock to RVF virus. Thus, most animals are
immune by breeding age and are able to transfer maternal
immunity to their offspring; hence, disease is seldom seen
(2). In more arid areas, particularly those with cold win-
ters and prolonged dry spells (e.g., the central plateau of
South Africa), intervals between outbreaks may extend to
decades. During these long intervals, livestock populations
are replaced by animals susceptible to RVF virus, and heavy
rains can trigger major epidemics among such animals.

Because it is difficult to convince livestock owners
and veterinary authorities to vaccinate livestock during
protracted interepidemic periods, attempts have been made
to provide early warning of impending outbreaks through
remote sensing of climate patterns conducive to large-scale
emergence of vectors (13,14). Measurement of vegetation
photosynthetic activity through satellite imaging is used to
derive a normalized difference vegetation index (NDVI) as
a surrogate for precipitation. NDVI anomalies that exceed
the long-term mean (LTM) are interpreted as favorable for
the occurrence of outbreaks (14), although a lag of 2-8
weeks between heavy rains and the subsequent increase in
the NDVI (15,16) reduces its value for risk mitigation. The
ENSO (El Nifio and Southern Oscillation) phenomenon is
a major determinant of global interannual climate variabil-
ity, and anomalies, expressed in terms of a derived South-
ern Oscillation Index (SOI), are used to predict the occur-
rence of abnormal rainfall with a lead time of 2-5 months;
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positive SOI (La Nifia) events usually precede heavy rains
in southern Africa (17,18). However, such regional fore-
casts perform poorly for specific geographic locations;
thus, SOI can be considered only as a supplementary pre-
season indicator for the risk of RVF outbreaks. In contrast,
soil moisture status is a reliable indicator of potential flash
floods on small catchments (19) and therefore has potential
to indicate when ground is sufficiently saturated for dambos
to be flooded after heavy rains. The combined effect of soil
saturation and precipitation could therefore serve as a po-
tential risk indicator of optimal ecoclimatic conditions for
the upsurge of mosquito vector populations and subsequent
outbreaks of RVF. We evaluated the combined aspects of
anomalous high rainfall and concurrent soil saturation in a
RVF forecast model for South Africa, using accurate tem-
poral and spatial records of the 20082011 epidemics to
derive risk maps (Directorate of Animal Health, Depart-
ment of Agriculture, Forestry and Fisheries, pers. comm.,
2012 Jul 6).

Data and Methods

RVF Base Map

We constructed an interpolated base map of 1-km spatial
resolution, representing the probability of risk for RVF out-
breaks throughout South Africa, by using ArcGIS version
10.2.2 (ESRI, Redlands, CA, USA). Interpolation data points
included locations of all historic sites of RVF outbreaks from
1950 to 2011 (Directorate of Animal Health, Department of
Agriculture, Forestry and Fisheries, pers. comm., 2012 Jul 6)
(6); additional data points were placed along the perimeters
of buffer zones at radii of 30, 50, and 90 km around historic
sites. Historic sites were allocated an interpolation value of
1.0, and the values of additional data points were based on
the distance from the nearest historic site, decreasing in-
crementally by a factor of 0.1 for every 10 km; probability
values ranged from 1.0 to 0.1. Potential risk areas were em-
pirically grouped into 3 classes based on the distance from
historic sites: high risk (<20 km from historic sites), moder-
ate risk (>20 km to <40 km), and low risk (>40 km).

Rainfall and NDVI

The rainfall dataset was produced in near real time (20)
from a combination of weather station data from the Ag-
ricultural Research Council-Institute for Soil, Climate
and Water (http://www.arc.agric.za/Pages/Home.aspx)
and from the South African Weather Service (http://www.
weathersa.co.za/). Weather station data were combined
with satellite rainfall estimates available through the Africa
Data Dissemination Service for the Famine Early Warning
System Network project (http://www.fews.net/). Monthly
LTM rainfall was computed in 1-km spatial resolution
from monthly rainfall data for 1985-2011 and used to
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determine the maximum of monthly LTMs during this pe-
riod. Anomalies of monthly rainfall during January 2007—
May 2012 were computed as the percentage deviation from
the maximum LTM: monthly rainfall anomaly = (monthly
rainfall — maximum LTM) x 100/maximum LTM.

SPOT NDVI data were downloaded through the VEG-
ETATION  Program  (http://www.spot-vegetation.com/)
and the VGT4AFRICA project (http:/postel.obs-mip.
fr/?VVGT4AFRICA-Project,147), developed by the European
Commission and disseminated in Africa through GEONET-
Cast  (http://wiki.geonetcast.org/geonetcast/html/index.php/
Main_Page). Using the method described for rainfall, we com-
puted anomalies of monthly NDVI for January 2007-May
2012 as the percentage deviation from the maximum LTM.

Soil Saturation Index

The soil saturation index (SSI) represents automated real-
time computations of the TOPKAPI hydrologic model,
which was adapted to run continuously as a collection of
independent 1-km cells at 3-hour intervals (19,21) begin-
ning in August 2008 (University of KwaZulu-Natal, School
of Civil Engineering, Surveying and Construction Manage-
ment, pers. comm., 2013 Feb 10). Monthly SSI anomalies
were computed as the percentage deviation from the LTM
(2008-2013) and then computed as 3-month rolling mean
SSI anomalies (14) for each month from August 2008
through May 2012. For functional compatibility with other
model components, SSI anomalies were reclassified as fol-
lows: values of 0-3% were reclassified to a value of 0.1,
values >3%-6% were reclassified to 0.2, values >6%-9%
were reclassified to 0.3, values >9%—12% were reclassified
to 0.5, values >12%—15% were reclassified to 0.7, values
>15%-18% were reclassified to 0.8, values >18%-20%
were reclassified to 0.9, and values >20% were reclassified
to 1.0.

Risk Forecast Model

The aim of the forecast model was to map areas at risk for
RVF outbreaks based on the combined effect of anomalous
high rainfall and soil saturation but regulated by the risk
probability as defined by the base map. Risk was computed
as follows: risk = monthly rainfall anomaly x 3-month roll-
ing mean SSI anomaly x base map. Risk maps for January—
July 2008 were computed without SSI data. Three-month
rolling maximum risk maps were used to reflect changing
conditions of mosquito habitats (14) during January 2007-
June 2011. Pixel values were empirically classified as low
risk (<0%), moderate risk (0%-50%), and high risk (>50%).

Retrospective Evaluation

The accuracy of the model was evaluated by extracting the
risk values of all recorded 2008-2011 outbreaks from their
relevant risk maps, and we tabled the results according to
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the month of outbreak and sorted into 1 of the 3 risk classes.
Outbreaks in moderate or high risk areas were considered
as correctly identified, and outbreaks in low risk areas were
considered as incorrectly identified.

Results

Rift Valley Fever Base Map

All historic sites of RVF outbreaks in South Africa from
1950 through 2011 were mapped (Figure 1, panel A). The
base map (Figure 1, panel B) represents the probability of
risk for RVF outbreaks; this probability decreases as the
distance from outbreak sites increases.

Regions of Outbreaks
Outbreaks during the epidemics of 2008-2011 were
grouped by temporal history into 5 geographic regions

Figure 1. Historic sites of Rift Valley fever (RVF) outbreaks

in South Africa from 1950 through 2011 (A) and a base map
indicating areas at low, moderate, and high risk for an outbreak
(B). Each dot in panel A represents a RVF outbreak. The base
map in panel B was created by an interpolation method based on
the distance from historic sites: high risk (<20 km), moderate risk
(>20 km to <40 km), and low risk (>40 km).
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Figure 2. Five regions in South Africa where Rift Valley fever
outbreaks occurred during the epidemics of 2008-2011.

Regions are grouped, by color, according to their temporal history
of outbreaks.

Risk Indicator of Rift Valley Fever Outbreaks

Figure 3. Mean seasonal rainfall anomalies for 4 consecutive
seasons (November—March) in South Africa, 2007-2011. The
anomalies were computed as deviations from the seasonal long-
term mean for 1985-2011.

(Figure 2). The periods and regions were 1) January—June
2008, Mpumalanga Province and adjacent parts of Lim-
popo, Gauteng, and North West Provinces; 2) February—
June 2009, southern KwaZulu-Natal Province; 3) October—
November 2009, Orange River region in Northern Cape

Province; 4) January—August 2010, central plateau, includ-
ing Free State Province and adjacent parts of North West
and Northern, Eastern, and Western Cape Provinces; and
5) January-July 2011, adjacent parts of the inland region of
Northern, Eastern, and Western Cape Provinces.

Figure 4. Comparison of monthly rainfall amounts, normalized difference vegetation indices (NDVIs), and soil saturation indices (SSIs)
for August 2008—May 2012 for the following 4 areas of South Africa where Rift Valley fever epidemics occurred: A) Southern region

of KwaZulu-Natal Province (outbreaks in February—March 2009); B) Orange River region in Northern Cape Province (outbreaks in
October—November 2009); C) Bultfontein area of Free State Province (outbreaks in January—February 2010); D) Graaff-Reinet area
of Eastern Cape Province (outbreaks in January—February 2011). Rainfall and NDVI anomalies were computed as percentage of

the maximum of the long-term means (LTMs); SSI anomalies were computed as percentage of the LTM. Arrows indicate time of first

outbreak in the region.
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Rainfall, SSI and NDVI

Rainfall data for 2008-2011 indicated a pattern of incessant
and widespread seasonal rainfall (Figure 3), resulting in sub-
stantial soil saturation, after which explicit rainfall events
triggered subsequent outbreaks of RVF in different regions.
We also compared rainfall, NDVI, and monthly SSI data from
August 2008 through May 2012 for outbreaks that occurred
in the first 2 months of each of the following RVF epidem-
ics: 1) southern KwaZulu-Natal Province (February—March
2009), 2) Orange River region in Northern Cape Province
(October—November 2009), 3) Bultfontein area of Free State
Province (January—February 2010), and 4) Graaff-Reinet
area of Eastern Cape Province (January-February 2011)
(Figure 4). No SSI data were available for outbreaks that oc-
curred in Mpumalanga Province and adjacent parts of Lim-
popo, Gauteng, and North West Provinces during January—
June 2008.

In the Bultfontein area of Free State Province, where
the major inland epidemic of 2010 began (Figure 4, panel
C), 2 major rainfall events in November 2008 and January
2009 with concurrent SSI anomalies <5% did not initiate
any RVF outbreaks. However, in January 2010, outbreaks
started to occur in the region after at least 4 successive
months of SSI anomalies above 20% and a major rainfall
event in December 2009. Similarly, outbreaks in southern
KwaZulu-Natal Province (Figure 4, panel A) and outbreaks
that started in the Graaff-Reinet area of Eastern Cape Prov-
ince (Figure 4, panel D) occurred after rainfall events that
were preceded by 1 month of SSI anomalies above 20%.
Anomalous rainfall events were regularly followed by ele-
vated NDVI anomalies (Figure 4, panels A, B, and D), usu-
ally after a lag of 2—8 weeks. The outbreaks in the Orange
River region of Northern Cape Province did not show the
same pattern as the previous 3 instances (Figure 4, panel
B). Although outbreaks were preceded by 2 months of SSI
anomalies >20%, no major rainfall event occurred before
the outbreaks, and no elevated NDVI anomalies occurred
concurrently with the outbreaks in this region. This find-
ing suggests that irrigation, which is used in vineyards and
orchards along the river in this region, could have been re-
sponsible for these outbreaks.

Outbreaks of the epidemics of 2010 and 2011 showed a
degree of spatial overlap (Figure 2); no outbreaks occurred
in Free State Province in 2011, despite highly suitable cli-
matic conditions throughout the season (Figure 4, panel C).
A similar pattern was seen for human RVF infections in
2011, when human cases primarily occurred in areas south
of the Orange River, away from Free State Province (22).
The lack of outbreaks in livestock and humans in Free State
Province in 2011 was attributed to accumulated herd im-
munity, which was believed to be the combined result of
natural infections in and vaccination of livestock in the
province (22).
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RVF Risk Maps

January—June 2008 Outbreaks

The first outbreaks of the 2008 epidemic in South Africa
were recorded in the northeastern part of the country in
the region of Kruger National Park; 17 outbreaks were re-
corded in the area during January—March 2008, and 4 were
recorded in June. During March—-May 2008, a total of 14
outbreaks were recorded in Gauteng Province and adja-
cent parts of Limpopo and North West Provinces. The risk
map for December 2007 showed moderate risk for the area
where outbreaks occurred in January and February 2008
(Figure 5, panel A), and the risk map for January 2008 indi-
cated high to moderate risk in the regions where outbreaks
occurred during March—June 2008 (Figure 5, panel B).

February—June 2009 Outbreaks

Outbreaks in the southern region of KwaZulu-Natal Prov-
ince started in February 2009 with 6 outbreaks, followed
by 4 outbreaks in March and another 9 during April-June.

Figure 5. Risk maps for probability of Rift Valley fever (RVF)
outbreaks in different areas of South Africa. A) Map for December
2007 showing subsequent outbreaks in January and February
2008. B) Map for January 2008 showing subsequent outbreaks
during March—June 2008.
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Areas where outbreaks occurred in February and March
2009 were shown as moderate risk in the risk map for Janu-
ary (Figure 6, panel A); likewise, areas where outbreaks
occurred during April-June 2009 were shown as moderate
risk in the risk map for February (Figure 6, panel B).

October-December 2009 Outbreaks

A total of 38 outbreaks occurred during October—-Decem-
ber 2009 in the Orange River area of Northern Cape Prov-
ince, close to the border with Namibia, although the risk
map for September 2009 did not indicate any risk in this
region (Figure 7). The outbreaks did, however, coincided
with irrigation activity along the river.

January—August 2010 Outbreaks

In January 2010, two outbreaks were recorded in the Bult-
fontein area of Free State Province, followed by an explo-
sive epidemic of 548 outbreaks during February—August
that spread throughout the central plateau of the country to

Figure 6. Risk maps for probability of Rift Valley fever (RVF)
outbreaks in different areas of South Africa. A) Map for January
2009 showing subsequent outbreaks in February and March
2009. B) Map for February 2009 showing subsequent outbreaks
during April-June 2009.
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Risk Indicator of Rift Valley Fever Outbreaks

the southern coastal regions of Western Cape Province. The
risk map for December 2009 indicated high risk for the area
where the first 2 outbreaks occurred in January 2010 (Fig-
ure 8, panel A), and the risk map for January 2010 showed
moderate to high risk for the whole central plateau, where
outbreaks occurred during February 2010 (Figure 8, panel
B). The risk map for February 2010 indicated that risk for
outbreaks extended even farther south and that outbreaks
occurred during March—July 2010 (Figure 8, panel C). No
risk for outbreaks was indicated for the southern parts of
the Western Cape Province where 8 outbreaks occurred, al-
though irrigation is practiced fairly commonly in the region.

January—July 2011 Outbreaks

A total of 136 outbreaks were recorded during January—July
2011 in the inland part of the country south of the Orange
River, including regions of Northern, Eastern, and Western
Cape Provinces. In the risk map for December 2010, no risk
was shown for a few areas where outbreaks occurred in Jan-
uary 2011 (Figure 9, panel A), but moderate to high risk was
indicated in the risk map of January 2011 for areas of out-
breaks in February 2011 (Figure 9, panel B). The risk map
for February 2011 showed moderate to high risk for areas
of outbreaks during March—June 2011 (Figure 9, panel C).
Similar to the previous year, a number of outbreaks occurred
in the southern parts of the Western Cape Province where no
risk was predicted but where irrigation was practiced.

Retrospective Evaluation

A total of 778 outbreaks occurred during the epidemics
of 2008-2011; of these, 88 (11.3%) were classified by the
model as low risk, 236 (30.3%) as moderate risk, and 454
(58.4%) as high risk, indicating that the model correctly
identified 88.7% of outbreaks (Table). For the major inland

Figure 7. Risk map for probability of Rift Valley fever (RVF)
outbreaks in different areas of South Africa. Map for September
2009 indicates irrigation areas and subsequent outbreaks during
October—-December 2009.
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epidemic of January—August 2010, the model correctly
identified 95.8% of the outbreaks, compared with 23% of
the outbreaks in Northern Cape Province during October—
December 2009; this low risk prediction rate for the 2009

Figure 8. Risk maps for probability of Rift Valley fever (RVF)
outbreaks in different areas of South Africa. A) Map for December
2009 showing subsequent outbreaks in January 2010. B) Map
for January 2010 showing subsequent outbreaks in February
2010. C) Map for February 2010 indicating irrigation areas and
subsequent outbreaks during March—June 2010.
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outbreaks strengthens the perception that the 2009 epidem-
ic was triggered by irrigation rather than high rainfall (Fig-
ure 4, panel B). Irrigation activity was also associated with
8 outbreaks in 2010 (Figure 9, panel C) and 9 outbreaks in

Figure 9. Risk maps for probability of Rift Valley fever (RVF)
outbreaks in different areas of South Africa. A) Map for December
2010 showing subsequent outbreaks in January 2011. B) Map for
January 2011 showing subsequent outbreaks in February 2011. C)
Map for February 2011 indicating irrigation areas and subsequent
outbreaks during March—June 2011.
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Table. Summary of predicted risk for all Rift Valley fever outbreaks during the epidemics of 2008—2011, South Africa*

Risk Indicator of Rift Valley Fever Outbreaks

Year, month of

Risk for outbreak

outbreak No. outbreaks 3-mo rolling maximum risk map Low Moderate High
2008
Jan 5 2007 Oct-Dec NA 5 NA
Feb 10 2007 Oct-Dec NA 10 NA
Mar 5 2008 Nov—Jan NA NA 5
Apr 7 2008 Nov—Jan 1 NA 6
May 4 2008 Nov—Jan NA NA 4
Jun 4 2008 Nov—Jan 1 3 NA
2009
Feb 6 2009 Nov—Jan NA 6 NA
Mar 4 2009 Nov—Jan NA 4 NA
Apr 7 2009 Dec—Feb 1 6 NA
May 1 2009 Dec—Feb NA 1 NA
Jun 1 2009 Dec—Feb NA 1 NA
Oct 22 2009 Jun-Aug 22 4 NA
Nov 16 2009 Jun-Aug 16 5 NA
Dec 1 2009 Jun—Aug 1 NA NA
2010
Jan 2 2009 Oct—-Dec NA 1 1
Feb 99 2010 Nov—Jan 2 15 82
Mar 257 2010 Dec—Feb 4 83 170
Apr 140 2010 Dec—Feb 2 39 99
May 38 2010 Dec—Feb 8 16 14
Jun 10 2010 Dec—Feb 5 3 2
Jul 1 2010 Dec—Feb 1 NA NA
Aug 2 2010 Dec—Feb 1 NA 1
2011
Jan 6 2010 Oct—-Dec 6 NA NA
Feb 15 2011 Nov—Jan 1 8 6
Mar 51 2011 Dec—Feb 2 19 30
Apr a7 2011 Dec—Feb 5 14 28
May 14 2011 Dec—Feb 8 1 5
Jun 3 2011 Dec—Feb 1 1 1
Total (%) 778 88 (11.3) 236 (30.3) 454 (58.4)

*Values were extracted from relevant 3-mo rolling maximum risk maps. NA, not applicable.

2011 (Figure 5, panel C) in areas of Western Cape Province
where the model retrospectively predicted low risk.

Discussion
Although vaccination is the most effective way to protect
livestock against RVF outbreaks, it has always been diffi-
cult to convince farmers to vaccinate during long interepi-
demic periods. Vaccine sales have generally been negligible
during interepidemic periods, and once epidemics have be-
gun, vaccination has usually been initiated too late and with
coverage too limited to avert outbreaks or prevent consider-
able losses (1,8). Without a reliable early warning system
supported by an effective vaccination strategy, the history
of RVF outbreaks in South Africa is bound to repeat itself.
The basis for mapping specific areas with elevated risk
for RVF activity during the epidemics of 2008-2011 was the
simultaneous occurrence of elevated soil moisture and high
rainfall events, which caused flooding of dambos that created
suitable habitats for the development of large populations of
mosquito vectors and subsequent outbreaks of disease. Our
findings show that SSI anomalies that exceed LTMs by an
upper threshold of 20%, followed by a sudden high rainfall
event, could serve as areliable risk indicator of imminent RVF

outbreaks. Our model correctly identified the risk for an out-
break in nearly 90% of instances >1 months before they oc-
curred. During an epidemic, the initial spread of RVF virus by
active vector dispersal is followed by other transmission mech-
anisms of lower intensity and over longer distances, including
the movement of infectious animals and passive vector dis-
persal (e.g., wind) (23). The sites of outbreaks caused by these
means of transmission would not necessarily be associated
with higher than normal rainfall and could probably explain
some of the outbreaks that occurred in areas of low risk. In this
regard, irrigation is of particular importance in outbreaks in
the Orange River region during October—December 2009 and
in outbreaks that occurred in low-risk areas of Western Cape
Province in 2010 and 2011. Findings from previous studies
strongly suggest that irrigation could create suitable breed-
ing habitats for mosquito vectors and lead to subsequent out-
breaks of RVF (9,24).

The well-documented RVF epidemics of 2008—-2012 pro-
vided a unique opportunity for investigating the multifactorial
nature of the disease in South Africa (18,22,23), and it was pos-
sible to retrospectively identify the critical link between soil
saturation, rainfall, and RVF outbreaks. However, this novel
modeling approach enabled limited scope for comparison
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with other prediction models, and certain basic assumptions
had to be made in the absence of supporting evidence. The
model needs prospective validation in future RVF epidemics,
including appropriate modification of parameters to enhance
performance, and further research is required to identify other
possible factors that could improve risk prediction.

Strategic vaccination of susceptible host populations in
potential high-risk areas remains the only viable long-term
solution to address RVF in South Africa. Essential compo-
nents of risk management strategy should include regular
serologic surveys to evaluate the immune status of livestock
populations, an effective immunization protocol backed by
adequate strategic stockpiling of vaccine, and a reliable early
warning system to identify areas where livestock could be
at risk during seasons of high rainfall. The combination of
anomalous high soil saturation and rainfall shows promise
as a risk indicator for RVF outbreaks, and by incorporating
irrigation as an additional element, the accuracy of the pre-
diction model could probably be improved.
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Cutaneous Granulomas in Dolphins
Caused by Novel Uncultivated
Paracoccidioides brasiliensis

Raquel Vilela, Gregory D. Bossart, Judy A. St. Leger, Leslie M. Dalton, John S. Reif,
Adam M. Schaefer, Peter J. McCarthy, Patricia A. Fair, Leonel Mendoza

Cutaneous granulomas in dolphins were believed to be
caused by Lacazia loboi, which also causes a similar dis-
ease in humans. This hypothesis was recently challenged
by reports that fungal DNA sequences from dolphins
grouped this pathogen with Paracoccidioides brasiliensis.
We conducted phylogenetic analysis of fungi from 6 bottle-
nose dolphins (Tursiops truncatus) with cutaneous granu-
lomas and chains of yeast cells in infected tissues. Kex
gene sequences of P. brasiliensis from dolphins showed
100% homology with sequences from cultivated P. brasil-
iensis, 73% with those of L. loboi, and 93% with those of
P. lutzii. Parsimony analysis placed DNA sequences from
dolphins within a cluster with human P. brasiliensis strains.
This cluster was the sister taxon to P. lutzii and L. loboi.
Our molecular data support previous findings and suggest
that a novel uncultivated strain of P. brasiliensis restricted
to cutaneous lesions in dolphins is probably the cause of
lacaziosis/lobomycosis, herein referred to as paracoccidi-
oidomycosis ceti.

he clinical and phenotypic features of the uncultivated

agent of lacaziosis/lobomycosis in dolphins suggested
that this pathogen was the same organism as Lacazia loboi,
which causes skin keloidal-like lesions in humans (1-6).
Although several studies indicated that L. loboi from hu-
man resists culture (4-6), only 1 well-documented study
shows the uncultivated nature of the pathogen causing cu-
taneous granulomas in dolphins (7). Thus, the true ecology,

Author affiliations: Federal University of Minas Gerais,

Belo Horizonte, Brazil (R. Vilela); Michigan State University,

East Lansing, Michigan, USA (R. Vilela, L. Mendoza); Georgia
Aquarium, Atlanta, Georgia, USA (G.D. Bossart); University of
Miami Miller School of Medicine, Miami, Florida, USA (G.D.
Bossart); SeaWorld, San Diego, California, USA (J.A. St. Leger);
SeaWorld, San Antonio, Texas, USA (L.M. Dalton); Colorado State
University College of Veterinary Medicine and Biomedical
Sciences, Fort Collins, Colorado, USA (J.S. Reif); Florida Atlantic
University, Fort Pierce, Florida, USA (A.M. Schaefer,

P.J. McCarthy); National Oceanic and Atmospheric Administration,
Charleston, South Carolina, USA (P.A. Fair)

DOI: http://dx.doi.org/10.3201/eid2212.160860

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 22, No. 12, December 2016

epidemiology, and taxonomy of these 2 uncultivated patho-
gens of humans and dolphins have been controversial (4,7).

Because of their phenotypic resemblance and sero-
logic cross-reactivity with Paracoccidioides brasiliensis,
at one time these pathogens were believed to be P. loboi
(4,8). This taxonomic controversy was partially resolved
in 1999 when Taborda et al. (9) proposed the binomial L.
loboi and concluded that previous terms used to name the
etiologic agent of skin keloidal-like lesions in humans and
dolphins were invalid. Molecular analysis of internal tran-
scriber spacer (ITS) and chitin synthase 4 (CHS4) genes
validated their original proposal (10). Further phylogenetic
analysis of several genomic DNA sequences showed that
L. loboi was closely related to Paracoccidioides spp. (11).
However, other molecular data showed that L. loboi from
humans was located in its own genus because of strong
bootstrap support (12).

The notion that human L. loboi was the same organ-
ism as those in the skin of dolphins with lacaziosis/lobo-
mycosis was first challenged by Rotstein et al. (13), who
used molecular analysis. These investigators found that the
28S rDNA amplicon of L. loboi in extracted genomic DNA
from an infected bottlenose dolphin (Tursiops truncatus)
in North Carolina, USA, coastal areas had 97% identity
with P. brasiliensis DNA sequences available in GenBank.
However, their DNA sequences are not available. More
recently, 3 groups in Japan (14,15) and Spain (16), who
also used molecular methods, reported similar observa-
tions for several dolphin species including, T. truncatus
and Lagenorhynchus obliquidens, which had skin granu-
lomas and yeast-like cells in infected tissues. These studies
showed that glycoprotein 43 (gp43)-like and ITS partial
DNA sequences isolated from infected dolphins placed the
etiologic agent of skin granulomas among human P. brasil-
iensis strains.

We amplified by using PCR the partial coding DNA
sequences of the Kex gene in genomic DNA isolated from
6 bottlenose dolphins with cutaneous granulomas. These
dolphins were captured in the Indian River Lagoon, Flori-
da, USA, a 156-mile estuary along the eastern coast of the
United States. Phylogenetic analysis showed that Kex PCR
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amplicons, which contained partial DNA sequences of the
Kex protein, clustered among cultivated P. brasiliensis
strains from humans with systemic paracoccidioidomyco-
sis. Our data suggest that a novel uncultivated P. brasilien-
sis type, different from L. loboi from humans, is the prob-
able etiologic agent of cutaneous granulomas in dolphins.

Materials and Methods

Biopsy Specimens from Bottlenose Dolphins

Four formalin-fixed tissues were received from the
Harbor Branch Oceanographic Institute (Fort Pierce,
FL, USA). Samples were collected in June 2003 from
bottlenose dolphins captured in the Indian River Lagoon
with cutaneous granulomas displaying chains of yeast
cells in the infected tissues (FB 921, FB938, FB946, and
FB952). Two additional skin biopsy specimens were
obtained from SeaWorld of Texas (San Antonio, TX,
USA); 1 specimen (SW070458) was collected during
rescue and rehabilitation efforts, and a second 1 speci-
men (B92-932) was obtained from an animal that came
from the Indian River Lagoon and was then kept at Sea-
World of Texas (Table).

Isolation of DNA from Paraffin-Embedded Tissues
Using a sterile microtome, we obtained 10-mm-thick sec-
tions from paraffin-embedded tissues. Parts of sections were
examined by using histopathologic analysis after staining
with Gomori methenamine silver to verify the presence and
quantity of yeast-like cells in selected specimens.

Isolation of DNA was performed by using the Bio-
Chain FFPET protocol (BioChain Institute, Inc., Newark,
CA, USA). In brief, at least three 10-mm-thick sections
were placed in a 1.5-mL microcentrifuge tube, and 500 uL
of Dewaxil reagent was added. The sample was incubated
at 90°C for 1 h, followed by addition of 180 pL of lysis buf-
fer and a brief centrifugation. Two phases were formed; 20
pL of proteinase K was added to the lower phase, and the
mixture was incubated at 56°C for 1.5 h. After incubation,
the sample was centrifuged for 1 min, and the lower phase
was transferred into a new tube. RNase A (2.0 uL, 100 mg/
mL) was added, followed by addition of 100 pL of bind-
ing buffer and 100 pL of 100% ethanol. The entire mixture
was then transferred into a separation column (BioChain

Table. Uncultivated Paracoccidioides brasiliensis strains
isolated from 6 bottlenose infected dolphins (Tursiops
truncatus), Indian River Lagoon, Florida, USA

Strain Dolphin age, y/sex Year of collection
FB-921 Unknown/F 2003
FB-938 15/M 2003
FB-946 17/M 2003
FB-952 18/M 2003
B92-932 14/F 1992
SW070458 19/F 2007
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Institute, Inc.) and centrifuged at 6,000 x g for 1 min. The
column was washed twice with the provided buffers. DNA
was extracted by adding 50 uL of elution buffer and cen-
trifuging for 1 min at maximum speed. Samples were used
immediately or stored at —-80°C.

Amplification and Sequencing of Partial

Kex Gene Sequences

Because genomic DNA extraction from formalin-fixed tis-
sues usually degrades genome DNA into small pieces, we
designed primers targeting fragments <300 bp. To properly
verify previous findings, we selected a conserved region
of the Kex partial DNA sequence to target a DNA epitope
other than gp43 and ITS sequences used by other investiga-
tors (14-16). We used the protocol of Vilela et al. (12) to
search for homologous DNA sequences of Kex protein in
GenBank, aligned sequences by using ClustalW, version
1.81 (17), and inspected them visually.

Conserved regions were selected to construct the set
of primers Kex-1F 5-TGCTTYGGTTTGGGGTTG-3'
and Kex-2R 5'-CACTGGARCCGTCAGCTA-3'. The set
of primers were designed to amplify a 151-bp region of
the Kex DNA sequence according to the PCR protocol of
Vilelaet al. (12). Amplicons were ligated into the pCR 2.1-
TOPO vector (Invitrogen, Carlsbad, CA. USA), purified,
and sequenced by using BigDye Terminator Chemistry in
an ABI Prim 310 Genetic Analyzer (Applied Biosystems,
Foster City, CA. USA).

To further corroborate our results, we used gp43 DNA
sequences reported by Minakawa et al. (GenBank acces-
sion no. AB811031) (14) and Ueda et al. (GenBank acces-
sion no. LC067206) (15) and ITS DNA sequences reported
by Esperon et al. (GenBank accession no. HQ413323)
(16) for phylogenetic analysis of several homologous
DNA sequences of P. brasiliensis, P. lutzii, and L. loboi
in GenBank. We also analyzed 2 unpublished CHS4 gene
sequences (GenBank accession nos. KX267767 [A3] and
KX267768 [90A]; A. Schaefer, P, McCarthy, unpub. data)
isolated in 2008 from 2 dolphins with lacaziosis/lobomyco-
sis in the Indian River Lagoon.

Phylogenetic Analyses

Homologous DNA sequences of partial CHS4, gp43,
Kex, and ITS sequences of P. brasiliensis, P. lutzii, L.
loboi, Ajellomyces capsulatus, and A. dermatitidis were
aligned by using default settings in ClustalW, version
1.81 (17) inspected visually, and exported for analysis
by using maximum-parsimony and neighbor-joining in
MEGAG6 (http://www.megasoftware.net) (18). Aligned
sequences were exported for parsimony analysis by using
a heuristic search with tree bisection reconnection branch
swapping (MEGAG®) and distant analysis by neighbor-join-
ing (MEGAG®).
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We coded large insertions as 1 event by excluding all but
1 nt/insertion. Generated gaps were treated as missing data.
Neighbor-joining analyses used either uncorrected distances
or maximume-likelihood estimates of distances with a gener-
al time reversible model (6ST), empirical base frequencies,
and either no rate variation among sites or a gamma distri-
bution (shape parameter 0.5) of variation among sites with
4 rate categories. Support for branches was estimated as the
percentage of neighbor-joining trees containing the branch
on the basis of neighbor-joining analysis of maximum like-
lihood distances of 1,000 bootstrapped datasets.

Results

PCR Amplification and Analysis by Using Basic Local
Alignment Search Tool

Microscopically, the 6 silver-stained specimens showed
branching chains of yeast-like cells connected by small
isthmuses, which is typical of this pathogen from infected
dolphins with lacaziosis/lobomycosis (Figure 1). PCR am-
plified the 151-bp DNA sequence from each of the genom-
ic DNAs from the 6 dolphin formalin-fixed tissues. These
DNA sequences were deposited into GenBank under acces-
sion nos. KX239500 for SW0704, KX239501 for FB946,
KX239502 for FB921, KX239503 for FB 952, KX239504
for FB938, and KX239505 for B92-932. Primers targeting
other DNA sequences >300 bp did not produce amplicons
for all 6 DNA specimens.

Alignment of P. brasiliensis and L. loboi sequences
from humans available in GenBank showed that partial Kex
gene sequences of these fungi from dolphins were similar
to those of P. brasilienis from humans. The only difference
between P. brasiliensis sequences from humans and those
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from dolphins was a gap caused by a missing nucleotide in
P. brasiliensis sequence from dolphins (Figure 2). P. lutzii
and L. loboi sequences had several nucleotide mismatches
and long gaps caused by several missing nucleotides (Fig-
ure 2). BLAST (https://blast.ncbi.nlm.nih.gov/Blast.cgi)
analysis showed that the 6 partial Kex gene sequences had
100% homology with 7 P. brasiliensis sequences (Gen-
Bank accession nos. EU870193, EF672178, EF672177,
EU870183, EU870177, EU870176, and EF672176), 93%
homology with 5 P. lutzii sequences (GenBank acces-
sion nos. EF672176, EU870176, AF486805, EU870183,
and EU870177), and 73% homology with 4 L. loboi se-
quences (GenBank accession nos. EU167516, EU167517,
EU167518, and EU167519).

Phylogenetic Analysis

Analysis of homologous partial CHS4, Gp43, Kex, and
ITS sequences of P. brasiliensis, P. lutzii, L. loboi, A.
capsulatus, and A. dermatitidis (the 2 Ajellomyces spe-
cies sequences were used as outgroups) by parsimony and
neighbor-joining showed that dolphin-derived pathogen se-
quences could be placed among P. brasiliensis sequences
isolated from humans with paracoccidioidomycosis (Fig-
ure 3). P. lutzii and L. loboi resolved into 2 low-supported
clusters. The partial Kex gene sequences of L. loboi avail-
able in GenBank placed this uncultivated pathogen among
Paracoccidioides species (Figure 3). Placement of dol-
phin pathogen Kex gene sequences within the cluster of P.
brasiliensis was also phylogenetically corroborated by us-
ing CHS4, Gp43, and ITS sequences available in GenBank
(Figure 4). Dolphin-derived pathogen sequences clustered
with good bootstrap support among sequences of P. brasil-
iensis isolates from humans.

Figure 1. Infected tissues

from 6 bottlenose dolphins
(Tursiops truncatus) with
paracoccidioidomycosis ceti,
Indian River Lagoon, Florida,
USA, showing typical branching
chains of yeast-like cells of
Paracoccidioides brasiliensis
connected by small isthmuses.
A) Strain FB-921; B) FB-938;
C) FB-946; D) FB-952; E) B92-
932; F) SW070458. Gomori's
methenamine silver stained.
Scale bars indicate 10 um.
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Figure 2. Nucleotide sequences of partial Kex gene exons of Lacazia loboi (LI) and Paracoccidioides brasiliensis (Pb), including
pathogen DNA sequences isolated from bottlenose dolphins, Indian River Lagoon, Florida, USA, and P. lutzii (Pl) containing mismatches
(bold) and unique gaps. Red box indicates DNA sequences missing a nucleotide present in P. brasiliensis from humans. Numbers
before and after sequences indicate nucleotide location of the depicted epitope. —, deletion.

Discussion
We found that fungal DNA sequences isolated from dol-
phins with skin granulomas containing yeast-like cells had
strong homology with sequences of cultivated P. brasiliesis
from humans (14-16). Since cutaneous granulomas con-
taining chains of yeast-like cells in 3 dolphin species (Sota-
lia guainensis, T. aduncus, and T. truncatus) were initially
reported, the etiologic agent of lacaziosis/lobomycosis was
believed to be L. loboi, which causes similar skin granu-
lomas in humans (1-7,19). This hypothesis was based on
phenotypic characteristics of the pathogen (uniform size
yeast-like cells in chains connected by slender isthmuses
and resistance to culture) and clinical presentation (keloi-
dal-like granulomas) in humans and dolphins with lacazio-
sis/lobomycosis (1,4,19). Although some authors had re-
ported minor phenotypic differences, such as smaller size of
yeast-like cells in infected dolphins than of yeast-like cells
in infected humans (20), the true phenotypic differences be-
tween the causative agent of keloidal-like skin infections in
dolphins and humans are not fully understood (4,20).
Studies using serum samples from humans and dol-
phins with lacaziosis/lobomycosis, mice experimentally in-
fected with L. loboi, and serum samples from humans with
paracocidioidomycosis showed that 1gG in serum samples
from dolphins and humans infected with L. loboi had
strong cross-reactivity with the gp43 antigen of P. brasil-
iensis (4,6,21). These findings support the hypothesis that
the uncultivated organism causing cutaneous granulomas
in humans and dolphins was L. loboi. Findings also implied

2066

that the gp43 antigen of the etiologic agent of parakeloidal-
like granulomas in humans and dolphins was antigenically
similar to that of P. brasiliensis. On the basis of these se-
rologic studies (4,6,21), current phylogenetic data for gp43
and Kex gene exons, and ITS DNA sequences, placement
of L. loboi from humans in its own genus is questionable.
Efforts to culture the organism from dolphins on classical
laboratory media successfully used to isolate P. brasilien-
sis from humans with paracoccidioidomycosis were not
successful (4,7). The physiologic basis of the inability to
culture the etiologic agent from dolphins with cutaneous
granulomas is not known. Thus, the life cycle features of
this agent remain an enigma.

Our phylogenetic (parsimony) analysis of partial Kex
DNA sequences validated reports suggesting that keloidal-
like lesions in dolphins are caused by a novel uncultivated
P. brasiliensis (13-16). We analyzed DNA sequences of
pathogens isolated from 6 dolphins with lacaziosis/lobo-
mycosis captured in the Indian River Lagoon. Diverse geo-
graphic locations of dolphins in the Atlantic Ocean (13,16)
and the Pacific Ocean (14,15) and specimens evaluated by
molecular methods provide additional support for place-
ment of the etiologic agent of keloidal-like granulomas in
dolphins within P. brasiliensis (Figure 3). Because these
geographic locations, especially for cases from Japan
(14,15), have different ecologic niches than locations for
P. brasiliensis in South America (4), detection of dolphins
infected with an uncultivated P. brasiliensis type in these
ecosystems is a major finding.
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Figure 3. Unrooted maximum-
parsimony phylogenetic tree of

partial Kex gene sequences of
Paracoccidioides brasiliensis (Pb)
from 6 bottlenose dolphins, Indian
River Lagoon, Florida, USA, with

skin granulomas and homologous
sequences of P. brasiliensis, P.

lutzii (Pl), and Lacazia loboi (LI)
available in GenBank. Ajellomyces
capsulatus and A. dermatitidis
homologous sequences were used as
outgroups. Strain names or accession
numbers are shown. Numbers along
branches are bootstrap values for
1,000 resamplings as obtained by
parsimony analysis, which support
different clusters. Box indicates
uncultivated P. brasiliensis from
dolphins grouped in the same cluster
with cultivated P. brasiliensis from
humans with paracoccidioidomycosis.
Sequences of P. lutzii and L. loboi
were placed with low bootstrap
support as the sister group to P.
brasiliensis. Scale bar indicates
nucleotide substitutions per site.

Moreover, our phylogenetic data obtained by using
gp43 gene exons of Minakawa et al. (14) and Ueda et al.
(15), ITS sequences of Esperdn et al. (16), and 2 CHS4
gene sequences (A. Schaefer, P. McCarthy, unpub. data)
strongly support placement of the dolphin pathogen within
cultivated P. brasiliensis isolates from humans (Figure 4).
The distance between ITS sequences from dolphins and P.
brasiliensis ITS sequences from humans is large (Figure 4,
panel A). An evaluation of additional ITS sequences from
dolphin uncultivated P. brasiliensis strains from dolphins
is needed to determine if this variation indicates 2 different
populations or rapid substitutions in this DNA region.

Molecular data for dolphins in the Pacific and Atlan-
tic Oceans in previous studies (13-16), the 6 pathogen
DNA sequences isolated from dolphins (this study), and 2
CHS4 gene sequences (A. Schaefer, P. McCarthy, unpub.
data) place the uncultivated pathogen within cultivated
P. brasiliensis strains. These studies added support to the
notion that a novel uncultivated P. brasiliensis, which is
different from the cultivated P. brasiliensis causing hu-
man paracoccidioidomycosis and L. loboi causing para-
keloidal-like lesions in humans, is the causative agent of
lacaziosis/lobomycosis in dolphins. Placement of L. loboi
in a different cluster from dolphin-derived uncultivated P.
brasiliensis indicates that, although both pathogens have
identical phenotypes and cause similar skin lesions, they
have different evolutionary paths.

Disease that shows keloidal-like granulomas in humans
and dolphins has been known by several different names, such
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as Jorge Lobo disease (4), Lobo’s disease (3,5,22), lobomy-
cosis (1,6,13,16,19,23,24), and lacaziosis (11,12,14,15). In
view of most recent findings, the names used to describe this
disease in dolphins are no longer supported. Minakawa et al.
(14) proposed maintaining the name lacaziosis with the un-
derstanding that this name would include L. loboi (humans),
uncultivated Paracoccidioides species, and P. brasiliensis
(dolphins). However, in our phylogenetic analysis, the Para-
coccidioides sp. strain (GenBank accession no. AB811031)
of Ueda et al. (15) from an infected dolphin grouped among
human P. brasiliensis strains. Thus, this strain is phylogenet-
ically similar to strain LC057206. Furthermore, phylogenet-
ic analysis of ITS sequences from dolphins with lacaziosis/
lobomycosis placed L. loboi (with strong bootstrap support)
in its own genus (Figure 3, panel A). Thus, the proposal by
Minakawa et al. (14). could add more confusion to the taxo-
nomic status of these 2 uncultivated fungal etiologies. In the
interim, we propose paracoccidioidomycosis ceti for the dis-
ease caused by uncultivated P. brasiliensis in dolphins. This
term best describes the current status of infected dolphins
with keloidal-like granulomas and yeast-like cells in chains
in infected tissues.

Uncultivated P. brasiliensis from Japan that causes
skin infections in a new species of dolphins (Lagenorhyn-
chus obliquidens) suggests that the geographic distribution
of this pathogen is expanding and could also infect other
species (14,15). Thus, whales and other cetaceans need to
be investigated for this pathogen (14). Paniz-Mondolfi et
al. (24) suggested that distinguishing apparent expansions
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Figure 4. Unrooted maximum-parsimony phylogenetic trees of A) partial internal transcribed spacer (ITS), B) 2 partial glycoprotein 43
(gp43) (12-14), and C) 2 partial chitin synthase 4 (CHS4) (A. Schaefer, P.J. McCarthy, unpub. data) gene sequences of Paracoccidioides
brasiliensis. Sequences were obtained pathogen-infected bottlenose dolphins, Indian River Lagoon, Florida, USA, and compared with
homologous sequences of cultivated Paracoccidioides brasiliensis (Pb), P. lutzii (Pi), and uncultivated Lacazia loboi (LI) available in
GenBank. Ajellomyeces capsulatus and A. dermatitidis CHS4, gp43, and ITS homologous sequences were used as outgroups. Strain
names or accession numbers are shown. Numbers along branches are bootstrap values for 1,000 resamplings obtained by parsimony

analysis, which support different clusters. P. brasiliensis ITS sequences from dolphins (14) grouped among cultivated P. brasiliensis ITS
sequences. Distance between uncultivated P. brasiliensis from dolphins and cultivated P. brasiliensis from humans is unusually large (box
in panel A). Placement of 2 gp43 P. brasiliensis sequences from dolphins (12,13) among cultivated P. brasiliensis strains (boxes in panel

B). P. brasiliensis partial CHS4 gene sequences from 2 dolphins placed these sequences (GenBank accession no. KX267767 [A3] and
KX267768 [90A]) within the P. brasiliensis cluster (box in panel C). Scale bars indicate nucleotide substitutions per site.

of the ecologic niche caused by increased interest and sur-
veillance by identification programs from a change in dis-
tribution would be difficult. The likelihood that this phe-
nomenon is an expansion of its ecologic niche caused by
global climate changes or increased surveillance is difficult
to prove, but it is an intriguing possibility.

Although the ITS sequences of L. loboi from humans
still group this pathogen in its own cluster, our molecular
data for DNA protein-coding sequences indicate that the 3
species in this study (cultivated and uncultivated P. brasil-
iensis, P. lutzii from humans and dolphins, and L. loboi
from humans) all have the same ancestor. Thus, all 3 species
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belong to the same genus (Paracocidioides). Comprehensive
phylogenetic and genomic analyses of L. loboi from humans
and uncultivated P. brasiliensis from dolphins are needed
to corroborate results of these analyses and identify the true
evolutionary history of L. loboi from humans. Our findings
could stimulate new interest in lacaziosis and paracoccidi-
oidomycosis ceti, which has been restricted to humans in
South America and dolphins in many oceans.
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Vertebrate Host Susceptibility
to Heartland Virus

Angela M. Bosco-Lauth, Amanda E. Calvert, J. Jeffrey Root, Tom Gidlewski, Brian H. Bird,
Richard A. Bowen, Atis Muehlenbachs, Sherif R. Zaki, Aaron C. Brault

Heartland virus (HRTV) is a recently described phlebovi-
rus initially isolated in 2009 from 2 humans who had leu-
kopenia and thrombocytopenia. Serologic assessment of
domestic and wild animal populations near the residence
of 1 of these persons showed high exposure rates to rac-
coons, white-tailed deer, and horses. To our knowledge,
no laboratory-based assessments of viremic potential of
animals infected with HRTV have been performed. We
experimentally inoculated several vertebrates (raccoons,
goats, chickens, rabbits, hamsters, C57BL/6 mice, and
interferon-a/p/y receptor—deficient [Ag129]) mice with
this virus. All animals showed immune responses against
HRTV after primary or secondary exposure. However,
neutralizing antibody responses were limited. Only Ag129
mice showed detectable viremia and associated illness
and death, which were dose dependent. Ag129 mice also
showed development of mean peak viral antibody titers >8
log,, PFU/mL, hemorrhagic hepatic lesions, splenomegaly,
and large amounts of HRTV antigen in mononuclear cells
and hematopoietic cells in the spleen.

Heartland virus (HRTV) is a novel bunyavirus (fam-
ily Bunyaviridae, genus Phlebovirus) first identified
in the United States in 2 persons with thrombocytopenia/
leukopenia in Missouri in 2009 (1). The virus has subse-
quently been isolated from nymphal Amblyomma ameri-
canum ticks collected at sites adjacent to the residences
of the index case-patients (2). High seroprevalence rates
for HRTV have been reported in northern raccoons (Pro-
cyon lotor), white-tailed deer (Odocoileus virginianus),
and horses sampled near the residences of human case-
patients (3). Additional serosurveillance in wildlife has
demonstrated wide-ranging antibody prevalence to HRTV
across the geographic host range distribution of A. ameri-
canum ticks (4).
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Genetically, HRTV is most closely related to severe
fever with thrombocytopenia syndrome virus (SFTSV) (1),
a tickborne virus in Asia that causes high fever, thrombo-
cytopenia, leukopenia, gastrointestinal disorders, central
nervous system involvement, disseminated intravascular
coagulopathy; and multiorgan dysfunction. Infection with
this virus shows a case-fatality rate of ~12% in humans
(5,6). Severe disease progression of patients infected with
SFTSV has further been associated with increased cyto-
kine and chemokine responses (7) and increased viremias
throughout the course of disease (6). Infection of rhesus
macaques with SFTSV caused mild human disease syn-
dromes similar to those in humans, including thrombocy-
topenia, leukopenia, and increased levels of hepatic and
cardiac enzymes (8).

Unlike SFTSV, which has been associated with thou-
sands of cases of symptomatic human disease in China (5)
and South Korea (9), only 8 diagnosed human cases of
HRTYV infection have been reported in the United States,
and 1 death in 2013 (10). Of those patients, 7 were from
Missouri and 1 from Tennessee (this patient died), which
indicated the continued presence of the virus over the
course of several years and over a wide geographic range
(11). Similar to that described for SFTSV, patients infect-
ed with HRTV commonly have fever, fatigue, anorexia,
thrombocytopenia, leukopenia, and increased levels of he-
patic enzymes (11).

With the recent discovery of SFTSV, HRTV, and
other novel phleboviral agents in recent years (12-14), it
is apparent that tickborne phleboviruses have been largely
underrecognized as potential human disease agents. The
vertebrate host range associations for SFTSV have been
poorly described and have not been addressed for HRTV
by experimental animal inoculation studies.

Given the serologic evidence that northern raccoons
are commonly exposed to HRTV across the central and
eastern United States (4) and near the residence of a human
index case-patient (3), we performed experimental inocula-
tions of raccoons with HRTV. In addition, on the basis of
results of goat serosurveillance for SFTSV in China (15)
and experimental infections (16), we performed experi-
mental inoculation of goats with HRTV. We also assessed
animal models (chickens, rabbits, hamsters, and mice) for
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host competence for HRTV to identify host range restric-
tions of the virus and establish a potential model for vire-
mic blood feeding for subsequent tick infections.

Materials and Methods

Viruses and Animal Models
We used an isolate of HRTV (Mo4) obtained from serum
of an acutely ill human patient in the fall of 2009 for ex-
perimental infections and plaque reduction neutralization
tests (PRNTSs). The isolate was passaged once on Vero E6
cells (African green monkey kidney cell line). Lone Star
virus (LSV) strain 2229 was used as a control virus for in-
traperitoneal and intracranial inoculation of CD-1 mice. All
animal models (including strain, age, inoculation route, and
dose inoculated) assessed for host competence for HRTV
are shown in Table 1. New Zealand white rabbits, chickens,
Syrian golden hamsters, C57BL/6 mice, and CD-1 mice
were obtained from Charles River Laboratories (Wilm-
ington, MA, USA) and housed at the Centers for Disease
Control and Prevention (Fort Collins, CO, USA) in Animal
Biosafety Level 3 (ABSL 3) conditions. Ag129 mice (o/B/y
receptor knockout) (17) were originally obtained from B
& K Universal (Hull, UK) and bred in house. The receptor
knockout genotype of the Ag129 mouse breeding line was
confirmed by genetic PCR markers generated from tail snip
tissues from 10 mice (Transnetyx, Cordova, TN, USA).
Boer goats were obtained from a private vendor and
housed in the Colorado State University Animal Disease
ABSL 3 Laboratory. Six raccoons were caught in the wild
in Larimer County, Colorado, and housed in a US Depart-
ment of Agriculture facility for several months before be-
ing transferred to the Animal Disease ABSL 3 Laboratory
at Colorado State University for experimental inoculation.
Raccoon serum samples were screened for neutralizing
antibodies against HRTV/phlebovirus as described (3)
and in this report. All animal handling, trapping, and care
was in compliance with approved Institutional Animal

Vertebrate Host Susceptibility to Heartland Virus

Care and Use Committee protocols under the oversight
of attending veterinarians. At arrival in the laboratory, all
animals were housed for a minimum of 3 days for accli-
matization before inoculation.

Experimental Inoculations
We inoculated animals with 10°-10° PFU by subcutane-
ous, intracranial, or intraperitoneal routes (Table 1). Whole
blood was collected from individual hamsters, rabbits,
chickens and goats daily during 1-7 days postinoculation
(dpi), groups of 3 raccoons on alternating days 1-8 dpi,
and 3 groups of 5 or 6 C57BL/6 and Ag129 mice every
third day 1-9 dpi. Ag129 mice were divided into 5 dos-
age groups of 15 mice (10°-10* PFU) (Table 1). At 28 dpi,
animals from all groups (except raccoons) were bled and
then given booster inoculations with 10* PFU of HRTV
and analyzed through 42 dpi, at which point the animals
were bled and euthanized. Terminal blood samples were
obtained from mice by cardiac bleed under deep isoflurane
anesthesia just before euthanasia. Two Agl129 mice (10?
PFU dose group) were terminally bled at 4 days postsec-
ondary challenge, and spleens were harvested for produc-
tion of monoclonal antibodies (MADbs) as described (18).
Raccoons were anesthetized with a ketamine:xylazine
cocktail (15-20 mg/kg:3-4 mg/kg) (3) given by intramus-
cular inoculation before sampling, and mice and hamsters
were anesthetized in an isoflurane chamber before serum
sampling. Rabbits, chickens, and goats were manually re-
strained appropriately for sample collection without use of
anesthetics. Whole blood was collected from peripheral
saphenous, cheek, or tail veins (mouse and hamster); ear
(rabbit); or jugular (chicken and raccoon). Samples were
centrifuged, and serum samples were frozen for subse-
quent virologic or serologic evaluation. Relative neuro-
invasive and neurovirulence phenotypes for HRTV were
compared with that for LSV strain 2229 by intraperitoneal
and intracranial inoculation, respectively. Isoflurane-anes-
thetized suckling (2 days old) and weanling (17 days old)

Table 1. Experimental inoculation of vertebrate hosts with Heartland virus*

Experimental animal model Strain No. Age, d/sex Inoculum dose, PFU Route of inoculation
Mouse C57BL/6 15 21/ F 10* ip
Mouse Ag129 15 21/M and F 10* ip
Mouse Agl129 15 21/M and F 108 ip
Mouse Ag129 15 21/M and F 102 ip
Mouse Ag129 15 21/M and F 10t ip
Mouse Agl129 15 21/M and F 10° ip
Mouset CD-1 10 2 10° ic
Mouset Cb-1 10 17 10° ip
Chicken Leghorn 3 Adult/F 104 sc
Hamster Syrian golden 5 21/F 10* sc
Goat Boer 2 Adult/M and F 10* sc
Rabbit New Zealand white 3 Adult/F 104 sc
Raccoon Wild-caught 6 Adult/M and F 104 sc

*Ag129, interferon-o/f/y receptor—deficient; ic, intracranial; ip, intraperitoneal; sc, subcutaneous.
TCD-1 mice were also inoculated similarly with Lone Star virus (same dose and route as for Heartland virus).
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CD-1 mice (n = 10) were inoculated with a 20 pL of sterile
phosphate-buffered saline (PBS) suspension of 10° PFU of
either virus. A group inoculated with minimal essential me-
dium was included as an inoculation control for both routes
of inoculation.

Serologic Testing

HRTV neutralizing and total immune reactive antibodies
were quantified by using a 70% PRNT (PRNT, ) (18) and
ELISA, respectively. For PRNTs, serum samples were
heat-inactivated at 56°C for 30 min, and 2-fold serially
diluted serum samples were mixed with an equal volume
of virus suspension. Plaques were enumerated through
10 dpi, and 70% neutralization endpoints were calculated
on the basis of comparison with serum negative controls
as described (3).

ELISAs were performed in 96-well microtiter plates
(Immulon 2HB; Thermo Lab Systems, Franklin, MA,
USA). Plate wells were coated with purified virus (0.06 pg/
well) in buffer (50 mmol/L sodium carbonate, 50 mmol/L
sodium bicarbonate, pH 9.6) and incubated at 4°C over-
night (18). Plates were washed 5 times with a PBS/0.1%
Tween wash buffer, and nonspecific binding sites were
blocked with Starting Block (Pierce, Dallas, TX, USA)
(100 pL/well). Serum samples were added in serial dilu-
tions in PBS (50 pL/well) and incubated at 37°C for 1 h.
Plates were washed 5 times before addition of the species-
appropriate horseradish peroxidase conjugate (50 pL/well),
diluted 1:5,000 in PBS. After an incubation period of 1 h
at 37°C, plates were washed and enhanced K-Blue TMB
(3,3',5,5" tetramethylbenzidine) substrate (Neogen, Lex-
ington, KY, USA) was added to each well (100 pL/well).
The plates were incubated in the dark at room temperature
for 10 min. Optical density (OD) was read on an automatic
plate reader at 450 nm. Endpoints were determined as an
OD reading on duplicate samples that was at least twice
that of the average OD for control serum samples. Titers
were expressed as the geometric mean of the reciprocal of
the endpoints.

Immunohistochemical Analysis

HRTV-inoculated Ag129 mice with signs of disease were
subjected to necropsy. Spleen, liver, and kidney tissues
were removed, fixed in 10% neutral-buffered formalin,
and processed by using routine methods (10). Immuno-
histochemical analysis using rabbit polyclonal antisera
against HRTV nucleocapsid (N) protein and an immu-
no-alkaline phosphatase detection system with Fast Red
Chromogen (Biocare Medical, Concord, CA, USA) was
used as described (1).

Results

Viremia, Death, and Clinical Assessment

Serum samples from chickens, raccoons, goats, rabbits, and
hamsters obtained during 1-7 dpi did not show detectable
HRTYV viremia (Table 2). Despite the previous finding that
SFTSV replicates to detectable levels in serum and results
in pathologic changes in spleens of immunocompetent
C57BL/6 mice (19), viremia was not detected in any serum
samples from this strain of mice inoculated with HRTV.
No infection-associated deaths or clinical signs of illness
were observed throughout the course of the infection in any
of inoculated animals.

In contrast, 100% of CD-1 mice inoculated intracra-
nially with LSV died within 6 dpi. However, illness or
death were not observed in mice inoculated with minimal
essential medium or HRTV. Similar to intraperitoneally in-
oculated C57BL/6 mice, intraperitoneally inoculated CD-1
mice showed no signs of illness or death. However, Ag129
mice showed virus dose-dependent death. Deaths were ob-
served in the group inoculated with 10* PFU; the first signs
of illness appeared on 4 dpi and death occurred on 5 dpi
(Figure 1, panel A). Groups inoculated with 103, 102, 10%, or
10° PFU had mortality rates of 85%, 83%, 80%, and 20%,
respectively. Average survival time was inversely propor-
tional to the inoculation dosage. Mean + SD survival time
ranged from 4.1 + 0.4 d for the 10* PFU dose group to 19.4
+ 4.2 d for the 10 PFU dose group (Figure 1, panel A).

Table 2. Viremia and antibody responses of animals experimentally inoculated with Heartland virus*

Inoculum dose, Mean peak Mean ELISA  ELISA positive, Mean PRNTz PRNT7o
Animal PFU titert dpi titert no. (%) titerf positive, no. (%)
Mouse (C57BL/6) 10 <15 428 4.4 (0.6) 15 (94) 0.7 (0.6) 10 (63)
Chicken 104 <15 14 NT NA ND 0
Chicken 10 NA 428 3.0(0.2) 3 (100) ND 0
Hamster 10 <15 428 4.3 (0.5) 4 (100) 1.3(0.4) 5 (100)
Goat 10° <15 28 NT NA 1.0 2 (100)
Goat 10° NA 428 3.0 2 (100) 13 2 (100)
Rabbit 104 <15 14 NT NA ND 0
Rabbit 10* NA 428 4.1 3 (100) 1.2(0.2) 3 (100)
Raccoon 10* <1.5 42 NT NA 0.4 (0.6) 2 (33

*Bold indicates initial (not given a booster immunization) sampling of a pair of animals that were later given a booster immunization. dpi, day
postinoculation; NA, not assessed; ND, not detected (no titer <1:10 for any animal); NT, not tested; PRNT7o, 70% plagque reduction neutralization test.

TDetection limit was 1.5 logio PFU/mL.
Flogio reciprocal titer (SD).

8Animals were given booster inoculations with 10* PFU of Heartland virus at 28 dpi.
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Figure 1. Dose response of Heartland virus (HRTV)—infected interferon o/f/y receptor—deficient (Ag129) mice. Mice of either sex
were inoculated with 10*-10° PFU of HRTV/0.1 mL of inoculum. Mice were observed daily for death through day postinoculation 24.
A) Percentage survival. B) Dose-associated HRTV viremias determined by plaque assays on Vero E6 cells. Different groups of 5 mice
inoculated with the same dose of HRTV were bled every third day. Thus, a decrease in viremia was observed for the 102 PFU dose

inoculum group days postinoculation 5 and 6. Error bars indicate SD.

Mean + SD time of death also showed prolonged survival
rates with lower inoculation doses when survivors were
omitted from the analyses: 4.1 + 0.4 d (104, 5.1 + 0.3 d
(10%),7.7+2.2d (10%,9.1£3.7d (10'),and 9 + 1.4 d (10°)
(Figure 1, panel A). We calculated a 50% lethal dose of 9
PFU by using linear regression analysis of the mortality
rate at various viral dilutions (R? = 0.84).

Viremia titers were also dose dependent; peak titers
were highest in the 10* PFU group and lowest in the 10°
PFU group (Table 3). Onset of viremia in most of the in-
oculation groups was at 2 dpi or 3 dpi, and the 10* PFU
inoculation group had the highest initial daily viremia titer
at 2 dpi (2.5 £ 0.5 log,, PFU/mL serum) and the highest
mean daily peak viremias by 5 dpi (8 log,, PFU/mL serum)
(Figure 1, panel B). However, 3 of the mice had viremias at
5 dpi >9 log, , PFU/mL serum. Only 5 of 15 Ag129 mice in
the 10° inoculation group had detectable viremias; highest
detectable titer was 4 log,, PFU/mL serum. Clinical signs
in Agl29 mice included hunched back, ruffied fur, muco-
purulent ocular discharge, and hematochezia. Mice that had
these signs were euthanized and subjected to necropsy for
gross and histopathologic analysis of lesions.

Serologic Analysis

All animals except raccoons received booster inocula-
tions at 28 dpi with 10* PFU of HRTV. HRTV neutralizing
antibodies were not detected in chickens through 42 dpi
after booster inoculation, but ELISA titers were evident
(3.0 log,,) (Table 2). Low, but detectable, PRNT titers (1
log,,~1.3 log, ) were observed in rabbits given booster in-
oculations; ELISA titers were <4.1 log, . All hamsters giv-
en booster inoculations had neutralizing titers (1 log,~1.9
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log,,) and ELISA titers (4.3 log, ). Despite the high HRTV
neutralizing antibody prevalence and magnitude of the im-
mune response identified in the field for raccoons, 0 of 6
experimentally inoculated raccoons had detectable viremia,
and only 2 had PRNT, titers (1 log,,and 1.3 log, ). ELISA
titers for raccoons were not assessed because of a lack of
appropriate species-associated conjugate. The 2 goats had
low (1.3 log, ) neutralizing immune responses after booster
inoculation, and ELISA titers of 3.0 log,, were detected.
C57BL/6 mice responded to infection with no detectable
(0.7 log,) titers detected by PRNT and 4.4 log, titers de-
tected by ELISA (Table 2).

Serologic Response and Challenge of

Surviving Ag129 Mice

Eighteen (24%) of 75 Ag129 mice survived the initial in-
oculation with HRTV (11 from the 10°PFU group, 3 from
the 10* PFU group, 2 from the 102 PFU group, and 2 from
the 10% PFU group). The 2 surviving Ag129 mice from the
10%PFU group were terminally bled for immune responses
at 21 dpi. One mouse had an ELISA titer of 1:364,500, and
the other mouse had no detectable reactivity (titer <1:500)
(Table 3). The 2 Ag129 mice that survived the 102 PFU
inoculation dose had ELISA titers of 1:121,500 and <1:500
at 28 dpi. These mice were given booster inoculations with
10* PFU of HRTV, and spleens harvested 4 days later (32
dpi) for detection of splenocyte fusions and myeloma cells
for MAb development as described (18). At 32 dpi (4 days
post-HRTV booster inoculation/challenge), neutralizing
responses were detected in both mice (1.9 log,, and 2.5
log,, reciprocal titers), and no serum viremia or virus was
detected in the spleens.
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Table 3. Viremia and antibody responses of interferon-o/B/y receptor—deficient mice experimentally inoculated with Heartland virus*

Mean ELISA  ELISA positive, Mean PRNTo PRNTo positive,

Inoculum dose, PFU dpi Mean peak titert titer no. (%) titert no. (%)
10° NA 8 (1.0) _ NA _
104 NA — - NA -
103 21 6.6 (1.2) 4.1 (2.0) 1 (50) NT -
102 28 5.3 (2.3) 3.9(1.7) 1 (50) NT NT
102 32 - - 2.2 (0.4) 2(100)§
10? 28 4.6 (2.1) 3.5(1.4) 1(33) 1.5 (0.6) ND
10? 42 - - 1.3(0.5) 1(33)
10° 28 3.4(2.2) 2.7 (1.4) 1(9) 1 1(9)
10° 42 - NT - 1.5 (0.6) 2(33)

*Bold indicates initial (not given a booster immunization) sampling of a pair of animals that were later given a booster immunization. dpi, day
postinoculation; NA, not applicable because uniform deaths were observed; ND, not detected; NT, not tested; PRNT7o0, 70% plague reduction

neutralization test; —, not assessed for titer.

TPeak titers (logio PFU/mL of serum) (SD). Detection limit was 1.5 logio PFU/mL.

Flogio reciprocal titer (SD).
§Tested at 4 d postchallenge.

Only 1 of the 3 Ag129 mice that survived initial chal-
lenge with HRTV at a dose of 10' PFU showed immune
reactivity to HRTV antigen by ELISA (titer 1:121,500)
at 28 dpi. Similarly, 1 of 11 surviving Ag129 mice from
the 10° PFU dose group showed HRTV immune reactivity
(titer 1:1,500) (Table 3) at 28 dpi. An HRTV neutralizing
titer of 1:10 was identified in the 28 dpi serum sample from
the ELISA-positive surviving mouse from the 10° PFU
inoculation group. In addition, the surviving mouse with
the higher ELISA titer from the 10' PFU dose group did
not have a detectable PRNT, titer, although neutralizing
titers were observed at lower thresholds. These 14 surviv-
ing mice were challenged with 10* PFU of HRTV at 28
dpi and observed for an additional 14 days through 42 dpi.
Eight (57%) of the 14 secondarily challenged Ag129 mice
survived through 42 dpi (2/3 in the 10! PFU dose group and
6/11 in the 10° PFU dose group), which indicated a protec-
tive immune response. However, only 3 of the 8 (1 in 10*
PFU dose group and 2 in 10° PFU dose group) surviving
mice had detectable neutralizing antibodies against HRTV,
and the mean + PRNT titers were only 1.9 and 1.5 + 0.6
for the 2 dose groups, respectively (Table 3).

Pathologic Analysis

At necropsy, hamsters, chickens, rabbits, raccoons, goats,
and C57BL/6 mice were in good physical condition and
none showed gross pathologic lesions associated with
HRTYV infection. In contrast, Ag129 mice had clear signs
of illness (Figure 2, panel A), including hunched posture,
ruffled fur, rectal hemorrhage, weight loss, and conjuncti-
vitis. Euthanized Ag129 mice had grossly enlarged, pale
spleens, hepatic hemorrhage, enlarged gall bladders, and
excess peritoneal fluid (Figure 2, panel B). Hematoxylin
and eosin-stained sections of Ag129 spleen and liver and
tissues showed reactive white pulp (Figure 2, panel C),
abundant apoptotic debris and hepatic sinusoids (Figure
2, panel D), and increased numbers of mononuclear cells.
Immunohistochemical analysis showed abundant HRTV
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antigen was observed diffusely within splenic mononuclear
cells (Figure 2, panel C), hepatic sinusoidal (Kupffer) cells
(Figure 2, panel D), and renal interstitial mononuclear cells
(Figure 2, panel E).

Discussion

HRTV is a novel bunyavirus known to cause serious dis-
ease in a small number of humans. Serologic surveillance
and isolation from A. americanum tick nymphs suggested
that HRTV circulates in an enzootic cycle and spills over
into humans when they are exposed to infected ticks (2,3).
However, in the animal models we present in this study,
no evidence of replicative infection in any of the wildlife
or outbred animals tested was observed, and viremia, ill-
ness, and death could only be induced in type | and type
Il interferon-receptor knockout mice. Likewise, although
SFTSV has been found to cause viremia and pathologic
manifestations, such as leukopenia and thrombocytopenia
in C57BL/6 mice, which is consistent with human patho-
logic changes, these mice did not show any clinical signs
of disease, and evidence of viral replication was limited to
the spleen (19).

However, all interferon o/p receptor knockout mice
(IFNAR —/-) inoculated with SFTSV died within 3-4
dpi and showed marked SFTSV antigen expression and
increased viremia profiles than did wild-type mice of the
same genetic background (19,20), which is consistent with
our results for Ag129 mice experimentally inoculated with
HTRYV (20). Furthermore, the protective role of the inter-
feron response has also been demonstrated by depleting
interferon in age-resistant C57BL/6 mice infected with an-
other phlebovirus (Punta Toro virus) (21). These data and
the experimental inoculation data in our study indicate that
the interferon response is critical for controlling pathologic
changes of mice infected with phleboviruses.

Similar to pathologic changes reported for SFTSV in-
fection in C57BL/6 mice (19) and IFNAR knockout mice
(20), viremia and major pathologic changes developed in
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Ag129 mice inoculated with HTRV, which is consistent
with platelet depletion and subsequent thrombocytopenia.
Histopathologic analysis showed a tropism for mono-
nuclear cells, as shown by detection of HRTV N protein
in splenic mononuclear cells, Kupffer cells, and intersti-
tial mononuclear cells within the kidney. Future studies
are needed to directly assess the capacity of the Agl129
mouse model to recapitulate leukopenia and thrombocyto-
penia manifestations observed in human disease progres-
sion and the subsequent role of splenic macrophages with
platelet depletion (19).

Nine hydridomas expressing HRTV MAbs derived
from HRTV-inoculated Ag129 splenocyte fusions de-
scribed in this report have been characterized. All of them
were found to be nonneutralizing and reactive to linear
epitopes of the HRTV N protein (18). These results are
not surprising because phlebovirus N protein is the most
abundant protein in the virion and in virus-infected cells
(22-24). Similarly, most MAbs against SFTSV are also
specific for N protein and nonneutralizing (25,26). Because
the humoral response to N protein occurs early in infec-
tion, this protein is used as a diagnostic antigen (22,27-30).
The presence of N protein-targeted humoral responses,
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Figure 2. Pathologic changes
associated with infection of
interferon-a/B/y receptor—
deficient (Ag129) mice with
Heartland virus (HRTV). A)
Mouse showing typical clinical
signs of HRTV infection
(ruffled fur, hunched posture,
and squinting eyes). B)
Dissected mouse showing an
enlarged pale spleen (arrow).
C-E) Hematoxylin and eosin
staining (left panels) and
immunohistochemical staining
(right panels) for HRTV
nucleocapsid protein of spleen
(C), liver (D), and kidney (E)
of Ag129 mice at 5-7 days
postinoculation with 10* PFU
virus. Original magnifications: C,
x100; D, x50; E, x100.

measured by ELISA titers, in C57BL/6 and Ag129 mice
with low neutralizing activity supports the hypothesis that
the N protein could serve as an immunologic decoy. Poor
humoral neutralizing response of infected hosts to anoth-
er bunyavirus, Crimean-Congo hemorrhagic fever virus
(genus Nairovirus), has been associated with enhanced
strain-specific virulence in humans (31). Crimean-Congo
hemorrhagic fever virus is rapidly cleared in immunocom-
petent mice, replicates to high titer, and induces pathologic
changes and thrombocytopenia in IFNAR mice, similar to
the disparate results obtained in this experiment between
C57BL/6 and Ag129 mice (22,27-30).

The lack of proper receptors, such as dendritic cell-
specific intercellular adhesion molecule 3—grabbing
nonintegrin (DC-SIGN) on Vero cells, used in neutral-
ization assays could also explain the low neutralization
titers we observed. When compared with cells that were
modified to express DC-SIGN, Mukherjee et al. found
that neutralization titers to dengue virus were found to
be increased (32). DC-SIGN has been shown to serve as
a receptor for attachment and endocytosis in phleboviral
infections, including those with SFTSV, Rift Valley fe-
ver virus, and Uukuniemi virus (33,34). The extremely
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low level of detected neutralizing antibodies in Ag129
mice that subsequently survived challenge with 1,000
50% lethal doses of HRTV indicates that neutralizing
antibody assays are not congruent with humoral protec-
tion levels or that cell-mediated immune responses af-
ford considerable protection.

The vertebrate host competence studies reported here
also demonstrate the potential host specificity that could
have evolved over long periods concomitant with diversi-
fication of HRTV from other phleboviruses. Our findings
do not exclude the potential role of multiple vertebrate
host(s) for maintenance of HRTV; several key animals,
such as horses and white-tailed deer, for which there is
serologic evidence of field exposures and tick associa-
tions, have yet to be assessed for HRTV host competence.
Nymphal A. americanum ticks, from which HRTV has
been isolated (2), are known to be catholic feeders, and
white-tailed deer may be a major host for the nymphal
stage of these ticks (35). HRTV could potentially circu-
late without the need for actual replication in the verte-
brate host through direct tick-to-tick transmission while
co-feeding nearby on a vertebrate host, as described for
the orthomyxovirus, Thogoto virus (36).

The role of direct tick transmission of virus to the ver-
tebrate host should be considered because it is related to
modulation of the host innate immune response and the
potential establishment of a permissive environment for
HRTV replication. Previous studies have demonstrated that
salivary transmission of Thogoto virus has potentiated the
antagonism of interferon-induced Mx1 antiviral activity
and resulted in successful transmission of co-feeding ticks
on a mouse strain for which parenteral inoculation was un-
successful (37). Salivary transmission by ticks could be a
major factor because of immunomodulatory effects of the
saliva (38,39) or differential immune signaling because of
specific lectins incorporated onto viral structural proteins,
which result from growth in arthropod cells (40). This
modulation by salivary components could affect initial
replication in skin dendritic cells and result in subsequent
development of viremias and neutralizing titers in field-
collected animals. Repeated exposure of attached ticks
salivating virus over prolonged periods could be sufficient
for neutralization titers to be manifested in the absence of
viral replication.

In conclusion, this study provides an assessment of the
relative susceptibility of several vertebrate hosts to paren-
teral infection with HRTV and a preliminary assessment of
a potential model for HRTV-associated disease pathology
in humans. Ag129 mice could be used as a source for estab-
lishing direct tick infection or as a transmission model for
infected A. americanum ticks for subsequent assessment of
these and alternative natural vertebrate host candidates for
HRTYV transmission.
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Whole-Genome Characterization
and Strain Comparison of VT2f-
Producing Escherichia coli Causing
Hemolytic Uremic Syndrome

Laura Grande, Valeria Michelacci, Roslen Bondi, Federica Gigliucci, Eelco Franz, Mahdi Askari Badouei,
Sabine Schlager, Fabio Minelli, Rosangela Tozzoli, Alfredo Caprioli, Stefano Morabito

Verotoxigenic Escherichia coli infections in humans cause
disease ranging from uncomplicated intestinal illnesses to
bloody diarrhea and systemic sequelae, such as hemolytic
uremic syndrome (HUS). Previous research indicated that
pigeons may be a reservoir for a population of verotoxigenic
E. coli producing the VT2f variant. We used whole-genome
sequencing to characterize a set of VT2f-producing E. coli
strains from human patients with diarrhea or HUS and from
healthy pigeons. We describe a phage conveying the vtx2f
genes and provide evidence that the strains causing milder
diarrheal disease may be transmitted to humans from pi-
geons. The strains causing HUS could derive from VT2f
phage acquisition by E. coli strains with a virulence genes
asset resembling that of typical HUS-associated verotoxi-
genic E. coli.

erotoxigenic Escherichia coli (VTEC) infections in hu-

mans cause a wide spectrum of clinical manifestations
ranging from uncomplicated forms of intestinal illnesses to
bloody diarrhea and systemic sequelae, such as hemolytic
uremic syndrome (HUS) (1). The most severe forms are
caused by the damage inflicted by the verocytotoxins (VTs)
to the target cells in the intestinal mucosa and the renal
blood vessels (1). The genes encoding the verocytotoxins
(vtx) are harbored by lambdoid bacteriophages, which can
be transferred to multiple bacterial hosts, generating a great
diversity in the bacterial types that produce such toxins (2).

The most well-known VTEC serogroup, 0157, inhab-
its the gastrointestinal tract of ruminants, especially cattle.
However, this and other VTEC serotypes have been isolated
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from the feces of several other animal species, including
deer, pigs, horses, cats, dogs, and wild birds (3).

During a program aimed at the control of the pigeon
population in Rome, Italy during 1998, G. Dell’Omo et al.
observed that this animal species was a carrier of VTEC
(4). In that study, VTEC of multiple serogroups were iso-
lated from ~10% of the animals tested. Of 16 VTEC, 15
carried the eae gene encoding the intimin and featured
genetic determinants that produced a subtype of verocyto-
toxin type 2 not described before, later designated VT2f
(4-6). The finding of such a high prevalence of VTEC in
pigeons living in Rome led to further research into these
bacteria in this and other bird species worldwide. Almost
all these studies succeeded in isolating VTEC, with preva-
lence ranging 3% to >19% in different countries and bird
species; most VTEC isolated from pigeon feces and cloa-
cal swab samples harbored the genes encoding the VT2f
subtype (7-10). These findings emphasize the existence of
a strict association between VTEC carrying the vix2f genes
and pigeons, which represent a reservoir for such strains.

Data on human illness attributable to VT2f-producing
E. coli has been scarce until recent reports from Germany
and the Netherlands described the isolation of such strains
from diarrheal stool specimens from humans (11,12). Fur-
thermore, in the Netherlands, an HUS case was recently
reported to be associated with the presence of a VT2f-
producing O8:H19 strain (13). We aimed to characterize
at the whole-genome level 3 E. coli strains that produced
the VT2f isolated from HUS and to investigate their rela-
tionships with VT2f-producing E. coli isolated from human
diarrheal cases and from the pigeon reservoir.

Materials and Methods

Bacterial Strains

We investigated 22 Vt2f -producing E. coli strains. Eight
previously described strains were isolated from pigeons in
Italy (4); eleven strains were isolated in the Netherlands
from fecal specimens from humans with diarrhea during
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2008-2012 and are part of the collections held at the Na-
tional Institute for Public Health and the Environment in
the Netherlands (RIVM) (12). Of the 3 VT2f-producing E.
coli from HUS patients, 1 was isolated in Austria in 2013
and 2 in Italy during 2013-2014. A total of 23 unrelated
VTEC non-0157 strains that produced VT1 and/or VT2
subtypes other than VT2f have been used for the com-
parison of the profiles of virulence genes with those of the
VT2f-producing isolates (Table 1).

Whole-Genome Sequencing of E. coli Strains
Sequencing of the strains isolated from fecal samples from
humans with diarrhea and from pigeons was outsourced
to the Central Veterinary Institute, Wageningen Uni-
versity (Lelystad, the Netherlands). Genome sequences
were obtained by using a TruSeq protocol on an Illumina
MiSeq PE300 platform (Illumina, San Diego, CA, USA).
The genomes of the 3 VT2f-producing isolates from
HUS patients were sequenced by using an lon Torrent
PGM (Thermo Fisher Scientific, Waltham, MA, USA)
according to 400-bp protocols for library preparation
through enzymatic shearing, lon OneTouch2 emulsion
PCR, enrichment, and Hi-Q sequencing kits (Thermo
Fisher Scientific).

The whole-genome sequences (WGSs) of the 23 non-
0157 VTEC strains are part of the European Molecular
Biology Laboratory’s European Nucleotide Archive Study
(http://lwww.ebi.ac.uk/ena; accession no. PRJEB11886).
The raw reads have been subjected to quality check through
FastQC and trimmed with FASTQ positional and quality

Genome Characterization of VT2f-Producing E. coli

trimming tool to remove the adaptors and to accept 20 as
the lowest Phred value (14).

We subjected the sequences obtained with the lon
Torrent apparatus to de novo assembly by using the tool
SPADES (15) and those from Illumina by using the A5
pipeline (16). The genomes have been assembled in several
contigs ranging from 42 to 495 (mean 225), with N50 val-
ues (the length of the smallest contig among the set of the
largest contigs that together cover at least 50% of the as-
sembly) between 40,736 and 347,638 (mean 152,953). All
the contigs were uploaded to the EMBL European Nucleo-
tide Archive (accession no. PRJEB12203). We made anno-
tations by using the Prokka tool (17). All the bioinformatics
tools used are available on the Aries public Galaxy server
(https://w3.iss.it/site/aries/).

Virulence Gene Profile Analysis and Serotyping

The presence of vix2f and eae genes has been assessed by
PCR by using primers and conditions described elsewhere
(5,18). The activity of VT2f has been evaluated by Vero
cell assay (VCA) as previously described (19).

We performed detection of the virulence genes cif,
efal, espABCFIJP, etpD, iha, iss, katP, Ipfa, nleABC,
tccP, tir, toxB, ehxA, and espP and the serotype determi-
nation in silico on the WGSs. We used blastn (available
on the Aries public Galaxy server at https://w3.iss.it/site/
aries/) to search databases containing the reference se-
quences of all the known virulence and serotype-associat-
ed genes of pathogenic E. coli (20). To perform the princi-
pal component analysis of the virulence gene profiles, we

Table 1. Characteristics of non-O157 verotoxigenic Escherichia coli strains used in a comparative analysis of the virulence profile of

VT2f-producing strains from humans and the animal reservoir*

Strain Serogroup Sourcet Year of isolation Virulence gene profile
EDO017 026 HUS 1989 eae vix1l
EDO75 026 Diarrheal feces 1990 eae vtx1l
ED180 026 HUS 1994 eae vix2
ED195 026 HUS 1994 eae vix1l
ED392 026 Diarrheal feces 1998 eae vtx1l
ED411 026 HUS 1999 eae vix2
ED423 026 Diarrheal feces 1999 eae vix1l
ED654 026 HUS 2007 eae vix2
ED669 026 HUS 2008 eae vix1l
ED676 026 HUS 2008 eae vix2
ED729 026 Diarrheal feces 2010 eae vtx1l
ED766 026 HUS 2010 eae vix2
ED657 0145 HUS 2007 eae vix2
ED603 0121 HUS 2004 eae vix2
EDO073 0111 Diarrheal feces 1990 eae vixl
EDO082 0111 HUS 1990 eae vix1l
ED142 0111 HUS 1992 eae Vtx1 vtx2
ED178 0111 HUS 1994 eae vix1 vix2
ED608 0111 HUS 2005 eae vtx1 vix2
ED664 0111 HUS 2007 eae vitx2
ED672 0111 HUS 2008 eae vtx1 vix2
ED287 0103 Bovine 1998 eae vix1l
ED728 0103 Bloody diarrheal feces 2010 vix1

*All samples are from humans except strain ED287. HUS, hemolytic uremic syndrome.

THUS samples were isolated from feces.
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used SAS/IML studio software version 3.4 (SAS Institute,
Inc., Cary, NC, USA).

We investigated plasmid profiles by using Plasmid-
Finder (21; https://cge.cbs.dtu.dk//services/all.php). The
intimin subtyping has been performed in silico through a
BLAST search (22) of the eae gene sequences from the
WGS against the National Center for Biotechnology In-
formation nucleotide repository. The intimin types of the
VT2f-producing strains isolated from pigeons have been
published (6,10).

rpoB Sequencing and Analysis

Amplification and sequencing of the rpoB gene were con-
ducted to discriminate between E. coli and E. albertii spe-
cies, as previously described (23). The amplicons were
purified with the SureClean Plus kit (Bioline, London,
UK) and sequenced using the BigDye Terminator v1.1
kit on a Genetic Analyzer 3130 (Thermo Fisher Scien-
tific). The obtained sequences were trimmed and aligned
to the reference sequences as indicated (23), using the
Clustal Omega free software (http://www.ebi.ac.uk/Tools/
msa/clustalo/).

Typing

We determined E. coli phylogenetic groups by using the
method of Clermont et al. (24). We carried out multilo-
cus sequence typing (MLST) of the VVT2f isolates in silico

according to the scheme proposed by Wirth et al. (25).
We analyzed the assembled sequences by using blastn to
search the MLST database downloaded from the Internet
site of the MLST.UCC Mark Achtman database (http://
mlst.warwick.ac.uk/mlst/dbs/Ecoli/).

Single-Nucleotide Polymorphism (SNP) Analysis

We analyzed SNPs by using the tool kSNP3 (26) available
on the Galaxy project instance Aries (https://w3.iss.it/site/
aries/). We set a kmer value of 23.

Results
Characterization of the VT2f-Producing E. coli Strains

Serotyping
Of 11 VTEC strains isolated from humans with diarrhea, 5
belonged to the O63:H6 serotype. The remaining 6 isolates
contained the f7iC, . (3 strains), fliC,,, (1 strain), and fliC, ,,
(2 strains) genes (Table 2) and belonged to serogroups 096,
0113, 0132, 0145, and 0O125. For 1 isolate, the O-anti-
gen—associated genes could not be identified (Table 2) (12).
Molecular serotyping of the 8 VT2f-producing strains
isolated from pigeons showed that all the isolates had the
SiC,,, and the O4, 045, 075, and 0128 serogroup-associ-
ated genes. The O-antigen genes could not be identified
for the isolate ED 366 (Table 2). The HUS-associated

Table 2. Characteristics of VT2f-producing Escherichia coli investigated in a comparative analysis of the virulence profile of strains
isolated from humans with mild and severe disease and from the animal reservoir*

Source and Year Intimin
strain isolated Serotype Phylotype MLST LEE adfO efal cif nleA nleB nleC Hly katP espP type
Human diarrhea
M856 2008 ONT:H6 B2 ST583  + + - + - + + - = - 0-2
M858 2008 0125:H6 B2 ST583 + + - + - + - — - — -2
M859 2009 0113:H6 B2 ST121 + + - + - — — — - — o-2
M884 2011 096:H7 B2 ST28 + + - + + + - — - — -2
M885 2011 O132:H34 B2 ST582  + + - = = + + - = - B-2
M900 2012 0O145:H34 B2 ST722 + + - = = + - - - — "
BCW5711 2012 063:H6 B2 ST583 + + - + + - + — - — -2
BCW5746 2012 063:H6 B2 ST583 + + - + - - + — - — -2
BCW5743 2012 063:H6 B2 ST583 + + - + - - + - - — -2
BCW5739 2012 063:H6 B2 ST583 + + - + - - + - - — -2
BCW5717 2012 063:H6 B2 ST583 + + - + - - + - - — -2
Pigeon
ED360 1997 045:H2 B1 ST20 + + - + + + + - - — B
ED361 1997 075:H2 Bl ST20 + + - + + + + — - — B
ED363 1997 04:H2 Bl UNK + + - + + + + — - — B
ED366 1997 ONT:H2 B1 ST2685 + + - + + + + — - — B
ED369 1997 045:H2 B1 ST20 + + - + + + + - = - B
ED377 1997 04:H2 Bl UNK + + - + + + + — - — B
ED430 2000 045:H2 B1 ST20 + + - + + + + — - — B
ED444 2000 0128:H2 Bl ST20 + + — + + + + — - — B
HUS
EF453 2013 080:H2 B1 ST301 + + + - + + + + - + 3
EF467 2013 026:H11 B1 ST21 + + + + + + + + + + B
EF476 2014 055:H9 Bl ST301 + + + — + + + + - + 13

*Human samples were diarrheal or fecal samples from HUS cases and pigeon samples were feces from asymptomatic birds. LEE, locus of enterocyte
effacement; MLST, multilocus sequence type; UNK, unknown; +, positive; —, negative.
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VT2f-producing E. coli strains EF453 and EF476 be-
longed to serotypes O80:H2 and O55:H9, respectively,
while strain EF467 was 026:H11.

Virulence Gene Profiles

The E. coli strains carrying the vtx2f and isolated from pi-
geons have been previously reported to produce an active
VT2f (6). As expected, culture supernatants from VT2f-
producing strains isolated from human diarrhea and HUS
induced a cytopathic effect on Vero cells morphologically
compatible with that caused by verocytoxins.

All the VT2f-producing strains included in the study
were positive for the eae gene (Table 2) and displayed
the presence of the entire locus of enterocyte effacement
(LEE) (data not shown). Most of the E. coli VT2f-pro-
ducing strains isolated from diarrheal cases harbored the
a-2 intimin type (8/11), followed by the B-2 (2/11) and 1
(1/11) types. The VT2f-strains isolated from pigeons had
been previously described to have the B-intimin (6) in
most cases and, more rarely, the a-2 intimin type (10). Of
3 HUS-associated VT2f-producing strains, 2 (EF453 and
EF476) carried the & intimin type and 1 (EF467) had the
B intimin (Table 2).

All the pigeon and HUS isolates possessed the com-
plete set of non-LEE-encoded effectors assayed (nleA,
nleB and nleC) (27), whereas the isolates from human diar-
rhea cases displayed an unequal presence of these genes
(Table 2). The efal gene, hallmark of the OI-122 patho-
genicity island (28), was not identified in the isolates from
pigeons or from human diarrheal specimens; neither were
the genes ehxA, espP and katP, usually present on the large
virulence plasmid of VTEC 0157 and other VTEC associ-
ated with severe human disease (Table 2). However, the
gene adfO, present on the OI-57 (29), was detected in all
the strains investigated (Table 2).

The HUS strains EF453, EF467, and EF476 had the
entire efal gene. Strain EF467 also had the ehxA, espP,
and katP genes; the EF453 and EF476 strains had the
ehxA and espP genes only (Table 2). The analysis of
the plasmid profiles substantiated the finding that the 3
HUS-associated strains carried the large virulence plas-
mid of VTEC, revealing the presence of a sequence 100%
homologous to the replicon sequence of the pO26-CRL
plasmid from a VTEC 026:H- (GenBank accession no.
GQ259888.1), which harbors the genes ehxA, espP,
and katP.

On the basis of plasmid profiles analysis, 7 of 11 E.
coli VT2f-producing strains isolated from human diarrheal
feces seemed to have the replicon sequence of the plasmid
pSFO (GenBank accession no. AF401292) encoding the
enterohemolysin and a cluster of pap-like genes called sfp
in a sorbitol-fermenting E. coli O157 (30). However, the
analysis of the WGSs failed to identify the ehxA and the
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pap-like sequences, suggesting that the entire pSFO plas-
mid was not present.

Principal component analysis of the virulence genes
profiles showed that the HUS isolates producing VT2f
clustered with the set of non-O157 VTEC isolates used
for comparison, rather than with the other VT2f-producing
strains (Figure 1). Conversely, the VT2f-producing strains
from diarrhea and from pigeons grouped together and apart
from the HUS strains (Figure 1).

Phylogenetic Analyses

rpoB Analysis

All the VT2f-producing isolates had an E. coli-related rpoB
sequence (23). This finding verified that all the strains in-
vestigated were E. coli.

Typing

All VT2f-producing E. coli isolates from pigeons and the
strains isolated from HUS belonged to the B1 phylogenetic
group. All the strains isolated from human diarrheal feces
were of phylotype B2 (Table 2).

By MLST, most of the pigeon strains investigated
(5/8) belonged to sequence type (ST) 20; 1 was ST2685,
and 2 were of unknown ST (Table 2), mainly because of
the absence of a recognizable adk gene sequence. The 5
063:H6, the 1 O125:H6, and the 1 ONT:H6 VTEC strains
from diarrheal fecal specimens belonged to ST583; of the
remaining 4 strains, 1 each was of sequence types ST28,
ST121, ST582, and ST722 (Table 2).

Of 3 HUS-associated VT2f-producing E. coli, 2
(EF453 and EF476) belonged to ST301; strain EF467
was of ST21 (Table 2). All of the STs belonged to dif-
ferent clonal complexes or to any clonal complex, in-
dicating that they were not related each other (data
not shown).

SNP Analysis

A parsimony tree representing the core-genome SNPs
analysis (Figure 2) shows that VVT2f-producing strains
from pigeons, human diarrheal feces, and HUS cases clus-
ter apart from each other and from other VTEC strains used
for comparison. The HUS-associated EF467 strain clusters
together with the group of VTEC non-O157 from human
disease, in agreement with the principal component analy-
sis (Figures 1, 2).

Identification of a Bacteriophage Containing

the vtx2f Genes

The contigs containing the vtx2f genes in the different
strains ranged 2,500-68,480 bp in size. Upon annota-
tion, they showed the presence of phage-associated genes
in the proximity of vtx2f, including those encoding the
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Figure 1. Principal component
analysis of the virulence profiles
of VT2f-producing verotoxigenic
Escherichia coli (VTEC) strains
isolated from fecal samples from
human uncomplicated diarrheal
case-patients (orange), human
hemolytic uremic syndrome
patients (red), and pigeon
feces (green). Non-O157
VTEC that do not produce

VT2f are indicated in purple.
This analysis clusters isolates
on the basis of similarities in
virulence gene content. Isolates
clustering together have

similar virulence profiles. Lines
represent individual virulence
genes. The projected length

of the lines on the horizontal
and vertical axes indicates the
strength of the contribution of

a specific virulence marker to
the separation of clusters. Dim1
and Dim2 represent the first

2 dimensions of the analysis
and indicate the fraction of
variation in the dataset that can
be explained by the included
variables (i.e., virulence genes).

antitermination protein Q, the lysis protein S, a phage ter-
minase, an integrase, and tail-assembly proteins.

We used WGS of HUS strain EF467 to assemble
a partial VT2f phage sequence of 38,594 bp (online
Technical ~ Appendix, http://wwwnc.cdc.gov/EID/
article/22/12/16-0017-Techappl.pdf). Analysis of the
construct highlighted the absence of most of the genes
normally involved in the regulation of the switch be-
tween the lysogenic state and the lytic cycle of lambdoid
phages, such as cro, cl, cll, clll, and N. We confirmed
these findings by mapping the raw reads of the WGS
of the strain EF467 against the VT2 reference bacte-
riophage BP933W (GenBank accession no. AF125520)
(not shown).

We confirmed the genomic structure of VT2f phage
obtained in silico by 4 PCRs performed on the total DNA
extracted from strain EF467 by using primer pairs designed
on the construct’s map and by using a restriction fragment
length polymorphism analysis on the obtained PCR frag-
ments (Table 3; online Technical Appendix). The partial
VT2f phage sequence was deposited into the EMBL data-
base (accession no. LN997803).

The portion of the VT2f phage spanning the xerC gene
and the tRNA-Gly and tRNA-Thr loci (online Technical
Appendix) was found in the draft genomes of all the VT 2f-
producing strains. The region downstream to the tRNA loci
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was also detected, but with different degrees of variation
among the WGSs; for example, the presence of an addi-
tional DNA stretch of =24 kb in the strain BCW5746 (on-
line Technical Appendix).

The presence of a similar phage structure was con-
firmed by using a long PCR approach in the other 2 VT2f-
producing E. coli from HUS cases and in 2 strains from
pigeons (strains ED377 and ED363). All the strains showed
the expected amplicons with PCR 2 and 3 together with
the expected product of PCR 1 in 2 pigeon isolates; all the
isolates tested did not yield any amplicon with PCR 4 (Fig-
ure 3). A comparative analysis of the xerC sequences from
all the VT2f phage constructs returned a high degree of
variation in its sequence, explaining the observed absence
of the PCR4-specific amplicon (data not shown). Finally,
a BLAST search by using this VT2f phage construct from
strain EF467 returned only partial similarity with phages
identified in different Enterobacteriaceae but did not re-
trieve similar structures.

Discussion

VTEC producing the VT2f subtype have long been con-
sidered a minor public health problem because of their
rare association with human infections (31-34). Recently,
however, an increasing number of reports of human dis-
eases caused by infection with these E. coli strains have
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Figure 2. Parsimony tree obtained from the
core-genome single-nucleotide polymorphism
analysis of VT2f-producing verotoxigenic
Escherichia coli (VTEC) strains from this study
compared with VTEC belonging to the most
relevant serogroups with publicly available
sequences. In detail: 2 VTEC O157:H7 strains,
EDL933 and Sakai (GenBank accession nos.
NZ_CP008957.1 and NC_002695.1); 1 O26:H6,
strain 11368 (accession no. NC_013361.1);

1 0145:H28, strain RM12581 (accession no.
NZ_CP007136.1); and 1 O111:H-, strain 11128
(accession no. NC_013364.1). Scale bar
indicates nucleotide substitutions per site.

populated the literature (11,12,32,35). The diversity of
vtx2f gene sequences compared with other vix2 subtype
genes may have played a role in underestimating the global
burden of such infections. PCR primers mostly used for
the detection of vix2 genes in clinical specimens and the
vehicles of infection have been proven to be unable to am-
plify the vtx2f gene (36). In addition, the recent description
of another eae-positive Escherichia species often isolated
from birds, and sometimes carrying vix2f genes, E. alber-
tii, added a further element of confusion. E. albertii has
been associated both with gastroenteritis in humans and
with healthy and diseased birds (37,38), but this species is

difficult to distinguish from E. coli when using the usual
biochemical or molecular assays.

Most human infections with VTEC producing VT2f
have been reported as uncomplicated diarrheal cases
(11,12), which may also have accounted for the under-
estimation of these infections. Because such cases are
not actively surveyed in many countries, these infections
may have been overlooked. The recent description of an
HUS case associated with a VT2f-producing E. coli (13)
changed the perspective on VT2f-producing E. coli and the
associated disease, making it necessary to update the cur-
rent paradigm of HUS-associated VTEC.

Table 3. PCR and restriction fragment length polymorphism analysis conditions used to verify VT2f phage structure in a comparative
analysis of the virulence profile of human and zoonotic VT2f-producing Escherichia coli strains*

Restriction enzyme

Analysis Amplicon (obtained fragments,
Primer name Sequence, 5'53' Position Thermal profile size, bp bp + bp)
PCR1 ¢-vix2f_1FW  caccatatcccagcaactgc 1,985-2,005 95°C for 2 min, 30x (94°C 6,331 Pvul (1,773 + 4,558)
¢ -vtx2f_1RV gttggcggttccgactacaa 8,315-8,296  for 30 s, 53°C for 30 s, 70°C
for 9 min); 72°C for 10 min
PCR2 ¢ -vtx2f_2FW gcgcatcaccacttcatctt 8,337-8,357 95°C for 2 min, 30x (94°C 8,166 Hindlll (1,855 +
128-1 agattgggcgtcattcactggttg  16,502-16,479 for 30 s, 53°C for 30 s, 70°C 6,311)
for 9 min), 72°C for 10 min
PCR3 ¢ -vix2f_3FW ggagtggatattgccgacct  16,808-16,827  95°C for 2 min, 30x (94°C 3,927 Bglll (1,310 + 2,617)
¢ -vtx2f_3RV gtcttcctgctgaggegate 20,734-20,715 for 30 s, 53°C for 30s, 70°C
for 9 min), 72°C for 10 min
PCR4 ¢ -vix2f_4FW  taatcgcggccgtactcaag — 22,172-22,191  95°C for 2 min, 30x (94°C 8,808 Ncol (5,029 + 3,779)
¢ -vix2f_4RV tgttcagctccaccttacgg 30,979-30,960 for 30 s, 53°C for 30 s, 70°C

for 9 min), 72°C for 10 min

*Analysis for PCR2, primer 128-1 from (5); all other data were compiled for this study. All the long PCR described were performed with the GoTaq Long
PCR Master Mix (Promega, Madison, WI, USA) according to manufacturer’s instructions. Primer positions refer to the phage sequence deposited into the

EMBL database (accession no. LN997803).
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Figure 3. Long PCR analysis of the VT2f phage of verotoxigenic Escherichia coli (VTEC) strains isolated from fecal samples from
humans with hemolytic uremic syndrome (EF467, EF476, EF453) and from pigeon feces (ED363, ED377). Numbers at left indicate bps;
lane numbers indicate PCR 1 to PCR 4. The expected size of the amplicons were 6,331 bp (PCR 1), 8,166 bp (PCR 2), 3,927 bp (PCR

3), and 8,808 bp (PCR 4).

We provide evidence that the VT2f-producing E. coli
isolated from HUS cases display the complete set of viru-
lence genes described in the typical HUS-associated VTEC
(Table 2; Figure 1) (28). All VT2f strains from HUS that
we examined were positive for pathogenicity island Ol-
122 (28) and the large virulence plasmid first described in
VTEC 0157 (Table 2) (39); the strains from pigeons or
from humans with uncomplicated diarrhea did not have
these virulence-associated mobile genetic elements (Table
2) (10-12,32,40).

Our study also showed that the LEE was complete in
all the genomes investigated, but a complete set of nleABC
genes was found only in strains from pigeons and from
humans with HUS (Table 2), indicating that the VT2f-
producing isolates investigated belonged to 3 distinct main
virulotypes or subpopulations (Table 2). The intimin sub-
typing supported this observation. Of 11 diarrheal isolates,
8 had the a-2 gene; all the pigeon isolates had a § intimin
coding gene. Finally, 2 of the 3 strains from HUS showed
the presence of a gene encoding the  intimin (Table 2).
Furthermore, the analysis of core genome SNPs confirmed
the existence of different subpopulations of VT2f-produc-
ing E. coli (Figure 2). The analysis of the virulence genes
suggests that different populations of VT2f-producing E.
coli exist and have different potential to cause human dis-
ease on the basis of the virulotype to which they belong.

VT2f-producing E. coli strains isolated from uncom-
plicated human cases of diarrhea have been reported in the
literature as being ST20 (11), which is the same sequence
type we identified in most pigeon isolates; this ST was
also described in VVT2f-producing E. coli isolated from
pigeons in Japan (40). The same study also described an
animal isolate of ST722, which was found in 1 strain iso-
lated from human diarrheal feces in our study (Table 2).
Similarly, the serotypes in some cases appeared to overlap
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isolates from pigeons and human cases of diarrhea, such
as the serotype 0128:H2 that we found in 1 pigeon isolate
that was also reported in isolates from human cases of
diarrhea in Germany (11).

Altogether, these observations indicate that the VVT2f-
producing E. coli causing diarrhea in humans could be a
subpopulation of those inhabiting the pigeon reservoir. Al-
ternately, information on the serotypes, ST, and principal
component analysis of virulence genes profiles supports the
hypothesis that the HUS VVT2f-producing strains are more
similar to the non-O157 VTEC often isolated from samples
from humans with severe disease (Figure 1) than to the oth-
er VT2f-producing E. coli from humans with diarrhea or
from asymptomatic pigeons. This hypothesis suggests that
the HUS VT2f-producing strains represent a distinct popu-
lation of VTEC; whether they are part of the pigeon intes-
tinal flora or arise from an acquisition of the vtx2-phage is
difficult to ascertain.

The phylogeny of VTEC of different serogroups, in-
vestigated by core SNP analysis, showed that the different
VT2f-producing E. coli cluster into different subpopula-
tions that include strain EF467 grouping together with non-
0157 VTEC strains from humans with disease (Figure 2).
However, the results from SNP analysis for VTEC of mul-
tiple serogroups should be carefully evaluated; the popula-
tion structure of VTEC belonging to serogroups other than
0157 and 026 has not been completely investigated yet.

At the first characterization of the vtx2f genes, it was
proposed that they were, similar to other VVT-coding genes,
located on bacteriophages (5). Our study confirms this hy-
pothesis and shows that such a phage apparently does not
have similar counterparts in the VT-phage genomes re-
ported in the National Center for Biotechnology Informa-
tion nucleotide repository (http://www.ncbi.nlm.nih.gov/).
In addition, we observed that VVT2f phage was very similar
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in all the VT2f-producing E. coli investigated (Figure 3; on-
line Technical Appendix), suggesting that the vtx2f genes
are present in phages sharing a common ancestor that is dif-
ferent from other phages with the other vix1/vtx2 subtypes.

In conclusion, we provide evidence that human infec-
tions with VT2f-producing E. coli are zoonotic diseases
transmitted from pigeons. Such an animal reservoir may ei-
ther directly disseminate VTEC strains causing diarrhea or
indirectly release VT2f phages in the environment, which
can in turn lysogenize E. coli strains that contain acces-
sory virulence determinants and confer them the ability to
cause HUS. The isolation of VT2f-producing E. coli with a
virulence gene profile related to the other HUS-associated
VTEC suggests that the severity of the symptoms induced
by infection may depend more on the ability to achieve a
proficient colonization of the host gut mucosa rather than
on the subtype of the produced toxin.

Dr. Grande is a researcher in the field of molecular microbiology.
Most of her research activities have been at the European Union
Reference Laboratory for E. coli, in the unit of Foodborne
Zoonoses of the Italian National Institute of Health in Rome,
Italy. Her research interests include the investigation and
characterization of mobile genetic elements encoding virulence
determinants in pathogenic E. coli.
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Foodborne illness (sometimes called “food-

4

borne disease,” “foodborne infection,” or
“food poisoning”) is a common, costly—yet
preventable—public health problem. Each
year, 1 in 6 Americans gets sick by consum-
ing contaminated foods or beverages. Many
different disease-causing microbes, or
pathogens, can contaminate foods, so there
are many different foodborne infections.
In addition, poisonous chemicals, or other
harmful substances can cause foodborne
diseases if they are present in food.
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African Horse Sickness Caused by
Genome Reassortment and
Reversion to Virulence of Live,
Attenuated VVaccine ViIruses,
South Africa, 2004—-2014
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Christopher Joone, Misha le Grange, Peter Coetzee, Estelle Venter,
Darren P. Martin, N. James MacLachlan, Alan J. Guthrie

African horse sickness (AHS) is a hemorrhagic viral fever
of horses. It is the only equine disease for which the World
Organization for Animal Health has introduced specific
guidelines for member countries seeking official recogni-
tion of disease-free status. Since 1997, South Africa has
maintained an AHS controlled area; however, sporadic out-
breaks of AHS have occurred in this area. We compared
the whole genome sequences of 39 AHS viruses (AHSVs)
from field AHS cases to determine the source of 3 such out-
breaks. Our analysis confirmed that individual outbreaks
were caused by virulent revertants of AHSV type 1 live, at-
tenuated vaccine (LAV) and reassortants with genome seg-
ments derived from AHSV types 1, 3, and 4 from a LAV used
in South Africa. These findings show that despite effective
protection of vaccinated horses, polyvalent LAV may, para-
doxically, place susceptible horses at risk for AHS.

frican horse sickness (AHS) is a severe, often fa-

tal disease of equids that is caused by AHS virus
(AHSV), a member of the genus Orbivirus, family Reo-
viridae (1). The virus is transmitted to horses by biting
midges in the genus Culicoides (2). Although AHS cur-
rently occurs only in sub-Saharan Africa, various species
of Culicoides midges occur throughout the entire inhabit-
ed world, warranting concern that AHSV could spread into
areas that are currently free of the virus (1,3-5). Further-
more, the global range of related Culicoides-transmitted
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orbiviruses, such as bluetongue virus, has expanded re-
cently, probably in part as a result of climate change (6).
In AHS-endemic temperate regions, such as those occur-
ring throughout much of South Africa, the disease is most
prevalent in late summer (7). Efforts to prevent the cata-
strophic impact of AHS began soon after the determina-
tion of its viral etiology in 1900, at which time it was only
the second animal virus ever described (8,9). Presently, a
polyvalent, live, attenuated vaccine (LAV) against AHSV
(AHSV-LAV), which is produced by Onderstepoort Bio-
logical Products (Pretoria, South Africa) and provides
broad protection against all 9 AHSV types (10), is used
widely in South Africa and adjacent countries. This vac-
cine is supplied in 2 vials, each containing different com-
binations of AHSV types: combination 1 is trivalent and
contains types 1, 3, and 4, whereas combination 2 is tetra-
valent and contains types 2, 6, 7, and 8 (10). Heterologous
immunity is believed to provide protection to the 2 AHSV
types, 5 and 9, that are not included in the vaccine.

AHS is the only equine disease for which the World
Organisation for Animal Health (OIE) observes official
recognition status, such that OIE member countries are re-
quired to have legally enforceable AHS control measures
in place and are required to immediately notify OIE of any
change to their country’s AHS status (11). The Western
Cape Province of South Africa, at the southern tip of the
African continent, has historically been free from AHS,
and for this reason, a legislatively defined AHS controlled
area was created there in 1997 to facilitate movement of
horses from South Africa. Within this area are an AHS free
zone, consisting of the Cape Town metropolis; an AHS sur-
veillance zone surrounding the free zone; and an outermost
AHS protection zone (PZ) (Figure 1) (12). Movement of
equids into and between these zones is strictly controlled.
Vaccination with the polyvalent AHSV-LAYV in the surveil-
lance zone and free zone is allowed only with permission
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Figure 1. Locations of African
horse sickness (AHS) outbreaks
in Western Cape Province, South
Africa, 2004—2014, including the
spatial distribution of each of
the AHS virus type 1 outbreaks
that have occurred in the AHS
controlled area since 1997. The
AHS controlled area (shown in
inset) is the combination of the
AHS free, AHS surveillance,
and AHS protection zones (also
shown). Individual confirmed
cases of AHS are indicated by
solid dots. Half-shaded dots
indicate confirmed cases for
which samples were sent for
sequencing (as opposed to
confirmed cases that were not
sequenced). The directional
distribution of each outbreak is
indicated by ellipses based on SD.

from the state veterinary service, and since March 2015,
only during the period of low vector activity.

Since its creation in 1997, a total of 6 outbreaks of
AHS in the AHS controlled area have been reported to
OIE, in1999, 2004, 2006, 2011, 2013, and 2014 (13-17).
Before the 2014 outbreak, these outbreaks were assumed
to be caused by illegal movement of viremic animals into
the controlled area, although the source was established for
only 2 of these outbreaks: a type 7 virus for the 1999 out-
break in the surveillance zone and a type 5 virus for the
2006 outbreak in the PZ (Figure 1) (18,19). Because the
source of the viruses responsible for the other outbreaks
was never established, the goal of our study was to further
characterize the epidemiology of AHSV type 1 (AHSV-1)
outbreaks in the controlled area by 1) whole-genome se-
quencing of viruses from individual outbreaks (2004, 2011,
and 2014); 2) phylogenetic comparison of these sequences
with those of the polyvalent AHSV-LAV and AHSV ref-
erence strains; 3) analysis of outbreak viruses for genome
segment reassortment; 4) analysis of single-nucleotide vari-
ants (SNVs) associated with attenuation of AHSV-LAV to
determine whether vaccine-derived viruses have reverted
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to virulence; 5) correlation of epidemiologic and clinical
findings with molecular findings; and 6) confirmation of
the source of the virus strains responsible for the 2004,
2011, and 2014 outbreaks of AHS in the controlled area.

Materials and Methods

Virus Isolates

We sequenced complete genomes from 55 AHSV isolates
collected during 1961-2014, including 39 field isolates of
AHSV-1 from horses during the 2004 Stellenbosch (16 iso-
lates), 2011 Mamre (7 isolates), 2014 Porterville (14 iso-
lates), and 2014 Robertson (2 isolates) outbreaks of AHS in
Western Cape Province of South Africa (Figure 1); AHSV
LAV strains of types 1, 2, 3, 4, 6, 7, and 8; and Agricul-
tural Research Council-Onderstepoort Veterinary Institute
Laboratory reference strains for each of the 9 AHSV types.
We included each of these virus isolates in the AHS ge-
nome sequencing Bioproject (http://www.ncbi.nlm.nih.gov/
bioproject/?term=PRINA271179) and identified each by a
unique virus strain name (online Technical Appendix 1, http:/
wwwnc.cdc.gov/ElD/article/22/12/16-0718-Techappl.xIsx).
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RNA Extraction, Identification, and Typing

We isolated individual viruses of each type included in
the polyvalent AHSV-LAV independently, as previously
described (20,21). We extracted genomic double-stranded
RNA from all AHSV strains evaluated from virus-infected
cells by using TRIzol reagent (Life Technologies, Johan-
nesburg, South Africa). We identified and typed AHSV
isolates by using group-specific (GS) real-time reverse
transcription PCR (rRT-PCR) assays (22) and type-specific
(TS) rRT-PCR assays targeting the gene encoding viral
protein (VP) 2 (VP2) (23).

Genome Sequencing and Assembly

We prepared sequencing templates by using sequence-in-
dependent whole-genome RT-PCR amplification (24). We
sequenced PCR amplicons on an lllumina MiSeq sequenc-
er (Ingaba Biotechnical Industries, Pretoria, South Africa)
by using the Nextera XT DNA sample preparation kit and
300-bp paired-end V3 lllumina chemistry. We analyzed I1-
lumina sequence reads by using Geneious version 9 (http://
www.geneious.com) (25). We used a combination of de
novo assembly followed by mapping to obtain the full-
length consensus genome sequences of each virus strain.

Phylogenetic Analysis

We aligned sequences of the concatenated whole virus ge-
nomes and individual genome segments by using MAFFT
(http://mafft.cbrc.jp/alignment/software) (26) implemented
within Geneious version 9 (25). We then used the Smart
Model Selection program included in PhyML version 3
(http:/lwww.atgc-montpellier.fr/phyml) (27) to identify the
evolutionary models that best fit the individual sequence
datasets by applying the corrected Akaike information cri-
terion. We used the parameters from these models to con-
struct maximume-likelihood trees by using PhyML version
3 (27) implemented within Geneious version 9 (25) with
1,000 bootstrap replicates to estimate branch support.

Genotype Group Analysis

We used RAMI (http://mbio-serv2.mbioekol.lu.se/rami.
html) to analyze the concatenated whole genome sequence
maximume-likelihood tree to genetically (and not evolution-
arily) classify the sequences into genotype groups based on
patristic distances (28). We ran RAMI with the patristic
distance threshold set to 0.000459, enabling us to differ-
entiate between genome sequences that differed from one
another by as few as 16 nt variants.

Reassortment Analysis

We used Recombination Detection Program (RDP) version
4.63 (29) with default settings, except that we invoked the
“scan for reassortment and recombination” setting to iden-
tify any reassortment between the gene segments of LAV
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strains of AHSV types 1, 3, and 4 and the 39 field isolate
strains included in this study. We considered reassortment
events detected by any of the 8 different recombination
detection methods implemented in RDP (RDP, MAXCHI,
and GENECONYV methods in primary scanning mode and
the BURT, Bootscan, CHIMAERA, SisScan, and 3SEQ
methods in secondary scanning mode, each with a Bonfer-
roni corrected p value cutoff of 0.05) to represent evidence
of reassortment.

Nonsynonymous Single Nucleotide Variants

We aligned consensus concatenated whole virus genomes
from 2 AHSV-1 laboratory strains (1/Lab/ZAF/62/0VI-
HS29/62 and 1/Lab/ZAF/98/OBP-116) and the 39 field
isolate strains by using MAFFT (26) and analyzed them by
using the find variations/SNPs function in Geneious (25)
with the find nonsynonymous polymorphisms only option
enabled. We then compared the nonsynonymous SNVs in
these sequences with the nonsynonymous SNVs previously
associated with attenuation of AHSV-1 (24).

Results

Phylogenetic and Genotype Group Analysis

We used concatenated genome segments of 55 AHSV ge-
nomes to construct a maximum-likelihood phylogenetic
tree incorporating best-fit substitution models (online
Technical Appendix 2 Table 1, http://wwwnc.cdc.gov/
EID/article/22/12/16-0718-Techapp2.pdf) to infer degrees
of genetic relatedness (Figure 2). Genotype group analysis
of patristic distances inferred from this maximum-likeli-
hood tree by using RAMI (28) indicated that the AHSV
strains isolated during the 2004, 2011, and 2014 outbreaks
of AHS in the controlled area segregate into 3, 1, and 2
unique groups, respectively. Specifically, the groups were
1a, 1b, and 1c for the 2004 outbreak; 2 for the 2011 out-
break; 3a for the 2014 Porterville outbreak; and 3b for the
2014 Robertson outbreak (online Technical Appendix 2
Table 2). For the 2004 outbreak viruses, genotype group
la includes 4 viruses that group closely with the AHSV-1-
LAV strain, 1/Lab/ZAF/98/0OBP-116; genotype group 1b
includes 11 viruses that are also closely related to 1/Lab/
ZAF/98/0BP-116; and genotype group 1c includes a single
virus that segregates between 1/Lab/ZAF/98/0OBP-116 and
4/Lab/ZAF/98/0OBP-116. The Mamre outbreak viruses in
genotype group 2 consist of 7 viruses that are all closely
related to 1/Lab/ZAF/98/OBP-116. For the 2014 outbreak
viruses, genotype group 3a includes 14 viruses that were
all isolated from AHSV-infected horses in the Porterville
area and genotype group 3b includes 2 viruses that were
isolated from AHSV-infected horses in the Robertson area,
with both groups of viruses being closely related to 1/Lab/
ZAF/98/0BP-116.
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Table 1. Attenuation-associated nonsynonymous SNVs of consensus sequences of genome segments of AHSV-1 viruses from 4 AHS
outbreaks in the AHS controlled area of Western Cape Province, South Africa, 2004-2014, and reference strains*

Genome segment and amino acid position Genotype

Abbreviated strain name VP2 357 VP3232 VP5422 VP5434 VP68l VP6169 NS3201 group
1/E.cab-tc/ZAF/62/0VI-HS29/62 N Y S T A R M
1/Lab/ZAF/98/OBP-1161 K H N | \ Q K
1/E.cab-tc/ZAF/04/Elb-E040019 ¥ T§ A R E la
1/E.cab-tc/ZAF/04/Elb-E040020 T A R E la
1/E.cab-tc/ZAF/04/Elb-E040021 T A R E la
1/E.cab-tc/ZAF/04/Dkt-E040029 T A R E la
1/E.cab-tc/ZAF/04/Tgd-E040031 N T A R 1 1b
1/E.cab-tc/ZAF/04/Elb-E040034 N T A R 1 1b
1/E.cab-tc/ZAF/04/Tgd-E040039 N T A R 1 1b
1/E.cab-tc/ZAF/04/Avt-E040043 N T A R 1 1b
1/E.cab-tc/ZAF/04/Avt-E040048 N T A R 1 1b
1/E.cab-tc/ZAF/04/Vdm-E040062 N T A R 1 1b
1/E.cab-tc/ZAF/04/Tgd-E040064 N T A R 1 1b
1/E.cab-tc/ZAF/04/Vdm-E040065 N T A 1 1b
1/E.cab-tc/ZAF/04/Avt-E040066 N T A R 1 1b
1/E.cab-tc/ZAF/04/Avt-E040081 N T A R 1 1b
1/E.cab-tc/ZAF/04/Kbk-E040086 N T A R 1 1b
1/E.cab-tc/ZAF/04/Avt-E040061 N 1 1 A R 1 1c
1/E.cab-tc/ZAF/11/Mre-E110143_1 T A R N 2
1/E.cab-tc/ZAF/11/Mre-E110180_WC44 T A R N 2
1/E.cab-tc/ZAF/11/Mre-E110180_WC61 T A R N 2
1/E.cab-tc/ZAF/11/Mre-E110180_WC165 T A R N 2
1/E.cab-tc/ZAF/11/Mre-E110411_1 T A R N 2
1/E.cab-tc/ZAF/11/Mre-E110418_1 T A R N 2
1/E.cab-tc/ZAF/11/Mre-E110674_3 T A R N 2
1/E.cab-tc/ZAF/14/Ptv-E140485_WC00522 T A R 1 3a
1/E.cab-tc/ZAF/14/Ptv-E140485_WC00528 T A R 1 3a
1/E.cab-tc/ZAF/14/Ptv-E140485_WC00533 T A R 1 3a
1/E.cab-tc/ZAF/14/Ptv-E140485_WC00544 T A R 1 3a
1/E.cab-tc/ZAF/14/Ptv-E140485_WC00555 T A R 1 3a
1/E.cab-tc/ZAF/14/Srn-E140526_WC00481 T A R 1 3a
1/E.cab-tc/ZAF/14/Sr-E140526_WC00482 T A R 1 3a
1/E.cab-tc/ZAF/14/Srn-E140526_WC00488 T A R 1 3a
1/E.cab-tc/ZAF/14/Srn-E140526_WC00491 T A R 1 3a
1/E.cab-tc/ZAF/14/Sm-E140526_WC00493 T A R 1 3a
1/E.cab-tc/ZAF/14/Srn-E140526_WC00502 T A R 1 3a
1/E.cab-tc/ZAF/14/Ptv-E140536_WC00506 T A R 1 3a
1/E.cab-tc/ZAF/14/Ptv-E140536_WC00507 T A R 1 3a
1/E.cab-tc/ZAF/14/Ptv-E140536_WC00508 T A R 1 3a
1/E.cab-tc/ZAF/14/Rbn-E140702_RB00008 T A R 1 3b
1/E.cab-tc/ZAF/14/Rbn-E140816_RB00221 T A R 1 3b

*AHS, African horse sickness; AHSV-1, AHS virus type 1; NS3, nonstructural protein 3; SNV, single-nucleotide variants; VP, viral protein.
1The changes in amino acids are indicated in comparison with the AHSV-1 live, attenuated vaccine-derived strain (1/Lab/ZAF/98/OBP-116) for relevant

viral proteins.

FSequences that were identical to the consensus sequence of the vaccine-derived strain are indicated by an empty cell.
§Sequences that differed from the consensus sequence of the AHSV-1 live, attenuated vaccine-derived strain are indicated with the letter symbol of the

relevant amino acid.

findicates that these segments were not considered due to a recombination event that occurred with another vaccine-derived AHSV type.

Given that reassortment is a major feature of orbivirus
evolution (30,31), we further explored the evolutionary re-
lationships between the 55 AHSV sequences by construct-
ing separate maximum-likelihood trees for each of the
VP1, VP2, VP3, VP4, VPS5, VP6, VP7, nonstructural (NS)
protein 1 (NS1), NS2, and NS3 encoding genome segments
(online Technical Appendix 2 Figures 1-10). For the seg-
ments encoding VP2, VP3, VP6, NS1, and NS2, viruses
included in genotype groups 1a, 1b, 1c, 2, 3a, and 3b all
group, with high degrees of associated bootstrap support,
together with the AHSV-1-LAV strain, 1/Lab/ZAF/98/
OBP-116. For the segments encoding VP1, VP4, and VP7,
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the viruses included in genotype groups 1a, 2, 3a, and 3b
also group with 1/Lab/ZAF/98/0OBP-116, whereas those
in genotype groups 1b and 1c group with the AHSV-3-
LAV strain, 3/Lab/ZAF/98/OBP-116. For the gene encod-
ing VPS5, viruses included in all genotype groups except
1c group with 1/Lab/ZAF/98/OBP-116, whereas those in
genotype group 1c group with the AHSV-4-LAV strain, 4/
Lab/ZAF/98/OBP-116. For genes encoding NS3, viruses
included in genotype groups la and 2 group with 1/Lab/
ZAF/98/0BP-116, whereas those included in the remaining
genotype groups group with 4/Lab/ZAF/98/0OBP-116. Col-
lectively, these data confirm that all 10 gene segments of
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the viruses included in genotype groups 1a and 2 are prob-
ably derived from a most recent common ancestor closely
resembling 1/Lab/ZAF/98/OBP-116; the viruses included
in genotype groups 1b and 1c are probably reassortants de-
rived from parental viruses very closely resembling 1/Lab/

African Horse Sickness, South Africa, 2004—-2014

ZAF/98/0BP-116, 3/Lab/ZAF/98/0BP-116, and 4/Lab/
ZAF/98/0OBP-116; and viruses in genotype groups 3a and
3b are probably reassortants derived from parental viruses
very closely resembling 1/Lab/ZAF/98/OBP-116 and 4/
Lab/ZAF/98/0BP-116 (Figure 3).

Figure 2. Whole-genome
phylogeny of African horse
sickness (AHS) viruses identified
in AHS outbreaks in Western
Cape Province, South Africa,
2004—-2014. Maximum-likelihood
phylogenetic tree indicating

the genetic relationships of
concatenated whole genome
nucleotide sequences of AHS
viruses from affected horses in the
2004, 2011, and 2014 outbreaks in
the AHS controlled area in Western
Cape Province to the AHS live,
attenuated vaccine viruses and
reference viruses. Green indicates
vaccine-derived 1/Lab/ZAF/98/
OBP-116, blue indicates vaccine-
derived 3/Lab/ZAF/98/0OBP-116,
and red indicates vaccine-derived
4/Lab/ZAF/98/0OBP-116. Branches
are scaled to represent numbers
of inferred nucleotide differences
per site. Branches supported by
full maximume-likelihood bootstrap
values >70% are indicated.
Genotype groups are indicated

at right. Scale bar indicates
genetic distance.
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Table 2. Epidemiologic parameters for 4 outbreaks involving AHS virus type 1 in the AHS controlled area in Western Cape Province,

South Africa, 2004-2014*

Parametert 2004 Stellenbosch 2011 Mamre 2014 Porterville 2014 Robertson
No. confirmed cases 23 (16)% 84 (73)8 89 22
No. deaths 18 (16)% 64 (64)8 13 1
Case-fatality rate, % 78.3 (100)% 76.2 (87.7)8 14.6 4.5
No. subclinical cases 0 15 (4)t 52 17
% Subclinical 0 17.9 (5.5)8 58.4 77.3
No. vaccinated cases 2/23 2/84 35/89 3/22
% Vaccinated 8.7 2.4 39.3 13.6
No. properties affected 10 (8)% 47 (45)8 31 8

*AHS, African horse sickness.

1The parameters were calculated by using the current World Organization for Animal Health (OIE) case definition. Parameters calculated by using the
case definitions when the outbreaks occurred are in parenthesis for the 2004 and 2011 outbreaks.
$An additional 5 clinical cases and 2 deaths that met the criteria of the current OIE AHS case definition were not included based on the case definition in

place at the time of this outbreak (13).

§An additional 11 subclinical cases that met the criteria of the current OIE AHS case definition were not included based on the case definition in place at

the time of this outbreak (15).

Explicitly testing for intrasegment recombination and
reassortment by using RDP4.63 (29) yielded no evidence
of intracomponent recombination in any virus but strong
evidence of reassortment in genotype group 1b, 1c, 3a, and
3b viruses (online Technical Appendix 2 Table 3). Geno-
type group 1b viruses have 6 genome segments (encoding
VP2, VP3, VP5, VP6, NS1, and NS2) derived from a vi-
rus resembling 1/Lab/ZAF/98/OBP-116; 2 segments (en-
coding VP1 and VP7) derived from a virus resembling 3/
Lab/ZAF/98/0OBP-116 (multiple testing corrected p = 2.27
x 102 and 1.13 x 107*, respectively); 1 segment (encod-
ing NS3) derived from a virus resembling 4/Lab/ZAF/98/
OBP-116 (p = 9.31 x 107*); and 1 segment (encoding
VVP4) that could plausibly have been derived from ei-
ther 3/Lab/ZAF/98/OBP-116 or 1/Lab/ZAF/98/OBP-116
(p = 7.66 x 10) (Figure 4). Genotype group 1c viruses
display a reassortant pattern resembling that of group 1b
viruses except that the segment encoding VP5 is apparently
derived from a virus resembling 4/Lab/ZAF/98/OBP-116
(p=1.96 x 10721%). Genotype groups 3a and 3b viruses have
9 segments derived from a virus resembling 1/Lab/ZAF/98/
OBP-116 and a single segment (NS3) derived from a
virus resembling 4/Lab/ZAF/98/OBP-116 (p=9.31 x 107%%)
(Figure 4).

Several SNVs relative to the AHSV-LAV—derived
viruses 1/Lab/ZAF/98/0OBP-116 and 3/Lab/ZAF/98/OBP-
116 are present in the NS1-encoding genes of viruses in-
cluded in genotype groups 3a (2014 Porterville) and 3b
(2014 Robertson) (online Technical Appendix 2 Table 4).
Only a single nonsynonymous SNV exists between the
NSI-encoding genes of 1/Lab/ZAF/98/OBP-116 and 3/
Lab/ZAF/98/OBP-116 (NS1 1264T). All viruses included
in genotype group 3a (2014 Porterville) have the | amino
acid variant that is present in 1/Lab/ZAF/98/OBP-116,
whereas viruses in genotype group 3b (2014 Robertson)
include the T amino acid variant present in 3/Lab/ZAF/98/
OBP-116. Viruses in the 3b genotype group (2014 Robert-
son) include >2 synonymous SNVs and >1 nonsynonymous
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SNV relative to 3/Lab/ZAF/98/OBP-116, which suggests
that the NS1 gene of the virus strains in genotype group 3b
are most probably derived from 3/Lab/ZAF/98/OBP-116,
whereas those in genotype group 3a are more probably de-
rived from 1/Lab/ZAF/98/0OBP-116.

Seven nonsynonymous SNVs were identified between
the whole genome sequences of the AHSV-1-LAV-de-
rived virus, 1/Lab/ZAF/98/OBP-116, and its parental vi-
rus, 1/E.cab-tc/ZAF/62/0VI-HS29/62 (Table 1). SNVs
are present at 4 of these 7 sites in the 4 viruses included in
genotype group la. Intriguingly, 3 of these 4 changes are
apparently reversions to the nonsynonymous SNV that is
present in the virulent parental virus (1434T in VP5 and
V81A and Q169R in VP6) and are therefore potentially
reversion-to-virulence mutations. The 1 other SNV in the
genotype group la viruses is site 201 in NS3, whereas
in 1/Lab/ZAF/98/0OBP-116 and 1/E.cab-tc/ZAF/62/0V1-
HS29/62, a K and an M, respectively, are at this site, and
in the group la viruses, an E is at this site. In 10 of the
11 field viruses in genotype group lb, nonsynonymous
SNVs were also detected at 4 of the 7 sites that differ-
entiate the attenuated 1/Lab/ZAF/98/OBP-116 virus from
its virulent parent, 1/E.cab-tc/ZAF/62/0VI-HS29/62. The
remaining field virus in genotype group 1b, 1/E.cab-tc/
ZAF/04/Vdm-E040065, includes 3 of these 4 SNVs. The
[434T SNV in VPS5 and the V81A and QI169R SNVs in
VVP6 of viruses in genotype group la are the same as those
found in the genotype group 1b, 2, 3a, and 3b viruses. The
K357N SNV in VP2 was detected only among viruses in
genotype groups 1b and 1c. All the viruses included in
genotype groups 1b, 1c, 3a, and 3b are also reassortants
with an NS3-encoding segment derived from a virus re-
sembling 4/Lab/ZAF/98/OBP-116; therefore, SNVs in
this component of these viruses were not considered as
genuine mutationally derived SNVs.

The 1/E.cab-tc/ZAF/04/Avt-E040061 strain in gen-
otype group lc has nonsynonymous SNVs at 3 of the 7
loci (K357N in VP2 and V81A and Q169R in VP6) but a
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Figure 3. Cladogram and

heat map of vaccine-derived
African horse sickness (AHS)
virus reassortants identified

in AHS outbreaks in Western
Cape Province, South Africa,
2004-2014. Cladogram
indicates genetic relationships of
concatenated AHS virus whole-
genome nucleotide sequences
from affected horses in the
2004, 2011, and 2014 outbreaks
in the AHS controlled area in
Western Cape Province. Heat
map diagram summarizes the
origin of the gene segments for
each strain with 1/Lab/ZAF/98/
OBP-116 (green blocks), 3/Lab/
ZAF/98/0OBP-116 (blue blocks),
and 4/Lab/ZAF/98/OBP-116
(red blocks) vaccine-derived
strains. Gray blocks indicate that
the segment could be derived
from either 1/Lab/ZAF/98/OBP-
116 or 3/Lab/ZAF/98/0OBP-116.
Branches supported by full
maximum-likelihood bootstrap
values >70% are indicated.
Genotype groups are indicated
at right.

VP5-encoding gene apparently derived by reassortment
from a virus resembling 4/Lab/ZAF/98/0OBP-116, such that
the SNVs in the VPS5 of this strain were also not considered
to be mutationally derived.

The 7 viruses included in genotype group 2 and the
16 viruses included in genotype groups 3a and 3b all ex-
hibit potential reversion-to-virulence mutations at 3 of the
7 nonsynonymous SNV sites that differentiate the AHSV-
1-LAV virus from its virulent parent (1434T in VP5 and
V81A and Q169R in VP6). Additionally, a fourth SNV
(K201IN in NS3) at 1 of the 7 sites differentiating the
AHSV-1 LAV from its parent (which had a K and an M,
respectively, at this site) is also present in the genotype
group 2 viruses.

Quantification of the Outbreaks

The epidemiologic parameters of the AHS outbreaks in
the controlled area in 2004, 2011, and 2014 were inferred
by using the current OIE case definition for AHS (11)
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(Table 2). Although the case-fatality rates (CFRs) were
very high for the 2004 Stellenbosch (78.3%) and 2011
Mamre (76.2%) outbreaks, they were considerably lower
for the 2014 Porterville (14.6%) and Robertson (4.5%)
outbreaks. Additionally, the 2011 Mamre and 2004 Stel-
lenbosch outbreaks were associated with the lowest vac-
cination rates among AHSV-infected horses (2.7% and
8.7%, respectively). Differences in the genetic constitu-
tion of the individual outbreak viruses could have been as-
sociated with the vastly different CFRs in each outbreak;
however, whether these differences in CFRs are a conse-
quence of lower virulence among the outbreak viruses or
the result of existing vaccine-induced immunity in the ex-
posed horses is unknown. Similarly, changes in the AHS
case definition that only came into effect in 2008 (after the
2004 Stellenbosch outbreak) probably resulted in an un-
derestimation of subclinical AHSV infections during that
outbreak. Whereas during the Stellenbosch 2004 outbreak
only clinically affected, deceased horses were classified
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Figure 4. Statistical evidence
of reassortment within the
genomes of African horse
sickness (AHS) virus field
isolates identified in outbreaks
in the AHS controlled area

in Western Cape Province,
South Africa, 2004-2014. A
hidden Markov model-based
approach (BURT-HMM) was
used to classify individual
nucleotides within each of

the 10 segments of individual
AHS virus isolates into

3 different categories: 1/
Lab/ZAF/98/OBP-116-like
(green), 3/Lab/ZAF/98/OBP-
116-like (blue), and 4/Lab/
ZAF/98/0OBP-116-like (red).
Probability supports for these
classifications yielded by the
BURT-HMM with the highest
likelihood are plotted along the
genome. Positions of segment
boundaries are given in the
diagram above the plots. The
phylogenetic clusterings that

are implied by differently colored segments in these plots are indicated below the plots. The segment indicated in gray could not be
convincingly classified because it closely resembles both 1/Lab/ZAF/98/OBP-116 and 3/Lab/ZAF/98/OBP-116.

as having confirmed cases (13), major advances in AHS
diagnostic testing (e.g., rRT-PCR-based methods) have
occurred during the past 10 years that likely substantially
increased the detection of subclinical infections by the
time of the 2014 outbreaks (15,32).

Discussion

Whole-genome sequences were compared from 55 field,
LAYV, and laboratory strains of AHSV. The field viruses
were obtained from horses during outbreaks of AHS of
different clinical severity (CFRs ranging from 4.5% to
78.3%) in the AHS controlled area of South Africa during
2004, 2011, and 2014. Phylogenetic analyses confirmed
that genetically distinct viruses were responsible for each
outbreak and that these were all closely related to viruses
contained in the trivalent AHSV-LAV (combination 1)
used in South Africa. Evaluation of nonsynonymous SNVs
confirmed some outbreak viruses to be revertants of the
vaccine AHSV-1 strain toward the virulent parental type.
Furthermore, some outbreak viruses were clearly reassor-
tants with individual genome segments derived from mul-
tiple different virus types that are present in the trivalent
vaccine preparation.

Potgieter et al. (24) hypothesized that changes in VP2
and VP5 can confer virulence or attenuation of individual
AHSYV strains, based upon comparisons of the consen-
sus sequences of the genome of an attenuated AHSV-1
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isolate (GenBank accession nos. FJ183364-FJ183373)
and its virulent parent. Potgieter et al. (24) also proposed
that virulence is related to tissue tropism because the out-
er capsid proteins are involved in cell entry and trigger
apoptosis of host cells. Additionally, other studies have
implicated NS3 as a determinant of AHSV virulence (33).
The results of our study further confirm that changes in
multiple VVPs can affect the virulence of AHSV. Both re-
version (to the virulent parental type) and novel SNVs
were present in field-isolated viruses at various residue
sites in VP2 (K357N in genotype group 1b viruses), VP5
(I434T in all field viruses evaluated except sample 1/E.
cab-tc/ZAF/04/Avt- E040061), and VP6 (V81A in all
field viruses and Q169R in all field viruses except sample
1/E.cab-tc/ZAF/04/VVdm-E040065) that differentiate the
attenuated AHSV-1-LAV strain from its virulent paren-
tal strain. Furthermore, SNVs present at a site in NS3
(K201E in genotype group la viruses and K201N in geno-
type group 2) are potentially associated with reversion to
virulence because of the effect of NS3 on virus release,
membrane permeability, and viral yield (34). However,
the determinants of AHSV virulence are probably com-
plex and multigenic (24,34), which is consistent with the
remarkable difference in CFRs between horses in the var-
ious outbreaks.

Given the genetic diversity of field strains of AHSV
(14,24,35), our analyses overwhelmingly support the
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premise that the potential reversion-to-virulence mutants
and reassortants that we detected arose from viruses within
the polyvalent AHSV-LAV formulation, and predomi-
nantly from AHSV-1-LAV. Although these mutants and
reassortants most likely arose within vaccinated horses, the
reason for the predominance of AHSV-1-LAV components
in the emergent outbreak viruses is unknown. The data pre-
sented here also indicate that distinct founder events led to
the expansion in Stellenbosch (2004) of viruses included
in genotype groups 1a and 1b and, similarly, that the out-
breaks in 2014 in Porterville (genotype group 3a) and Rob-
ertson (genotype group 3b) also probably originated inde-
pendently from the LAV and were not from the spread of
the same outbreak virus.

In summary, results of this study highlight the im-
portance of genetic characterization of circulating strains
of AHSV in epidemiologic investigations of AHS out-
breaks. Although, the prevailing opinion in South Africa
was that illegal movement of viremic equids into the AHS
controlled area was responsible for the repeated occur-
rences of AHS in the controlled area, this is clearly not
the only cause. Our data confirm that use of polyvalent
AHSV-LAYV can result in the emergence and spread of
virulent viruses to adjacent susceptible horses, presum-
ably by Culicoides midge vectors that are already resi-
dent within the AHS controlled area (36). Collectively,
these findings have major implications for strategies to
control AHS, both in AHS-endemic regions and during
future incursions into currently AHSV-free areas. How-
ever, AHSV-LAV confers critical and effective protec-
tion for susceptible horses in AHS-endemic areas and,
although potentially safer recombinant AHSV vaccines
have proven effective in laboratory studies (37,38),
these are not available commercially and they are yet to
be evaluated in the field. Until alternative vaccines be-
come commercially available, control of AHS will re-
main reliant on the use of AHSV-LAYV coupled with the
adoption of strategies to minimize the likelihood of nat-
ural dissemination of revertant and reassortant vaccine-
derived viruses.
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Streptococcus agalactiae
Serotype IV in Humans and Cattle,
Northern Europe?

Ulrike Lyhs,? Laura Kulkas, Jgrgen Katholm,® Karin Persson Waller,
Kerttu Saha, Richard J. Tomusk, Ruth N. Zadoks

Streptococcus agalactiae is an emerging pathogen of non-
pregnant human adults worldwide and a reemerging patho-
gen of dairy cattle in parts of Europe. To learn more about
interspecies transmission of this bacterium, we compared
contemporaneously collected isolates from humans and
cattle in Finland and Sweden. Multilocus sequence typ-
ing identified 5 sequence types (STs) (ST1, 8, 12, 23, and
196) shared across the 2 host species, suggesting possible
interspecies transmission. More than 54% of the isolates
belonged to those STs. Molecular serotyping and pilus is-
land typing of those isolates did not differentiate between
populations isolated from different host species. Isolates
from humans and cattle differed in lactose fermentation,
which is encoded on the accessory genome and represents
an adaptation to the bovine mammary gland. Serotype V-
ST196 isolates were obtained from multiple dairy herds in
both countries. Cattle may constitute a previously unknown
reservoir of this strain.

treptococcus agalactiae (group B Streptococcus) is a

major cause of neonatal infectious disease in humans in
many countries and is carried asymptomatically by a large
proportion of adults. It is also recognized as an emerging
pathogen in human adults worldwide and as a reemerging
mammary pathogen of cattle in northern Europe (1-3). In
adults, S. agalactiae is primarily associated with bactere-
mia, skin and soft tissue infections (SSTI), and urinary tract
infections (UTI) and occasionally with necrotizing fasci-
itis, arthritis, toxic shock syndrome, endocarditis, or men-
ingitis (4-6). Host and pathogen factors contribute to the
emergence of S. agalactiae among adults (3). Among hosts,
at greater risk are elderly patients and persons with chronic
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underlying conditions such as alcohol abuse, diabetes mel-
litus, or immunosuppression (2,4,6). Within the pathogen,
new strains such as serotype 1V may contribute to disease
emergence (7,8). Considering the risk factors for S. aga-
lactiae in nonpregnant adults and demographic changes in
many countries, the incidence of group B streptococcal dis-
ease can be anticipated to increase (4).

In the 1950s, S. agalactiae was the most common mas-
titis-causing bacterium among dairy cattle in Europe, se-
verely reducing milk quality and quantity. In the 1960s, de-
velopment of disease control programs and introduction of
legislation resulted in near eradication of S. agalactiae from
several northern European countries, a situation that contin-
ued until the end of the 20th century (9). In the 21st century,
farm management in northern Europe changed (e.g., fewer
herds, increased average herd size, and introduction of au-
tomated milking systems). Concomitantly, the prevalence
of S. agalactiae in bovine milk increased. In Denmark,
in the first years of the 21st century, the proportion of S.
agalactiae—positive herds tripled (1,9). Similar phenomena
have been described for Sweden and Norway (1).

The presence of S. agalactiae in humans and cattle
raises the question of whether interspecies transmission oc-
curs. This question is particularly pertinent in light of the
emergence of S. agalactiae disease in adult humans and its
reemergence in cattle. Several comparisons of S. agalacti-
ae in humans and cattle have been published, and most au-
thors conclude that isolates from these species form largely
distinct populations with regard to the core genome and the
accessory genome (10-12). Ideally, assessment of the po-
tential for interspecies transmission is based on the analysis
of contemporaneous, sympatric isolates. With 1 exception
(13), however, most comparative studies were not based
on isolates from the same geographic region and the same
period, or, if they were, they covered a very limited number
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European Congress of Clinical Microbiology and Infectious
Diseases; April 24-28, 2015; Copenhagen, Denmark.
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of S. agalactiae—positive farms or animals (14,15). Our aim
with this study was to provide insight into the hazard of in-
terspecies transmission of S. agalactiae by comparing con-
temporaneous populations of S. agalactiae from humans
and dairy cattle in Finland and Sweden.

Materials and Methods

Isolates

A total of 81 isolates were collected at the Seindjoki Central
Hospital in the rural South Ostrobothnia district of Finland
(2011, 2012) and from epidemiologically unrelated persons
by the Department of Clinical Microbiology, University
Hospital, Uppsala, in an urban area of Sweden (2012, 2013).
Isolates originated from 12 patients with invasive disease
(sepsis or meningitis), 37 with UTI, and 15 with SSTI and
from 17 healthy carriers who were screened during preg-
nancy by use of vaginal swab or cervical fluid samples. Iso-
lates represented a convenience sample that covered both
sexes and all age classes (online Technical Appendix Fig-
ure 1, http://wwwnc.cdc.gov/ElD/article/22/12/15-1447-
Techappl.pdf). Data were not collected with regard to farm
or animal contact or dietary exposure.

During 2010-2012, a total of 108 isolates from cattle
were collected by the laboratory of Valio Ltd, Helsinki,
Finland (63 isolates from 29 herds) and by the National
Veterinary Institute, Uppsala, Sweden (45 isolates from
45 herds). Isolates were cultured from individual cow or
quarter milk samples from animals with suspected intra-
mammary infection with or without clinical signs. In both
countries, samples originated from most of the major dairy
regions (online Technical Appendix Figure 2). For 9 herds
in Finland, isolates from multiple cows were available and
2-14 isolates/herd were used to assess within-herd strain
heterogeneity (online Technical Appendix Table 1). For
the remaining herds, 1 isolate was used.

Phenotypic identification was based on colony mor-
phology on blood agar, CAMP (Christie, Atkins, Munch-
Peterson) reaction, and Lancefield grouping (15). Before
use, isolates were stored at —80°C in brain-heart infusion
broth (Oxoid, Basingstoke, UK) with 15% glycerol. After
culture on blood agar, purity was checked and 1 colony
was used to confirm species identity by PCR with prim-
ers STRA-Agl (5-AAGGAAACCTGCCATTTG-3")
and 5'-STRA-Agll (TTAACCTAGTTTCTTTAAAAC-
TAGAA-3"). DNA extracts for molecular typing were pre-
pared from overnight cultures in brain—heart infusion broth
by using a DNeasy Blood & Tissue Kit (QIAGEN, Man-
chester, UK). Species confirmation, multilocus sequence
typing (MLST), and serotyping were conducted for all
isolates. Pilus island (PI) typing and lactose typing were
conducted for all isolates from humans and 1 isolate from a
bovid per sequence type (ST) per herd.

2098

MLST

MLST was performed by using standard primers and
HiMLST or Sanger sequencing of purified PCR amplicons
(16,17). Alleles and STs were assigned by using the S. aga-
lactiae database (http://pubmlst.org/sagalactiae/) (18). New
alleles were submitted to the database curator for quality
control and allocation of allele numbers and STs. Novel al-
lele combinations were also submitted for ST assignment.

Molecular Serotyping

For detection of molecular serotype (MS) Il and MS IV,
duplex PCR was used, and for detection of MS V, VI, VII,
and VIII, multiplex PCR was used (19). PCR reactions for
MS la, Ib, and 11 were run individually by using primers
for MS la and Ib (19) and primers IllcpsHS and IlicpsHA
for MS 111 (20). For all reactions, cycling conditions were
94°C (5 min), followed by 40 cycles of 94°C (60 s), 55°C
(60 s), and 72°C (60 s) with final extension at 72°C (5 min).
Each isolate was submitted to all molecular serotyping re-
actions to identify potential cross-reactivity.

Pl Typing

Multiplex PCR was used to screen for presence of sag647
(PI-1), sag1406 (PI-2a), and san1517 (PI-2b); the house-
keeping gene adhP was used as amplification control (11).
Isolates that were negative for PI-1 were tested for presence
of an intact integration site. Detection of a 684-bp amplicon
indicates presence of an intact site, and absence of the am-
plicon indicates occupation by an alternative, uncharacter-
ized genetic element. Isolates that were positive for Pl-2a
or PI-2b were further characterized by PI-specific PCR-
based restriction fragment length polymorphism analysis
to detect allelic variation in the P1-2a adhesin gene (ghs59)
and the PI-2b backbone protein (san1519) (11).

Lactose Typing

To detect lactose fermentation, we inoculated a single col-
ony into phenol red broth (neutralized soya peptone with
beef extract; Oxoid), supplemented with phenol red and o
lactose (L2643; Sigma-Aldrich, Gillingham, UK). Broth
was incubated at 37°C without shaking and was checked
for change from red to yellow at 24 h, 48 h, and 7 days
after inoculation. PCR was used to screen for presence of
an ~2.5-kbp region of lacEFG, which is part of the Lac.2
operon that encodes lactose fermentation (21).

Data Analysis

Comparisons of categorical variables were conducted in
Statistix 10 (Analytical Software, Tallahassee, FL, USA)
with use of the Fisher exact or Pearson y? test, as appro-
priate. Global eBURST analysis was performed by using
PHYLOViZ (22); double-locus variants were included in
eBURST groups.
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Results

MLST

All isolates were confirmed as S. agalactiae and 33 STs
were identified. Isolates from humans belonged to 16 al-
lelic profiles, including 2 new profiles derived from iso-
lates from patients with invasive disease in Sweden. Both
profiles were single-locus variants (SLVs) of known STs,
with ST751 based on a new combination of known alleles,
whereas the second profile was based on a new atr allele
with an internal deletion (ST not assigned). ST1 was most
common, followed by ST19 and ST12 (21, 14, and 10 iso-
lates, respectively). All STs were found in isolates from
patients in at least 2 age groups and from 2 clinical sample
types (online Technical Appendix Figure 3).

Among 108 isolates from cattle, 22 STs were identified,
including 12 new STs (5 from Finland, 7 from Sweden).
The proportion of new STs was higher among isolates from
cattle than from humans (54.5% vs. 12.5%, respectively;
Pearson y? = 4.7, df = 1, p = 0.03). A total of 3 new STs
(ST632, ST633, ST726) were detected in multiple herds,
whereas the remaining new STs (ST634-636, ST722-725,
ST727, ST728) were each obtained from 1 herd. All were
SLVs of known STs with 1 new allele. For 9 herds, >1 iso-
late was available and isolates within a herd belonged to
a single ST, with 1 exception in which ST1 and its SLV
ST635 were detected (online Technical Appendix Table 1).
Both isolates from this herd were included in herd-level
analysis and comparison between host species. In herd-lev-
el analysis of 74 isolates, ST1 was most common, followed

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 22, No. 12, December 2016
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by ST103 and ST196 (20, 10, and 8 herds, respectively; on-
line Technical Appendix Table 2). We found no significant
association between ST and country of origin.

Of 33 STs in this study, 5 were detected in both host
species (Figure 1). ST1 was the most common shared ST,
followed by ST23, ST196, ST12, and ST8 (41, 12, 12, 11,
and 7 isolates, respectively). More than half (84) of the 155
isolates (54.2%) belonged to shared STs. Of 5 shared STs,
4 were represented by >10 isolates compared with 2 of 28
host-specific STs (p<0.001 by Fisher exact test). Using
global eBURST, we identified 6 clusters, 2 of which were
host specific (i.e., ST17 from humans and a cluster around
ST103 from cattle). Both host-specific clusters included
isolates from both countries (Figure 1).

Molecular Serotyping

Among isolates from humans, MS la, Ib, and I1-VI were
identified. Among isolates from cattle, 2 did not yield conclu-
sive molecular serotyping results. Among the remaining iso-
lates from cattle, MS Ia, Ib, II-V, and VII were identified. We
found strong correlation between MS and ST (Table; online
Technical Appendix Figure 4). For STs found in both host
species, MS did not differ between isolates from humans or
cattle, with the exception of ST23: isolates from humans be-
longed to MS la and those from cattle to MS la or 111 (Table).

Pl Typing

We identified 5 PI profiles (Figure 2; online Technical Ap-
pendix Figure 5). Among PIl-1-negative isolates, the inte-
gration site was intact in 14 of 19 isolates from humans

Figure 1. Distribution of host
species and countries across
clusters of Streptococcus
agalactiae sequence types (STs),
with clusters including single-
and double-locus variants. Each
circle represents an ST, with
size of the circle and its colored
segments proportional to the
number and origin of isolates,
respectively. Red, human in
Finland; yellow, human in
Sweden; green, bovid in Finland;
blue, bovid in Sweden. STs are
indicated by numbers in the
circles. Single- and double-locus
variants are connected by

black lines.
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Table. Streptococcus agalactiae isolates from humans and cattle, Finland and Sweden, 2010-2013*

Molecular No. isolates from humans/cattle No. isolates from humans only No. isolates from cattle only
serotype  ST1 ST8 ST12 ST23 ST196 Other ST17 ST19 ST28 ST144 ST10 ST103 ST314 ST633 ST726
la 1/0 - - 712 - 1/3 - - - 6 - 10 3 3 -
Ib - 4/3 - - - 1/0 - - - - 1 - - - -
Il 1/0 - 10/1 - - 2/1 - 1 3 - 3 - - - -
1 - - - 0/2 - 1/4 4 13 - - - - - - -
v - - - - 4/8 2/1 - - - - - - - - 3
\Y 18/19 - - - - 1/4 - - - - - - - - -
Other 1/1 - - 0/1 - - - - - - 1 - - - -
*ST, sequence type; —, no isolates.

and in 8 of 23 isolates from cattle (74% vs. 35%, y2=6.31, Discussion

df =1, p =0.01). Within host-ST combinations, results for
PI-1 and occupation of the integration site were consis-
tent across isolates (online Technical Appendix Table 2).
Across both host species, 1 PI-2a allele was identified in
ST1, ST8, and ST196, respectively. ST12 included 2 PI-
2a alleles among isolates from humans (Figure 2). Within
ST23, PI-2a alleles were MS specific. One combination
was identified in both host species, and 1 was limited to
cattle (Figure 2). PI-2b and PI-1 were present in all ST17
isolates (from humans) and 1 ST724 isolate (from cattle),
and PI-2b alone was present in isolates with cattle-specific
STs (online Technical Appendix Figure 5). One PI-2b al-
lele was found in ST632, and a second allele was found
across the entire bovine-specific e BURST cluster.

Lactose Typing

Of 81 isolates from humans and 73 isolates from cattle,
lactose was fermented by 3 (3.7%) and 73 (100%), respec-
tively (x% = 142, df = 1, p<0.001). One isolate from cattle
was nonviable and hence not tested. Of 81 isolates from
humans, 2 (2.5%) were positive for lacEFG compared with
69 (94.5%) of 73 isolates from cattle (x? = 131, df = 1,
p<0.0001). Discrepancies between phenotype and geno-
type were confirmed by repeating culture, DNA extraction,
and phenotypic and genotypic testing. Genotypic results
that were atypical for the host species were observed only
in STs that were found in both host species (i.e., in ST1,
ST23, and ST196) (Figure 3).

In contrast to results of previous studies (11,12), our re-
sults showed no clear distinction between subpopulations
of S. agalactiae from humans or cattle according to MLST,
molecular serotyping, or PI typing. With few exceptions
(13,14), previous comparative studies were not based on
contemporaneous, sympatric isolates across host species.
Our study showed that ~54% of isolates belonged to a
population that affects both host species. The convenience
sample used may not be fully representative of the distribu-
tion of STs across the human population in those countries,
and invasive isolates were obtained only from Sweden, but
no significant clustering by country or clinical manifesta-
tion was observed, suggesting that the observed ST distri-
bution is broadly indicative of the most common types.
The most prevalent shared ST was ST1. Its presence in
cattle from several countries has been described, but high
prevalence among cattle has been reported in Denmark
only (11,12,23). Serotype V and PI type 1/2a were predom-
inant in ST1 from both host species, a finding that agrees
with findings from previous studies (11,24). Surprisingly,
ST196 was the second most common shared ST (equally
with ST23), and all carried MS 1V. Reports of ST196 and
serotype IV used to be rare; only 1 of 158 isolates collected
in Sweden over a 10-year period (1988-1997) belonged to
ST196, but they are now recognized as emerging human
pathogens (7,8,25). Furthermore, emergence of new STs
with MS IV in humans, such as ST459, has been described
(7,8). We describe the emergence of a new MS IV strain

Figure 2. Distribution of pilus island profiles (A) and alleles within pilus island 2a (B) across Streptococcus agalactiae isolates from
humans (dark bars) and bovids (light bars). Letter and humber combinations in B show sequence type (ST), molecular serotype (Roman

numeral), and allele for pilus island 2a (capital letter).
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Figure 3. Distribution of lacEFG PCR—positive (pos) and
—negative (neg) human (H) and bovine (B) Streptococcus
agalactiae isolates across sequence types (ST). STs found in both
host species are shown individually, whereas STs that were found
in a single species are grouped by species.

in cattle, ST723, in multiple dairy herds in Sweden. The
relatively common occurrence of ST196 and its SLVs in
cattle in the Nordic countries (this study; 26) suggests that
cattle may serve as a reservoir for MS IV strains, although
our study does not provide evidence for the direction or
likelihood of potential transmission between host species.

ST23 affects many host species (12,27). In humans, it
is more commonly associated with carriage than with infec-
tion (16,24), although all ST23 in our study originated from
infections. Most ST23 from humans have serotype la, and
it has been suggested that serotype 1l originated in cattle,
but the association between host and serotype is not absolute
(16,23,24). In our collection, ST23 from humans was associ-
ated with MS la, whereas isolates from cattle were associat-
ed with MS Ia or MS III. PI profiles for ST23 matched those
described for other countries (11). ST8, which was found
across countries and species, and ST12, which was limited to
Finland but isolated from both host species, have also been
associated with carriage and invasive disease in humans, al-
beit at lower frequency than ST1 or ST23 (16,24,25). ST8
from both hosts had MS 1b and carried PI-1/2a, as previous-
ly described for isolates from humans (11,28). ST12 isolates
from our study were associated with MS I1, regardless of host
species, and mostly carried PI-1/2a. This pattern matches re-
ports of isolates from humans, although ST12 from humans
may occasionally have serotype 1b (11,28).

The shared pathogen population may result from
transmission between host species or shared exposure to
an external source. Potential routes of transmission from
cattle to humans include direct contact, exposure to cattle
feces, and consumption of cows’ milk. Potential routes of
transmission from humans to cattle include direct contact
and indirect exposure to excreta from humans. In one pro-
spective study, increased frequency of cattle exposure was
associated with human colonization with S. agalactiae, al-
though fecal colonization was detected in 1 cow only (14).

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 22, No. 12, December 2016
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The prevalence of fecal colonization on individual farms
can be high (26), but gastrointestinal carriage is much more
widespread among humans (16,29), which argues against
exposure to cattle feces as a dominant reservoir for hu-
man colonization. Case reports and phenotyping of isolates
show that raw milk consumption may lead to colonization
of the human throat (30). This route may be of public health
relevance in countries where milk is frequently consumed
raw (e.g., Colombia) but not in countries where milk is rou-
tinely pasteurized (e.g., Europe and most of North Amer-
ica). In studies conducted in the United States, no signifi-
cant association has been detected between consumption of
milk and colonization of humans (29,31).

Several lines of evidence suggest that humans may
be a source of infection for cattle. Experimental intrama-
mmary challenge of cattle with isolates of S. agalactiae
from humans resulted in mastitis, although the duration of
intramammary infection and hence the window of opportu-
nity for transmission was less than that for infection with
isolates from cattle (32). Similar observations have been
made for naturally occurring bovine mastitis, whereby inci-
dental cases in dairy herds were caused by strains that were
otherwise predominantly found in humans (33). Epidemio-
logic studies also support the role of S. agalactiae sources
other than cattle because introduction of the pathogen into
dairy herds can often not be attributed to purchase of cattle,
implying that alternative sources must exist (9). Some on-
farm studies suggest that treatment of human oropharyn-
geal S. agalactiae carriers is a crucial step for eliminating
S. agalactiae from dairy herds (34). Considering the fre-
quent colonization of the human throat, gut, and urogenital
tract with the shared STs observed in this study and the
direct contact between human hands and the bovine mam-
mary gland during milking, with or without use of gloves,
a plausible mechanism for human-to-cattle transmission
exists. The main difficulty in determining directionality of
transmission between host species is establishing the order
of events (i.e., which host species was positive first). Fur-
thermore, efforts to detect alternative, potentially shared
sources of S. agalactiae are limited by the preconceived but
mistaken notion that S. agalactiae is an obligate intramam-
mary pathogen in dairy cattle. Potentially shared sources
include wastewater and surface water, including effluent
from sewage treatment plants (27,35,36). Potential routes
of within- and between-host species transmission, includ-
ing horizontal and vertical transmission among humans
(12,31,37) and contagious transmission among cattle via
milking machines (12,26), are summarized in online Tech-
nical Appendix Figure 6.

Alternatively, the co-occurrence of STs in both host spe-
cies may not be the result of ongoing interspecies transmis-
sion but rather that of incidental spillover, with subsequent
adaptation and dissemination within the new host, leading to
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parallel circulation of populations that have the same ST but
encode host-specific adaptations elsewhere in the genome.
This chain of events has been described for Staphylococcus
aureus (38). Among S. agalactiae isolates from cattle, >90%
are lactose fermenters, whereas the reverse is true among
isolates from humans, providing an example of a host adap-
tation mechanism (10,23). The genes targeted by our PCR,
lacEFG, form part of the Lac.2 operon, which is located on
an integrative conjugative element and forms part of the
S. agalactiae mobilome (10). Regulation of the S. agalac-
tiae mobilome is a relatively new area of study (39); little
is known about its contribution to host adaptation or inter-
species transmission. Atypical combinations (i.e., lacEFG-
positive isolates from humans and lacEFG-negative isolates
from cattle) belonged to STs that are shared across host spe-
cies, potentially indicating recent transmission events.

In our study, 2 STs occurred frequently but in only 1
host species. ST19 was commonly detected in humans but
not in cattle. ST19 is generally rare in cattle, although its
association with humans is not absolute (11,12). Converse-
ly, ST103 was commonly found in cattle in our study and in
Denmark, Norway, and China (12,26,40) but not in isolates
from humans in our study or those mentioned in any of the
references cited. ST103 and its SLVs were invariably as-
sociated with serotype la (40) and PI-2b (online Technical
Appendix Figure 5). We detected 4 new STs in the eBURST
cluster around ST103, indicating ongoing evolution of this
cattle-specific subpopulation. Those STs, and all other new
STs detected in this study, were SLVs of known STs. The
fact that all new STs were limited to 1 country and that they
were SLVs of existing STs indicates that we still observe
local microevolution but that we are starting to exhaust the
variability in the S. agalactiae population.

In summary, according to MLST, molecular serotyp-
ing, and PI typing of contemporaneous S. agalactiae iso-
lates from humans and cattle in Finland and Sweden, we
identified 3 subpopulations: 1 from humans, 1 from cattle,
and 1 from both hosts. The latter subpopulation accounted
for more than half of the isolates, implying that the host
species barrier separating S. agalactiae from both species
may be more porous than previously thought. For STs com-
monly carried by humans (e.g., ST1 and ST23), the direc-
tion of transmission, if any, may be from humans to cattle.
ST196/MS IV was relatively common among cattle, which
may potentially constitute a reservoir of this recently rec-
ognized emerging pathogen of humans. The only charac-
teristic that differentiated most isolates from the 2 species
in this study was the ability to ferment lactose, which is
encoded in the mobilome. Considering the new evidence
for potential interspecies transmission of S. agalactiae, its
emergence in adult humans and its reemergence in cattle,
further studies into the mechanisms and frequency of trans-
mission and host adaptation seem warranted.
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Effect of Live Poultry Market
Interventions on Influenza
A(H7N9) Virus, Guangdong, China

Jie Wu,! Jing Lu,* Nuno R. Faria,! Xiangiao Zeng, Yingchao Song, Lirong Zou, Lina Vi,
Lijun Liang, Hanzhong Ni, Min Kang, Xin Zhang, Guofeng Huang, Haojie Zhong,
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Marion Koopmans, Oliver G. Pybus, Changwen Ke

Since March 2013, three waves of human infection with avi-
an influenza A(H7N9) virus have been detected in China. To
investigate virus transmission within and across epidemic
waves, we used surveillance data and whole-genome anal-
ysis of viruses sampled in Guangdong during 2013-2015.
We observed a geographic shift of human A(H7N9) infec-
tions from the second to the third waves. Live poultry market
interventions were undertaken in epicenter cities; however,
spatial phylogenetic analysis indicated that the third-wave
outbreaks in central Guangdong most likely resulted from
local virus persistence rather than introduction from else-
where. Although the number of clinical cases in humans de-
clined by 35% from the second to the third waves, the genet-
ic diversity of third-wave viruses in Guangdong increased.
Our results highlight the epidemic risk to a region reporting
comparatively few A(H7N9) cases. Moreover, our results
suggest that live-poultry market interventions cannot com-
pletely halt A(H7N9) virus persistence and dissemination.

Since its first notification on March 30, 2013 (1), avian
influenza A(H7N9) virus caused 3 complete epidemic
waves of human infection in China, comprising 670 labora-
tory-confirmed clinical cases and 274 deaths as of Decem-
ber 28, 2015 (http://www.wpro.who.int/outbreaks_emer-
gencies/H7N9/en/). Despite the accumulating number of
human cases, how this virus disseminated and transmitted
across the 3 epidemic waves is not yet understood.

Direct or indirect prior exposure to live poultry or
poultry-related environments is the major risk for A(H7N9)
infection in humans (2,3). In response to the A(H7N9) out-
break, major efforts were undertaken to temporarily close
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and sanitize live poultry markets (LPMSs) in epicenter cit-
ies during epidemics (4-6). These interventions are thought
to temporarily decrease A(H7N9) contamination of LPM
environmental samples (4,6) and to reduce the incidence
of clinical infection (3,6). However, whether these viruses
persist locally across epidemic waves despite current inter-
ventions has yet to be answered.

Guangdong Province in southern China accounts for
~10% of China’s domestic poultry industry and is thought
to be an important epicenter of influenza A virus circulation
(7). The province reported no clinical cases during the first
wave of A(H7N9) infection but represented the epicenter
of the second and third epidemic waves. We integrated epi-
demiologic, spatial, and genetic data to trace the temporal
and spatial origins of influenza A(H7N9) in humans during
2013-2015 in Guangdong.

Materials and Methods

Ethics Statement

The institutional ethics committee of the Center for Disease
Control and Prevention of Guangdong Province (Guang-
dong CDC) approved this study. Written consent was
signed by patients or their guardian(s) when samples were
collected. Patients were informed about the study before
providing their written consent, and the data were anony-
mized for analysis.

Influenza A(H7N9)Surveillance and Sequencing
Since the first A(H7N9) case in late March 2013, an en-
hanced provincial surveillance program in all 21 prefec-
ture-level cities in Guangdong has been conducted by a
total of 871 clinics and 21 local centers for disease control.
All specimens from persons with suspected A(H7N9) in-
fections were tested for subtypes H5, H7, and H9 as previ-
ously described (8,9).

In April 2013, Guangdong CDC launched an environ-
mental surveillance program to monitor avian influenza

1These authors contributed equally to this article.
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viruses in LPMs (9). Environmental samples were col-
lected from LPMs in Guangdong Province during April
15, 2013-May 30, 2015 (8-10). Ten to 20 environmental
samples per market were collected from selected markets
in 21 prefecture-level cities. When A(H7N9) infection was
confirmed in a person in a given location and that person
had exposure to a specific LPM, at least 20 environmental
samples were collected from that market within 24 hours
after confirmation of human infection.

Upon reverse transcription PCR testing, H7N9- and
HON2-positive swab materials and sputum samples from
patients and LPM environments were blindly passaged for
2-3 generations in 9- to 10-day-old embryonated chicken
eggs for virus isolation. All 8 segments of the selected iso-
lates were sequenced by using a next-generation sequenc-
ing strategy for influenza A virus with the lon PGM System
and PathAmpFIluA Reagents (Life Technologies, Carlsbad,
CA, USA). Specific primer sets were used to amplify and
fill potential gaps (8,9).

Sequence Alignment and Maximum-Likelihood
Phylogenetic Analysis

A total of 1,124 nt sequences were generated by this
study. These sequences were combined with all publicly
available complete gene sequences of influenza A viruses
with known sampling dates and locations that belong to
subtypes H7N9, HON2, and other closely related sub-
types. Multiple sequence alignment was performed by us-
ing ClustalW (11), and alignments were minimally edited
by using Aliview (12). Maximum-likelihood trees were
estimated for all 8 gene segments (hemagglutinin [HA], n
= 865; neuraminidase [NA], n = 788; nucleoprotein [NP],
n = 1,879; basic polymerase proteins 1 and 2 [PB1 and
PB2], n = 1,773 and n = 1,826, respectively; polymerase,
n = 1,839; matrix, n = 1,841; and nonstructural [NS], n =
838) in RaxML (13) by using the generalized time-revers-
ible nucleotide substitution model with gamma -distribu-
tion among site rate heterogeneity (14). For each gene
dataset, we assessed temporal accumulation of genetic di-
vergence from the root-to-tip from maximum-likelihood
midpoint-rooted phylogenies using TempEst (formerly
Path-O-Gen) (15).

Dated Phylogenetic Analysis

To infer dated phylogenetic trees in a reasonable com-
putational time, we reduced the size of our datasets by
removing identical sequences collected in the same
sampling locations on the same date. We also removed
HON2 sequences that were phylogenetically unrelated
to the H7N9 sequences in our study but kept all H7N9
sequences from clinical cases in Guangdong. Bayesian
Markov chain Monte Carlo (MCMC) inferences were
undertaken by using BEAST, using a SRD06 nucleotide

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 22, No. 12, December 2016

Live Poultry Markets and Influenza A(H7N9) Virus

substitution model (16), a relaxed molecular clock model
with an uncorrelated lognormal rate distribution (17),
and a Bayesian skygrid coalescent model (18). Four in-
dependent MCMC runs of 1 x 108 steps were computed
and ~10%—15% burn-in was discarded, resulting in =3.5
x 108 total steps for each gene dataset. Parameters and
trees were sampled every 35,000th and 70,000th MCMC
step, respectively. Convergence of MCMC chains was in-
spected by using Tracer version 1.6 (http://tree.bio.ed.ac.
uk). A subset of 500 trees was drawn randomly from the
combined posterior distribution of trees and used as an
empirical distribution for subsequent analysis (19).

Spatial and Temporal Origins of H7N9

We used a Bayesian discrete phylogeographic approach to
investigate spatial dynamics among 9 geographic regions.
Specifically, we considered viral movement across east-
ern China (Shanghai, Zhejiang, Jiangsu, and Shandong
provinces); central China (Jiangxi and Hunan provinces);
northern China (Beijing, Henan, Hebei, and Xinjiang
provinces); southeastern China (Fujian Province); cen-
tral Guangdong Province (Guangzhou, Huizhou, Foshan,
Dongguan, Zhongshan, Shenzhen, Jiangmen, and Zhao-
ging Figure 1]); eastern Guangdong Province (Meizhou,
Heyuan, Chaozhou, Jieyang, Shantou, and Shanwei);
western Guangdong Province (Yangjiang, Maoming, and
Yunfu); and other regions (related sequences isolated from
other countries before the H7N9 epidemic). To trace the
origin of H7N9 infection, we considered sporadic clinical
infection cases from Malaysia and Taiwan as a separate
discrete location. Hong Kong adjoins central Guangdong,
and most imported live poultry in Hong Kong is from cen-
tral Guangdong (Zhuhai and Shenzhen). Therefore, Hong
Kong and central Guangdong were considered as a single
spatial unit. To provide a more realistic reconstruction
that includes the directionality of virus transmission, we
used an asymmetric continuous-time Markov chain model
(20) to estimate ancestral locations and location posterior
probabilities for each node in the dated phylogenies. Fi-
nally, we used TreeAnnotator to obtain maximum clade
credibility trees for each gene, which were visualized
by using FigTree version 1.4.2 (http://tree.bio.ed.ac.uk).
Nucleotide sequences generated in this study were sub-
mitted to GISAID (Global Initiative on Sharing All In-
fluenza Data, http://www.gisaid.org) under accession nos.
EP1655863-EP1656506 and EP1654015-EP1654495.

Results
An Epicenter Shift of A(H7N9) in Humans,
Guangdong, 2013-2015

As of October 14, 2015, a total of 182 laboratory-con-
firmed clinical cases of A(H7N9) infection in humans and
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68 deaths were reported in Guangdong (Figure 1; online
Technical Appendix Table 1, http://wwwnc.cdc.gov/EID/
article/22/12/16-0450-Techappl.pdf). Guangdong reported
no clinical A(H7N9) cases during the first epidemic wave
(March 2013-May 2013) but had the highest number of
cases during the second (110 cases during June 2013-May
2014) and third (72 cases during June 2014-May 2015)
epidemic waves.

Unexpectedly, the geographic distributions of
A(H7NO9) cases in Guangdong differed during the second
and third waves (Figure 1, panels B, C). During the sec-
ond wave, 110 cases were reported from 14 prefecture-
level cities in Guangdong. The epicenter of the outbreak
was in central Guangdong in the Pearl River Delta (PRD)
region (95 [86%] cases). The highest numbers of human
cases were reported from cities in Guangdong that had the
most LPMs and the highest population density, such as
Guangzhou, Shenzhen, and Foshan (Figure 1, panel A).
Citywide LPM closures of 2 weeks’ duration were imple-
mented in Guangzhou and Shenzhen cities in February
2014, during the middle of the second wave, and were
extended to all prefecture-level cities in central Guang-
dong in January 2015 during the middle of the third wave

(Figure 1, panel B; online Technical Appendix Table
2). All live poultry were removed, and LPM were disin-
fected once; the markets were cleaned thoroughly with
0.05%-0.1% diluted chlorine solution after poultry re-
moval. Short-term surveillance showed that the A(H7N9)
detection rate decreased from 14.83% (112/755) before
LPM closure to 1.67% (5/300) on the day when markets
reopened, across 31 sampled markets during the second
wave (4). Another study found that avian influenza vi-
rus contamination in LPMs dropped precipitously after
cleaning and disinfecting (21). Our clinical surveillance
data showed that human cases reduced by 55% (online
Technical Appendix Table 1) in central Guangdong dur-
ing the third wave but rose in other regions of Guang-
dong; eastern Guangdong became a new epicenter of the
outbreak. Twenty-eight human cases occurred in eastern
Guangdong during the first 2 months of 2015, compared
with only 2 during the same period in 2014 (Figure 1).
The geographic shift of A(H7N9) infection between the
second and third waves became more apparent when in-
cidence per capita was measured (Figure 1, panel C) be-
cause eastern Guangdong has a lower average population
density than the PRD region.

Figure 1. Avian influenza A(H7N9) infection in humans, Guangdong, China, 2013-2015. A) Geographic distribution of H7N9 in humans
during the second (June 2013—May 2014) and third (June 2014—May 2015) waves. Confirmed cases in humans identified during

the second wave are marked with circles and during the third wave with triangles. H7N9 isolates newly sequenced in this study are
highlighted in red. Pink and green shading indicates city prefectures in central and eastern Guangdong Province, respectively. B)
Numbers of human H7N9 infections in different regions of Guangdong Province during 2013-2015. Arrows indicate the dates at which
live-poultry markets were closed in epicenter cities. No infections were reported during April-October. C) Incidence (human H7N9

infections/1 million population) in each region.
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Epidemic Origins of Human A(H7N9) Infections

in Guangdong

We undertook a phylogenetic molecular clock analysis to
identify the epidemic origins and transmission dynamics of
circulating avian influenza A strains during the third wave.
The H7N9 sequences included in our analyses represented
55% (60/110) and 49% (35/72) of all diagnosed H7N9 cases
in Guangdong during the second and third waves, respec-
tively. H7N9 and HIN2 viruses obtained from poultry and

Live Poultry Markets and Influenza A(H7N9) Virus

LPM environmental samples during 2013-2015 also were
sequenced, resulting in 44 complete and 79 incomplete virus
genomes generated using high-throughput sequencing (8,9).

Phylogeographic analysis of 433 H7 HA genes revealed
spatial patterns of A(H7N9) transmission across China (Fig-
ure 2, panel A). During the first epidemic wave, A(H7N9)
virus spread from eastern China to northern, central,
and southeastern China, causing a few human infections
(Figure 2, panel A), consistent with previous analyses

Figure 2. A) Bayesian maximum clade credibility molecular clock tree of influenza virus H7 gene sequences. Branch colors represent
the most probable ancestral locations of each branch, inferred from using a spatial phylogenetic model (see Materials and Methods for
details). Three major clades of avian influenza A(H7N9) virus were nominated, and phylogenetic posterior probability support is shown
for selected clades. B, C) Phylogenies showing hemagglutinin, Guangdong, China, third-wave clades. Phylogenetic posterior probability

support is shown for selected clades.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 22, No. 12, December 2016
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(22,23). All A(H7N9) viruses identified from chicken and
environmental samples in Guangdong during the first wave
were derived from viruses circulating in eastern China
(Figure 2, panel A). These Guangdong viruses fell into 2
distinct phylogenetic clusters, indicating multiple indepen-
dent introductions to the region, possibly through different
poultry trade routes.

During the second epidemic wave, local transmission
and proliferation of A(H7N9) virus was detected in Guang-
dong, particularly in central Guangdong. The HA phylog-
eny indicated that 94% of A(H7N9) from clinical cases and
92% of H7 subtypes from LPM environmental samples in
Guangdong during the second wave clustered into 1 large
clade, designated here as Central_ GD_W?2 (Figure 2, panel
A; Figure 3). The earliest second wave case in this clade
was sampled in August 2013 (A_GD-HZ 1 H7N9 2013;
Figure 2, panel A). Our analysis suggested that viruses
related to A GD-HZ 1 H7N9 2013 persisted in and dis-
seminated through central Guangdong, giving rise to a
large number of A(H7N9) cases in the region during the
second wave. Moreover, we found that Central GD_ W2
clade viruses also disseminated from central to eastern and
western Guangdong during the second wave and caused
human cases (e.g., A GD-HY 138 2014) (Figure 2, pan-
els A, B). Four isolates from humans in Hong Kong and
1 from a human in Malaysia during the second wave also
fell within this clade (Figure 2, panel B). The phylogeny of
NO9 NA sequences displayed similar virus transmission pat-
terns (online Technical Appendix Figure, panel A). Most
(73%) N9 genes from A(H7N9) isolates in Guangdong
during the second wave clustered within the Central GD __
W2 clade. In contrast to HA, the NA phylogeny showed
that A(H7N9) isolates during the second wave in central
Guangdong did not form a single cluster (online Technical
Appendix Figure, panel A). However, fewer human cases
(27%) were caused by these viruses, and most cases were
limited to Shenzhen and Shantou cities, suggesting less
transmission of viruses in this clade (online Technical Ap-
pendix Figure, panel A).

The incidence of A(H7N9) in humans in central
Guangdong decreased by 55% during the third wave (Fig-
ure 1, panel B; online Technical Appendix Table 1). How-
ever, phylogenetic analysis indicated that the virus persist-
ed in central Guangdong. The H7 phylogeny showed that
all A(H7N9) viruses from central Guangdong during the
third wave were descended from Central GD_W2 clade
viruses of the second wave (Figure 2, panel B). The out-
breaks of A(H7N9) in humans in Fujian Province (south-
eastern China) during the third wave also were caused by
Central_GD_W?2 clade viruses, suggesting a possible trans-
mission of A(H7N9) virus from central Guangdong to cit-
ies in southeastern China during the second wave.

A major feature during the third epidemic wave
was an increase in A(H7N9) cases in humans in eastern
Guangdong (Figure 1, panels B, C; online Technical Ap-
pendix Table 1). Most (94%) isolates identified in eastern
Guangdong during the third wave clustered into a single
subclade of Eastern CHN_W?2 clade viruses in both the
H7 and N9 phylogenies (Figure 2, panel C; online Tech-
nical Appendix Figure, panel A). The Eastern CHN_ W2
clade viruses were mainly found in poultry from central
China during the second wave but became predominant
(among both poultry and humans) in eastern China and
eastern Guangdong during the third wave (Figure 2, pan-
el C). Moreover, these viruses formed location-specific
clades during the third wave, suggesting that they have
become established and enzootic to the poultry popula-
tions in each locality (Figure 2, panel C).

Genetic Diversities of A(H7N9) Virus in Guangdong

During the second wave, sequences from 4 internal genes
(NP, NS, PBI1, PB2) of A(H7N9) isolates from central
Guangdong mostly clustered into a single major clade, to-
gether with local A(HIN2) strains; these sequences were
distinct from the A(H7N9) sequences from central or east-
ern China (Figure 4, panel A; online Technical Appen-
dix Figure, panels B, D, F) (8,22). However, by the third
wave, most A(H7N9) viruses from central Guangdong had

Figure 3. Genotypic analysis of influenza A(H7N9) viruses. Proposed genotypes are shown for 68 fully sequenced A(H7N9) viruses
isolated from humans in central Guangdong during 2013—-2015. Each square represents a gene sequence, and its color indicates the
most probable clade to which that sequence belongs, as inferred from the phylogenies in Figures 2 and 4 and online Technical Appendix
Figure, panels B—F (http://wwwnc.cdc.gov/EID/article/22/12/16-0450-Techapp1.pdf).
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acquired some internal genes from viruses from central or
eastern China. In particular, PB1, PB2, NP, and NS se-
quences obtained from humans with A(H7N9) infection
and from H7N9/H9N2 environmental samples in central
Guangdong during the third wave were distinct from those
from the second wave (Figure 4, panel A; online Techni-
cal Appendix Figure, panels B, D, F). For instance, analy-
sis of the PB2 gene revealed that 65 of 69 viruses from
clinical samples clustered into the Central GD_W2 clade
during the second wave. However, during the third wave,
only 8 of 32 H7N9 viruses from clinical isolates fell into
this group. The remaining 24 H7N9 isolates were phylo-
genetically related to H7N9 or HON2 isolates from central
or eastern China. It therefore appears that >70% of third-
wave H7NO viruses from central Guangdong acquired a

Live Poultry Markets and Influenza A(H7N9) Virus

PB2 gene through reassortment with strains circulating
elsewhere. A similar pattern also was observed for H7N9
and HIN2 isolates from LPM environments (Figure 4).
These findings supported the hypothesis that HON2 virus-
es previously circulating outside Guangdong were intro-
duced into central Guangdong during the third wave and
increased the diversity of internal genes of H7N9 in this
place by reassortment.

We further classified all human A(H7N9) isolates
from central Guangdong according to the phylogenetic
placement of their genome segments. Genome segments
of second-wave A(H7N9) from central Guangdong were
typically co-inherited (except polymerase) and belonged to
the Central_GD_W?2 clade (Figure 3; Figure 4, panel A;
online Technical Appendix Figure). A total of 12 different

Figure 4. A) Bayesian maximum clade credibility phylogeographic tree of influenza virus polymerase protein 2 gene sequences. Branch
colors represent the most probable ancestral locations of each branch, inferred from using a spatial phylogenetic model (see Materials
and Methods for details). B-E) Phylogenies showing selected PB2 Guangdong third-wave clades. Empty squares indicate A(HIN2)

virus sequences.
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lineages were observed in 55 human A(H7N9) viruses iso-
lated during the second wave in central Guangdong. This
pattern was absent during the third wave; instead, the ge-
nomic structures of human A(H7N9) viruses were highly
variable, with the exception of the HA and NA segments,
which retained their association with the Central GD_W2
clade (Figure 3).

In contrast, phylogenetic reconstruction of PB1, PB2,
NP, and NS sequences indicated that most third-wave se-
quences seen in eastern Guangdong were genetically simi-
lar (Figure 4, panel B; online Technical Appendix Figure,
panels. B-F). These sequences grouped into a single clade,
whereas those sampled in central Guangdong were phylo-
genetically dispersed.

Discussion

We analyzed epidemiologic data pertaining to influenza
A(H7N9) virus in humans and virus sequence data from
52% (95/182) of all persons in whom A(H7N9) infection
was diagnosed and from LPMs environment samples dur-
ing 2013-2015 to characterize the origin and transmission
of A(H7N9) in humans across epidemic waves in Guang-
dong. The phylogeographic analyses of HA and NA indi-
cate that the virus strain that caused third-wave outbreaks
in central Guangdong descend from second-wave viruses
that circulated in the same region. In other words, H7N9
circulating during the second wave probably persisted in
targeted cities and/or their neighboring areas until the third
epidemic wave.

In contrast, the histories of the H7N9 internal genes,
which are affected by frequent reassortment with preva-
lent HON2 viruses, most likely mirror the trade routes of
live poultry. We found that A(H7N9) viruses from central
Guangdong during the second wave possessed 5 (PB2,
PBI1, matrix, NP, NS) of 6 internal genes mainly from
the Central GD_W2 clade. However, in the third wave,
viral internal genes were dispersed in phylogenetic trees;
most strains fell into the Eastern CHN1 or Eastern CHN2
clades, suggesting another source for the parental viruses
of these reassortants (Figure 3). This finding suggests there
were changes in nature of A(HIN2) viruses that were co-
circulating in central Guangdong (Figure 4, panel C; online
Technical Appendix Figures B-F). Our data indicate that
the genetic diversity of H7N9 or HON2 in central Guang-
dong increased during the third wave, even though the
number of human infections was lower in this region.

From a public health standpoint, our results under-
score 3 major concerns with current A(H7N9) infections
in humans in China. First, the persistence and spread of
A(H7N9) have not been completely constrained. A(H7N9)
circulating in central Guangdong during the second wave
was persistent and caused outbreaks in humans during
the third wave. For example, 5 and 3 cases, respectively,
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were identified in humans in March 2014 in Shenzhen and
Guangzhou in Guangdong after the reopening of LPMs in
February 2014 (online Technical Appendix Tables 1, 2).
This finding suggests that interventions such as the tem-
porary closure and sanitation of LPMs can reduce virus
contamination in poultry and environmental samples but
apparently cannot eliminate the risk for human infection
(21). Recent long-term LPM surveillance in Guangzhou
suggests that different types of poultry markets were recon-
taminated by A(H7N9) and other avian influenza A strains;
up to 2 days after markets were reopened, detection rates
of the viruses in LPM environments were as high as those
before market closure (5).

Second, a geographic shift of the epicenter of human
infections between the second and third waves in Guang-
dong suggests an epidemic of A(H7N9) infection is dif-
ficult to control solely by interfering in the epicenter of an
outbreak. Some regions, once contaminated, might act as
sources of infection to the wider poultry sector. Current
sequence data suggest that the A(H7N9) human infections
in eastern, northern, and southeastern China and eastern
Guangdong during the third wave were mainly caused by
viruses belonging to the Eastern CHN W2 clade, which
were predominantly isolated from poultry populations in
central China at the end of the second wave (Figure 2, panel
C). In eastern Guangdong, 94% of A(H7N9) cases in hu-
mans during the third wave were caused by Eastern CHN
W2 clade viruses.

Third, other measures complementary to LPM clo-
sures should be considered by government administra-
tion. We observed a continued reassortment of Guangdong
A(H7N9) lineages with viral strains from central and east-
ern China since February 2014 (Figures 3, 4), suggesting
that live poultry from central and eastern areas might have
been introduced into central Guangdong after the local
LPMs were closed. Indeed, it is plausible that official clo-
sure led to an increase in illicit trading in some markets
or neighborhoods (http://gzdaily.dayoo.com/htmi/2015-
03/18/content_2885023.htm; http://shenzhen.sina.com.cn/
news/n/2015-04-20/detail-iavxeafs5854802.shtml). In this
context, the closure of central LPMs without a strict ban on
the live poultry trade could, at least in theory, have detri-
mental effects. Illicit trading has the potential to change the
poultry trade and make officially monitoring and control-
ling it more difficult. Other less disruptive measures that
have been proven to reduce risk can be considered, such as
rest days and banning live poultry overnight (24).

One limitation of this study is a lack of long-term sur-
veillance of live poultry in Guangdong. Such surveillance
is difficult to implement because of a low infection rate and
the absence of signs during A(H7N9) infection in poul-
try. However, most A(H7N9) infection in humans results
from direct exposure to live poultry (25) (online Technical
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Appendix Table 3). Furthermore, we used in our analyses
environmental samples from LPMs, which partially reflect
the circulation of avian influenza A strains in poultry. In
addition, surveillance efforts in different regions might dif-
fer and could affect our interpretation on virus origin and
transmission. In this study, we have analyzed most pub-
licly available, genetically related A(H7N9) sequences out
of Guangdong Province, and the regions of eastern China
and central Guangdong that reported most clinical H7N9
cases represent most H7N9-related sequences. However,
sampling bias cannot be excluded, especially for envi-
ronmental and poultry samples. Central China is a major
poultry farming area but has a limited number of A(H7N9)
sequences from poultry, which could be caused by a lower
prevalence of the virus in this region or by a possible lim-
ited surveillance effort in poultry population. As a result,
sequences data from Eastern CHN_ W2 clade are still lim-
ited to illustrate the evolution and transmission route of this
clade of A(H7N9) (Figure 2, panel C). Longer-term and
larger-scale studies are necessary to provide more robust
evidence about the value of interventions for controlling
the epidemic at national and regional scales.

During February 5-11, 2016, twenty-eight new
A(H7N9)cases were reported in humans. Clearly, the
public health risk from A(H7N9) remains. Our results
highlight some limitations of the current geographically
restricted LPM interventions on the epidemic control of
A(H7N9), which might also apply to other avian influ-
enza viruses. To focus only on end-stage epidemic LPM
interventions without including the entirety of the LPM
transmission chain might, however, be of limited value.
Public health organizations might wish to consider the
possibility of proactively closing LPMs, and alternative
measures as recently suggested (24), in areas potentially
at-risk, although we recognize that practical, economic,
and administrative considerations also contribute to deci-
sion-making processes.
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Infectious Dose of
Listeria monocytogenes in
Outbreak Linked to Ice Cream,
United States, 2015

Régis Pouillot, Karl C. Klontz, Yi Chen, Laurel S. Burall, Dumitru Macarisin, Matthew Doyle,
Karen M. Bally, Errol Strain, Atin R. Datta, Thomas S. Hammack, Jane M. Van Doren

The relationship between the number of ingested Listeria
monocytogenes cells in food and the likelihood of develop-
ing listeriosis is not well understood. Data from an outbreak
of listeriosis linked to milkshakes made from ice cream pro-
duced in 1 factory showed that contaminated products were
distributed widely to the public without any reported cases,
except for 4 cases of severe illness in persons who were
highly susceptible. The ingestion of high doses of L. monocy-
togenes by these patients infected through milkshakes was
unlikely if possible additional contamination associated with
the preparation of the milkshake is ruled out. This outbreak
illustrated that the vast majority of the population did not be-
come ill after ingesting a low level of L. monocytogenes but
raises the question of listeriosis cases in highly susceptible
persons after distribution of low-level contaminated products
that did not support the growth of this pathogen.

nderstanding the likelihood of developing invasive

listeriosis after ingesting a given number of Listeria
monocytogenes cells (dose-response relationship) is im-
portant in managing risks linked to this pathogen in food.
Nevertheless, several challenges hamper characterization
of this dose-response relationship, including the lack of an
appropriate animal model, the relative rarity of outbreaks,
long incubation periods that impede the collection of well-
preserved implicated food samples, and heterogeneity of
the initial contamination level (1).

In early 2015, an outbreak of invasive listeriosis
linked to ice cream products was identified in the Unit-
ed States (2). A total of 10 case-patients with listeriosis
related to this outbreak were reported from Arizona and
Oklahoma (1 case each); Texas (3 cases); and Kansas (5
cases, all in inpatients of 1 hospital) (2). L. monocytogenes
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isolates from 4 of the Kansas case-patients were indis-
tinguishable by pulsed-field gel electrophoresis from
isolates recovered from ice cream made in 1 plant of the
implicated company (factory 1). The isolate from the fifth
Kansas case-patient did not match any isolate recovered
in this outbreak investigation. L. monocytogenes isolates
from patients in other states were linked to ice cream
products manufactured in another facility (factory 2) of
the same company (2). The US Food and Drug Adminis-
tration (FDA) collected a large volume of ice cream from
factory 1 for microbiological testing.

This outbreak provided a unique opportunity to as-
sess exposure levels to L. monocytogenes from impli-
cated ice cream products among infected persons and the
overall population. Because ice cream has a long shelf
life and L. monocytogenes does not grow but survives for
long periods in frozen products (3), the level of L. mono-
cytogenes in implicated products manufactured during
the outbreak, although collected after the outbreak, was
likely to be representative of levels in products eaten by
exposed persons. We assessed the outbreak data to gain
insight into contamination levels among products from
1 factory implicated in the outbreak, the number of L.
monocytogenes cells ingested by specific subpopulations
during this outbreak, and the dose-response relationship
for L. monocytogenes.

Materials and Methods

Framework for Dose-Response Derivation

In microbial dose-response frameworks, it is generally
assumed that as few as 1 independently acting cell that
survives host defense measures can initiate infection (1-
hit theory [4,5]). This minimal infective dose of 1 cell
is associated with a probability (r) of infection. Assum-
ing r is low and constant within a subpopulation (on-
line Technical Appendix, http://wwwnc.cdc.gov/EID/
article/22/12/16-0165-Techappl.pdf), r can be estimated
by the ratio of the number of invasive listeriosis cases in a
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subpopulation (Xp), by the estimated number of L. mono-
cytogenes cells ingested by the subpopulation Dp; that is,
r = Xp / Dp. In addition to using this classical deriva-
tion of r, we estimated in this study r values using the
L. monocytogenes dose-response model of Pouillot et al.
(6) (online Technical Appendix).

Listeriosis Cases

This study considers only the 4 hospitalized Kansas case-
patients whose illnesses were confirmed to be linked to in-
gestion of products manufactured in factory 1. lliness onset
dates ranged from January 2014 through January 2015 (Fig-
ure). All 4 were >67 years and <84 years of age. Medical
records review indicated all 4 had underlying medical con-
ditions that contributed to compromised immune function
before exposure to L. monocytogenes in milkshakes. Food
histories were available for 3 of the Kansas case-patients.
All patients with food histories ate product 1 from factory
1 through milkshakes. One patient had 2 milkshakes (1 day
at lunch and the following day at dinner); another had 2
milkshakes (1 day at dinner and 6 days later at dinner), and
the remaining patient had 3 milkshakes (1 day at dinner
and 4 and 9 days later at dinner and lunch, respectively).
Two serving units of product 1, each weighing ~80 g, were
used to prepare each milkshake. Strains of L. monocyto-
genes isolated from the 4 patients were indistinguishable
by pulsed-field gel electrophoresis to strains recovered
from product 1.

2114

Number of L. monocytogenes Cells Ingested

by the Population

The factory 1 production line linked to the Kansas cases
made 8 different types of ice cream products (products
1-8) (7). (The website for this reference identifies 10 uni-
versal product codes corresponding to 8 different types of
ice cream products; 2 products were sold individually and
grouped in larger packages). FDA collected and counted
L. monocytogenes cells in samples of products 1-3 (8;
L.S. Burall, unpub. data). We characterized the variabil-
ity of L. monocytogenes levels in products 1-3 (online
Technical Appendix).

No samples of products 4-8 were collected. In a low-
exposure scenario, products that were not tested were
assumed to be uncontaminated. In a medium-exposure
scenario and in a high- exposure scenario, contamination
levels were predicted on the basis of the processes used to
produce these products. Specifically, we specified in these
scenarios that contamination levels were similar for prod-
ucts 1 and 4 and were similar for products 2 and 5-8 be-
cause the process used to produce product 4 was similar to
that used for product 1, whereas production processes for
products 5-8 were similar to that for product 2.

The number of L. monocytogenes cells ingested by the
population was then estimated by multiplying the average
number of L. monocytogenes organisms per serving by the
number of servings distributed in the various subpopula-
tions. The number of ice cream servings distributed in the

Figure. Timeline of listeriosis
outbreak linked to ice cream,
United States, 2015. A) Data for
products produced in factory 1
(2); B) data for outbreak start
and 4 case-patients at 1 hospital
in Kansas.
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various subpopulations was estimated from product distri-
bution records for factory 1.

We do not know when contamination of the produc-
tion line at factory 1 began. We isolated L. monocyto-
genes from a product manufactured on this line on May
21, 2014, but we had no samples manufactured before
this date. Although the first known case associated with
the brand of ice cream occurred in January 2010, the first
case-patient specifically linked to factory 1 was hospital-
ized in Kansas on December 24, 2013, and listeriosis was
diagnosed in January 2014 (patient 1, Figure). In the low-
exposure scenario and medium-exposure scenario, we
assumed the date at which contamination began at fac-
tory 1 was December 1, 2013, that is, a few weeks before
hospitalization of the first case-patient whose illness was
linked to ice cream produced at this facility. Contamina-
tion could have begun earlier than this date given that
1 listeriosis case-patient whose illness was linked to the
same brand, but produced at factory 2, became ill in 2010.
In the high-exposure scenario, we assumed contamina-
tion began 2.5 years before the outbreak was recognized,
that is, midway between 2010 and the date the outbreak
was recognized.

To estimate the proportion of servings that reached
inpatients deemed to be highly susceptible to listeriosis,
we multiplied the proportion of ice cream distributed to
hospitals for patient consumption by the overall propor-
tion of intensive care unit (ICU) beds in these hospitals
(i.e., 10%) as a surrogate of the proportion of inpatients
deemed to be highly susceptible to invasive listeriosis.
To estimate the proportion of servings potentially eaten
by pregnant women, > 65 y. and > 75 y. persons, we as-
sumed that the implicated brand was eaten by different
subpopulations similarly to other brands of ice cream (on-
line Technical Appendix).

To understand why 4 cases of ice cream—associated lis-
teriosis clustered at a single hospital, we created 2 indices

Listeria Outbreak Linked to Ice Cream

for the hospitals that received contaminated product(s) from
factory 1 at least 1 time during November 7, 2013—March
16, 2015. The first index ascertained the severity of patient
illness at each hospital (illness score) and was calculated
by determining the percentage of total beds constituting
ICU beds (scale: 0%—-4.9%, 1 point; 5%-9.9%, 2 points;
10%-14.9%, 3 points; and >15%, 4 points). Hospitals were
contacted by telephone and queried about the total number
of beds licensed and the number dedicated to treatment of
patients in ICU (medical, surgical, pediatric, neonatal, and
burn). To quantify the availability of contaminated prod-
ucts at each hospital (supply score), we divided the total
number of servings shipped to each facility during the re-
corded distribution period (16 months) by the total number
of hospital beds (scale: <1 serving per bed, 1 point; 1-3.99,
2 points; 4-6.99, 3 points; and >7, 4 points). Using the 2
indices, we summed scores for all hospitals (maximum pos-
sible score 8) as an overall measure of patient illness and
potential product exposure.

Results

Number of L. monocytogenes Cells per Serving

All tested samples of product 1 manufactured before the out-
break was recognized were positive for L. monocytogenes
(8). Assuming the 5 lots of product 1 tested were representa-
tive of all lots of contaminated product 1, we estimated the
mean number of L. monocytogenes cells in each 80-g unit of
product 1 at 620 CFU (95% credible interval [Crl] 380-2,100
CFU). From the distribution of contamination level inferred
from the model, we estimated that 0.1% of servings of prod-
uct 1 had a dose >7,400 CFU (95% Crl 4,400-58,000 CFU)
(see Table 1 for other statistics). L. monocytogenes was re-
covered from 80% of 294 units of product 2 (unit size 70 g)
tested (mean 310 CFU/serving [95% Crl 55-11,000 CFU/
serving]). Of the 95 units of product 3 tested, 45% yielded L.
monocytogenes (mean 0.12 CFU/Qg).

Table 1. Estimated contamination level of Listeria monocytogenes per gram and per serving unit of 3 products in a multistate outbreak

of ice cream—associated listeriosis, United States, 2015

Estimate (95% credible interval)

Quantile (95% credible interval)

Product/dose Mean SD 90% 99% 99.9% 99.99%
Product 1
Perg 8 10 17 46 92 160
(5-26) (6-62) (10-60) (27-270) (55-730) (97-1,500)
Per 80-g serving 620 760 1,3 3,700 7,400 13,000
(380-2,100) (460—4,900) (820-4,800) (2,200-22,000) (4,400-58,000) (7,800-120,000)
Product 2
Perg 5 200 2 48 520 3,600
(1-160) (17-35,000) (1-10) (11-620) (91-12,000) (470-140,000)
Per 70-g serving 310 14,000 140 3,400 37,000 250,000
(55-11,000) (1,200-2,500,000) (43-710) (800-43,000)  (6,400-840,000) (33,000-9,800,000)
Product 3
Per g 0.12 in 45% of
products
Per 160-g serving  8.64 in 45% of
servings

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 22, No. 12, December 2016
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Number of L. monocytogenes Cells Consumed by

the Population

Sales data suggested widespread distribution of contami-
nated products to hospitals and the general population (e.g.,
schools, grocery stores, restaurants). We estimated that the
general population ingested a total of 1.5 x 10° (low-ex-
posure scenario) to 1.4 x 10 (high-exposure scenario) L.
monocytogenes cells (Table 2). We estimated that, overall,
the highly susceptible population ingested 7.2 x 10° (low-
exposure scenario) to 3.3 x 107 (high-exposure scenario) L.
monocytogenes cells.

Among hospitals that received >1 products from the
production line of factory 1 known to produce contaminat-
ed ice cream, the median percentage of total beds constitut-
ing ICU beds (severity of illness score) was 8.7% (range
0%-70.7%; mean 10%). The median number of servings
per bed (supply score) over the recorded distribution pe-
riod (16 months) was 2 (range 0.1-93.7; mean 4.3). The
Kansas hospital with the 4 cases of ice cream-associated
listeriosis had 62.2 servings of the implicated products per
bed (13.5% of beds in the hospital were ICU beds); the
servings per bed value for the hospital was exceeded by
only 1 other hospital (93.7 servings/bed; 6.5% ICU beds).
After combining the severity of illness and supply scores
for each hospital, we found the median value was 5 (range
2-7; mean 4.6); a combined score of 7 was achieved by 9%

of hospitals, of which 1 was the Kansas hospital with the 4
cases (the hospital with 93.7 servings/bed had a combined
score of 6).

Probability of Infection after Ingestion of 1 Cell

Under the low-exposure scenario, we estimated that the
probability of infection, r, after ingestion of 1 bacterium in
the overall population was

Using this same approach, we determined the value of r
for the overall population was r = 6.5 x 10° under the me-
dium-exposure scenario and r = 2.9 x 107° under the high-
exposure scenario (Table 2). The integration of the model
by Pouillot et al. (6), considering a normal distribution of the
log,, of the r parameter in the population rather than a con-
stant one, led to a distribution with a mean —9.38 and an SD
of 0.88 for the overall population under the lower-exposure
scenario, a mean of —10.0 for the medium-exposure scenario,
and a mean of —10.3 for the high-exposure scenario (Table 2).

We also assessed persons at greatest risk for invasive
listeriosis, including pregnant women, highly susceptible
persons (e.g., those with compromised immune function),
persons >65 years of age, and persons >75 years of age
(Table 2). Because no ice cream—associated cases were re-
ported among pregnant women, we used an estimate of 0.5

Table 2. Probability of invasive listeriosis after ingestion of ice cream products contaminated with Listeria monocytogenes, United

States, 2015

Population, no. cases in population

Highly Pregnant, Age>65y, Age>75y,
Exposure scenario/model Albn=4  susceptible,n=4 n=0* n=4 n=2
Lowert
r constant
No. L. monocytogenes cells consumed 1.5 x 10° 7.2 x 10° 2.2 x 107 2.3 x 10° 1.2 x 108
Estimated r parameter 2.6 x10°° 5.5 x 1077 <2.3x10% 1.7x107°8 1.7 x 108
Corresponding to 1 case every... servingst 37,867 181 >4,363 5,756 5,832
logio(r) normally distributed
Estimated p parameter -9.38 -6.19 <(-7.92) -8.00 -8.02
Estimated ¢ parameter 0.88 0.24 0.54 0.54 0.54
Medium§
r constant
No. L. monocytogenes cells consumed 6.2 x 10° 1.5 x 107 8.9 x 107 9.4 x 108 4.8 x 108
Estimated r parameter 6.5 x 10710 2.7 x 1077 <5.6x10° 4.3x107° 4.2 x10°°
Corresponding to 1 case every... servingst 154,612 375 >17,812 23,501 23,811
logio(r) normally distributed
Estimated p parameter -10.0 —-6.40 <(-8.49) -8.60 -8.62
Estimated ¢ parameter 0.88 0.24 0.54 0.54 0.54
High{
r constant
No. L. monocytogenes cells consumed 1.4 x 10 3.3 x 107 2.0 x 108 2.1x10° 1.0 x 10°
Estimated r parameter 2.9x 107 1.2 x107 <26x10° 1.9x10° 1.9x10°
Corresponding to 1 case every... servingst 339,153 816 >39,071 51,552 52,230
logio(r) normally distributed
Estimated p parameter -10.3 -6.80 <(-8.83) -8.97 -8.97
Estimated ¢ parameter 0.88 0.24 0.54 0.54 0.54

*0.5 used for computation.

tProducts 1-3 contaminated beginning 2013 Dec 1; products 4-8 not contaminated.
fCorresponding to 1 case every... servings, including 10,000 L. monocytogenes cells.

§Products 1-8 contaminated beginning 2013 Dec 1.
fProducts 1-8 contaminated beginning 2012 Jun 1.
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cases and provided only an upper limit value for r. (This
value was chosen arbitrarily. A Poisson process with mean
0.5 would have led to 0 cases in 90% of occurrence.)

Discussion

This outbreak investigation provided unique data to charac-
terize the dose-response relationship between L. monocyto-
genes in general and susceptible populations. Multiple fac-
tors compelled us to estimate as precisely as possible doses
of L. monocytogenes ingested by consumers of contaminat-
ed products. First, the number of samples microbiologically
tested was by far the largest ever reported from an outbreak
setting (8). Second, because ice cream preserves the viabil-
ity of L. monocytogenes but does not support its growth,
levels of contamination were likely to have been accurately
measured and have remained relatively constant over the
extended shelf lives of the products. Finally, an exception-
ally stable level of contamination within product types
minimized variability in exposures. Hospital records indi-
cated that patient 4 drank milkshakes made with product 1
on 3 different days during January 11-19, 2015, before sep-
sis caused by L. monocytogenes infection was diagnosed on
January 23. This patient could have eaten ice cream from
lots we enumerated. Only 4 (0.2%) of 2,320 samples of
product 1 yielded a concentration >100 CFU/g, equivalent
to a dose of >16,000 L. monocytogenes cells per milkshake
(2 servings of 80 g x 100 CFU/g, assuming the 2 servings
were >100 CFU/qg). Inferences on the interlot, interbox, and
intrabox variability helped us define precisely the distribu-
tion of contamination levels from serving to serving and
confirmed that a very high concentration of L. monocyto-
genes cells in any given serving unit was not likely. The
estimated mean dose per milkshake is 1,240 L. monocyto-
genes cells (95% Crl 760-4,200 L. monocytogenes cells).
We estimate that 1 of 10,000 milkshakes would have a load
>26,000 L. monocytogenes cells (95% Crl 15,600-240,000
L. monocytogenes cells). Assuming there was no initial
contamination of the milkshake machines and no growth
of the pathogen in the milkshakes, the mean contamination
level of L. monocytogenes in the milkshakes (8 cells/g of
ice cream) was relatively low compared with contamina-
tion levels in some other outbreaks (9-12). However, in the
absence of leftovers from the actual implicated milkshakes,
we cannot rule out the possibility that the 4 susceptible pa-
tients received some of the highest contaminated products
from the factory line, triggering infection. Experimental
trials of L. monocytogenes growth in milkshakes made
from these naturally contaminated ice cream samples held
at room temperature showed an absence of growth during
8 hours and an average population level increase after 14
hours limited to 1.14 log CFU/g (13). We cannot exclude
the possibility that variations in procedures used to clean
the milkshake machines might have enabled isolated mi-
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crobial growth on >1 machines. We believe the extremely
high prevalence of contamination of product 1 might have
inoculated >1 machines with repeated preparations over the
long period during which contaminated products were dis-
tributed; however, no Listeria was isolated from samples
collected from these machines after the outbreak was rec-
ognized (Charles Hunt, Kansas Department of Health and
Environment, pers. comm., 2016 Jun 27).

Although the 4 cases of ice cream—associated listerio-
sis in a single hospital raise the possibility of a systematic
problem within the hospital, it is also possible that the com-
bination of severely ill patients, including some with spe-
cific risk factors for listeriosis such as hematologic cancers
(14), in a setting in which a large amount of contaminated
ice cream was served contributed to this series of infec-
tions. Medical staff at the hospital also might have had a
heightened suspicion of listeriosis after diagnosis of the ini-
tial case, which might have increased the likelihood of de-
tecting cases. Overall, the Kansas hospital received 55% of
all product 1 sold to hospitals. Thus, observing the 4 cases
in this specific hospital was not improbable. (The probabil-
ity to observe 4 successes out of 4 trials is 9% when the
independent probability of success is 55%.)

Although precise quantification of exposure to L.
monocytogenes ingestion through contaminated ice cream
is difficult to infer for specific persons, an assessment of
exposures among populations is more feasible. Despite the
relatively low levels of contamination of ice cream prod-
ucts in this listeriosis outbreak, the exceptionally high prev-
alence of contaminated products, combined with the pro-
tracted duration of contamination of the production line (at
least 1 year and possibly longer), contributed to exposure of
many persons to L. monocytogenes. This finding suggests
that widespread distribution of contaminated products with
low-dose contamination by L. monocytogenes in a product
that does not support growth of L. monocytogenes might
lead to only a limited number of reported infections. We
focused our study on 1 cluster of outbreak-related cases,
the one for which FDA was able to collect samples of ice
cream for microbiological testing. Five other cases of ice
cream—associated invasive listeriosis were identified in
states other than Kansas; these cases were linked to another
production factory operated by the same company, expand-
ing further the quantity of contaminated ice cream sold to
the public.

The Food and Agriculture Organization of the World
Health Organization (FAO/WHO) (15) estimated an r
parameter of 3.2 x 107 in a well-documented listeriosis
outbreak involving immunocompromised patients in Fin-
land in 1998-1999 (16,17); in this outbreak, the median
estimated dose ingested was 8.2 x 10° L. monocytogenes.
Our estimate of the r parameter for the susceptible popu-
lation is in the same order of magnitude (1.2 x 10" t0 5.5
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x 107). In the population of pregnant women, FAO/WHO
(15) estimated a r parameter of 2.6 x 107 on the basis
of an outbreak of cheese-associated listeriosis involving
pregnant Hispanic women in Los Angeles County, Cal-
ifornia, USA, in 1985 in which the estimated dose was
1.7 x 107 L. monocytogenes (10). More recently, Imanishi
et al. (18) estimated an attack rate of 1 case/10,000 ex-
posed pregnant women in Colorado, USA, during a 2011
multistate outbreak of listeriosis linked to contaminated
cantaloupe (19); no enumeration data were available in
this outbreak. Studies have shown that cut cantaloupe
supports the growth of L. monocytogenes (20,21), sug-
gesting that some exposures could have been high dur-
ing this outbreak. In the ice cream-associated outbreak
described here, no cases were reported among pregnant
women despite presumably widespread exposures among
this subgroup of susceptible persons. Specifically, a large
number of contaminated ice cream products were pre-
sumably ingested by pregnant women during the long
duration of contamination of the production line. From
the expected number of L. monocytogenes cells ingested
by this subpopulation, we estimate, under the various as-
sumptions used in this study, a value of r <2.6 x 109 to
r <2.3 x 1078 In summary, estimates for r derived in the
present study are comparable in order of magnitude with
estimates derived from previous outbreaks, a finding that
is noteworthy in light of the low levels of contamination
of ice cream products and the fact that these products did
not support growth. Although other outbreaks were linked
to higher level of contamination per serving than in the
present study, the number of contaminated servings was
much lower in those outbreaks than in the present one.
On the other hand, estimates for r obtained in the pres-
ent study are higher than those estimated by using epide-
miologic data (6,15,17). Using epidemiologic data, FAO/
WHO (15) estimated that the probability of infection after
consumption of 1 L. monocytogenes cell is in the order of
r =5 x 1072 for susceptible persons (immunocompromised
persons, pregnant women, and elderly persons), and 5 x
10~ for nonsusceptible persons (15). These values predict
the occurrence of 1 listeriosis case for every 20 million ex-
posures to 10,000 L. monocytogenes cells in the susceptible
population (10,000, which was chosen arbitrarily, would
correspond to the dose after ingestion of 100 g of a product
contaminated at 100 CFU/g) and 1 case of listeriosis for
every 2 billion exposures to 10,000 L. monocytogenes cells
in the nonsusceptible population. The estimates obtained
in our study were much higher than these values: 1 case
expected for every 339,200 servings of 10,000 bacteria
per serving, such as for the general population in the high-
exposure scenario. Similarly, using the model of Pouillot
et al. (6), we estimated that values from the ice cream out-
break data are =2 log,, higher than those based on epide-
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miologic data. A possible explanation for these differences
is that a particularly virulent strain of L. monocytogenes
was present in ice cream. Differences in r estimates ob-
tained from outbreak investigations versus epidemiologic
data also could result from observation bias, wherein rec-
ognition of cases instigates a study, leading to high number
of cases for equation input and thus higher estimates for r.
In contrast, situations where contaminated products are dis-
tributed but no cases are recognized are underrepresented
in such evaluations.

This outbreak of ice cream-associated listeriosis rec-
ognized in 2015 demonstrates that illnesses can occur when
products with low-level contamination that do not support
growth are distributed widely to the public, even though
it is not possible to conclude with certainty whether the
cases were linked directly to the products or indirectly af-
ter a growth step on a milkshake machine. The outbreak
also illustrates that even when the distribution of products
contaminated with L. monocytogenes is widespread, most
consumers of the products will not become ill when con-
tamination levels are low and no growth is facilitated. Fi-
nally, this outbreak adds yet further evidence of the risk
for listeriosis faced by persons with weakened immune
systems and calls for effective risk management to mitigate
infections (22).
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By using data from a 2015 clinical trial on Ebola convales-
cent-phase plasma in Guinea, we assessed the prevalence
of electrolyte and metabolic abnormalities at admission and
their predictive value to stratify patients into risk groups.
Patients underwent testing with a point-of-care device. We
used logistic regression to construct a prognostic model and
summarized the predictive value with the area under the re-
ceiver operating curve. Abnormalities were common among
patients, particularly hypokalemia, hypocalcemia, hypona-
tremia, raised creatinine, high anion gap, and anemia. Be-
sides age and PCR cycle threshold value, renal dysfunc-
tion, low calcium levels, and low hemoglobin levels were
independently associated with increased risk for death. A
prognostic model using all 5 factors was highly discrimina-
tory (area under the receiver operating curve 0.95; 95% CI
0.90-0.99) and enabled the definition of risk criteria to guide
targeted care. Most patients had a very low (<5%) or very
high (>80%) risk for death.

uring the 2014-2016 Ebola virus disease (EVD) out-

break in West Africa, a total of 28,646 cases were
diagnosed, with a case-fatality rate of 39.4% (1). Several
research groups have focused on new therapeutic interven-
tions, but none has been found to be very effective (2-4).
Others have emphasized the importance of good support-
ive care (5-11). Besides indicating appropriate oral and
intravenous hydration, a body of research has also made
the case for increasing access to point-of-care (POC)
devices to detect metabolic and electrolyte abnormali-
ties (5-8,10-13) because pronounced abnormalities have
been observed in Ebola virus patients treated in the United
States and Europe (14).

However, the evidence base for this recommendation
in busy, resource-limited Ebola treatment units (ETUS)
remains limited. If few readily treatable electrolyte distur-
bances would be detected with these devices, their added
value could be questioned because each blood collection
puts healthcare workers at risk for infection (15). The lim-
ited understanding of the prognostic importance of these
abnormalities further obscures the evidence base on their
clinical value in resource-constrained settings. Moreover,
findings might differ within and between countries, and in-
formation from various settings is thus required to inform
management guidelines. Despite the ~30,000 EVD cases
diagnosed worldwide over the past 40 years, the evidence
base on the prevalence and prognostic value of blood ab-
normalities is limited to a small number of reports on a
fraction of all treated Ebola patients (4,16,17), many of
whom were being treated intensively in high-resource set-
tings (14,18,19).

A better understanding of abnormal blood test results
could have important clinical consequences. First, more
precise information on the prevalence of abnormalities
could enable rational decision-making on which testing
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to prioritize and which abnormalities treatment programs
should prepare to appropriately manage. Identified abnor-
malities could lead to relevant, simple therapeutic inter-
ventions (e.g., potassium [K*] supplementation) that could
reduce case-fatality rates. Second, identification of factors
independently associated with an increased risk for death
could lead to better prognostic classification of patients,
identifying those in need of higher levels of care, and im-
prove standardization when analyzing results of future clin-
ical trials. To enable clinical decision-making, estimates of
the absolute risk for death would be required for individual
patients across the spectrum of independent risk factor val-
ues (20) and not the mere reporting of group odds or risk
ratios, as has been done before (16,17). Based on the pre-
dicted absolute risk for death, individual risk stratification
could be done on admission.

The Ebola-Tx trial evaluated convalescent-phase
plasma as an EVD treatment in a Médecins sans Frontiéres
(MSF) ETU in Conakry, Guinea. Trial findings have been
published (2). MSF introduced a POC device during the
trial. We used the opportunity of having access to relatively
high-quality data from this clinical trial to 1) describe the
prevalence of electrolyte and metabolic disturbances dur-
ing admission and the association with EVD death and 2)
assess the predictive value of these prognostic factors to
stratify patients in risk groups.

Methods

Ebola-Tx Trial

The Ebola-Tx trial was conducted at the Conakry ETU sup-
ported by MSF. Trial patients were recruited during Febru-
ary 17-July 7, 2015. Patients of all ages, including pregnant
women, were eligible, and their outcomes were compared
with historical controls treated at the same center before
the trial began. As per World Health Organization recom-
mendations, patients received 2 units of 200-250 mL of
Ebola convalescent-phase plasma after EVD diagnosis was
confirmed by PCR (2). For children, a total volume of 10
mL/kg of Ebola convalescent-phase plasma was given. The
level of neutralizing antibodies in the donors was unknown
at the time of administration. Although the trial was found
safe and feasible to organize, the efficacy of convalescent-
phase plasma was not proven; the adjusted absolute risk
reduction was -3% (95% CI -13% to 8%) (2).

Supportive Care at the MSF ETU

Supportive care during the trial was provided by the MSF
team as per MSF guidelines. As part of supportive care,
MSF staff introduced a POC device (i-STAT; Abbott Point
of Care, Princeton, NJ, USA) on February 25, 2015, soon
after the trial began. All patients were tested at the time
of EVD diagnosis by using CHEMS8+ cartridges (Abbott
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Point of Care) to determine levels of electrolytes (K*, so-
dium [Na*], chloride [CI], and ionized calcium [iCa?]),
creatinine, and blood urea nitrogen (BUN); the anion gap;
the total amount of dissolved carbon dioxide (TCO,); glu-
cose levels; and hemoglobin/hematocrit values.

The MSF supportive care guidelines recommend em-
pirical systematic prescription of antibiotics and antima-
larial drugs. Symptomatic care (e.g., for pain or nausea/
vomiting) was given as needed. Fluid replenishment was
done with oral rehydration fluids if a patient was alert, not
vomiting, and able to participate in their own care. Intrave-
nous fluids were given to patients with insufficient oral in-
take, severe vomiting or diarrhea, pronounced or persistent
hypotension, or clinical signs of severe dehydration (21).

Study Population

A total of 102 patients were enrolled in the Ebola-Tx trial,
of whom 98 received convalescent-phase plasma. A total of
87 were recruited after the introduction of the POC device.

Data Collection

During the trial, data were entered in an electronic case
report form directly from source documents, which, when
filled in the high-risk zone, were scanned using mobile
phones and transmitted over a secured local wireless net-
work to a central server and automated printer. Data were
collected on admission and each day after EVD confirma-
tion, including information on symptoms and clinical signs
of EVD, vital signs, and treatment received. For our study,
we used all available data on the POC results on admission,
cycle threshold (C) values of the Ebola diagnostic PCR,
baseline patient characteristics, and discharge status.

Definitions

We used definitions based on the POC device normal val-
ues and standard definitions for abnormalities: hypokale-
mia, K* <3.5 mmol/L; moderate hypokalemia, K* 2.5-3.0
mmol/L; severe hypokalemia, K* <2.5 mmol/L; hyperka-
lemia, K* >5.0 mmol/L; hyponatremia, Na* <135 mmol/L;
hypernatremia, Na* >146 mmol/L; hypochloremia, CI-
<98; high anion gap, >20; low TCO,, <24 mmol/L; low
glucose, <70 mg/dL; high glucose >180 mg/dL; creatinine
and BUN: mild increase, 1.0—1.5 times the upper limit of
normal (ULN); moderate increase, 1.5-3.0 times ULN;
severe, >3.0 times ULN; increased BUN/creatinine ratio,
>20; and hypocalcemia, iCa?* <1.12 mmol/L. Anemia was
defined per World Health Organization guidelines (age/sex
adjusted) using hemoglobin values (22).

Statistical Analysis

We calculated medians and interquartile ranges (IQRs) for
continuous variables and summarized binary/categorical data
by using frequencies and percentages. We compared groups
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by using Fisher exact tests for binary/categorical variables
and the Wilcoxon rank-sum test for continuous variables.

The outcome status at the time of discharge from the
MSF ETU was classified as alive or dead, excluding pa-
tients transferred to another ETU. We performed a risk
factor analysis by using multivariate logistic regression
modeling to determine independent factors associated with
increased risk for death. We selected a restricted number
of exposure variables on the basis of theoretical consider-
ations and published studies. We included the following
variables in the POC model: K*, iCa?, and creatinine lev-
els; anion gap; amount of TCO,; glucose levels; and hemo-
globin levels. The POC+ model included the same POC
variables plus age and the C of the PCR at EVD diagnosis,
given that these 2 additional variables are the most univer-
sally accepted prognostic factors (4,23,24). To maximize
power, we included the variables as continuous variables
and determined the functional form by using the fracpoly
command (fractional polynomial regression, which fits
fractional polynomials as part of the specific regression
model) in Stata version 14 (StataCorp LP, College Station,
TX, USA). We reduced the model by using backward step-
wise elimination until all variables had a p value <0.05.
By using the logistic regression coefficients from the final
model, we calculated the predicted risk for death for each
patient and plotted the results in a histogram. We summa-
rized the predictive value of the model by calculating the
area under the receiver operating curve (AUROC) sepa-
rately for the POC and the POC+ model.

We tabulated predicted and observed deaths across
different predicted risk groups (<5.0%, 5.0%-19.9%,
20.0%-49.9%, 50.0%-79.9%, and >80.0%). We formal-
ly assessed the goodness-of-fit of the model by using the
Hosmer-Lemeshow test, yielding a p value <0.05, which
suggests significant discrepancy between the observed and
predictive outcomes. We conducted internal validation by
using cross-validation (h = 10, k = 10) (25). We randomly
divided the data into 10 mutually exclusive subsets of the
same size. We conducted a 10-fold cross-validation by
repeating the analysis 10 times, each time excluding 1 of
the independent datasets, and calculating the AUROC. We
averaged the summary estimates of the 10 AUROC:S to ob-
tain the cross-validation AUROC. We conducted statistical
analysis by using Stata version 14.

Results
Of the 87 study patients enrolled in the trial when the POC
device was in use, POC results were available for 85 (Table
1). The median age was 30 years (IQR 20-40 years); 48
(56%) patients were female. The median C, value in the
diagnostic PCR was 27 (IQR 18-36).

Hyponatremia (77.6%) was very common, but hyper-
natremia was only rarely documented (Table 2). Although
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Table 1. Baseline characteristics of 85 Ebola patients recruited
for the Ebola-Tx trial, Conakry, Guinea, 2015*

Characteristic Value
Age, median y (IQR) 30 (20-40)
<15 10 (11.8)
Sex
M 37 (43.5)
F 48 (56.5)

C: value on diagnostic Ebola PCR, h = 84
No. cycles, median (range)

26.8 (17.8-35.8)

<25 23 (27.4)
25.0-29.9 40 (47.6)
230 21 (25.0)
Duration of symptoms, median d (IQR), n = 74 4 (3-5)
Coexisting chronic medical condition 15 (17.6)
Infectioust 8(9.4)
Noninfectioust 7(8.2)
Selected symptoms on admission
Nausea and vomiting 43 (50.6)
Diarrhea 29 (34.1)

*Values are no. (%) patients except as indicated. Ci, cycle threshold; IQR,
interquartile range.

TFor example, tuberculosis, HIV, or malaria.

FFor example, diabetes mellitus, arterial hypertension, chronic cardiac,
pulmonary disease, or renal disease.

hypokalemia (33%) was common, severe hypokalemia (K*
<2.5 mmol/L) and hyperkalemia were rare. Hypocalcemia
(64%) was frequently observed. Renal dysfunction (45%
with increased creatinine levels), an increased anion gap
(28%), and decreased TCO, (71%) all were frequently doc-
umented. Anemia was observed in 27% of patients.

In the multivariate logistic regression modeling, de-
creased iCa* and hemoglobin levels and increased creati-
nine levels were associated with increased risk for death
(POC model). In the POC+ model, age and the diagnostic
PCR C, value were additionally selected (Table 3). A pre-
diction model based on these 5 factors provided estimates
of the risk for death ranging from 0.016% to 99.99%, com-
pared with a baseline (or pretest) risk for death of 34.6%
(27/78 patients). The largest risk groups were patients at
either very low or very high risk, with 40% of patients hav-
ing a risk for death <10% and 22% having a risk >80%
(Figure 1). This POC+ model had an AUROC of 0.95 (95%
C10.90-0.99), compared with 0.88 (95% CI 0.78-0.97) for
the model that only included creatinine, calcium, and he-
moglobin levels (POC model) (Figure 2). AUROC cross-
validation values were 0.92 (95% CI 0.85-0.99) for the
POC+ model and 0.85 (95% CI 0.75-0.96) for the POC
model. The Hosmer-Lemeshow test yielded a p value of
0.98 for the POC+ model and 0.34 for the term POC mod-
el. The predicted and observed risk for death was stratified
into 5 risk groups (Table 4); most patients were in the <5%
or >80% risk group categories.

Discussion

We documented a high prevalence of multiple electrolyte
and metabolic abnormalities in Ebola patients at the time
of admission during a clinical trial of convalescent-phase
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plasma in Guinea. Increased creatinine and decreased cal-
cium and hemoglobin levels during admission were inde-
pendent risk factors for death. The POC model including
these factors and the POC+ model additionally including
2 key risk factors (C, value of the diagnostic Ebola PCR
and the age of the patient) both performed well in predict-
ing individual patient outcome. The predicted risk for death
ranged from <0.02% to 99.9%, and most patients were
found to have either a very low risk (<5%) or a very high
risk (>80%) for death.

The frequent observance of electrolyte disturbanc-
es is in line with the few available studies from Africa
(17,26). The high prevalence of hypokalemia is of par-
ticular interest, although it was rarely severe at the time of
admission. Nevertheless, hypokalemia can potentially be
fatal and is amenable to relatively simple interventions. A
deficiency in iCa* was common, a finding also frequently
observed in sepsis patients (27,28). In the case of EVD,
renal dysfunction and pancreatitis also could contribute.
The high anion gap and low TCO, are likely explained
by lactic acidosis. Renal failure was also common in
our study. The exact cause of renal dysfunction in EVD
patients remains undefined, but both prerenal and renal
causes probably are involved.

The POC+ model, a 5-measure prognostic tool, en-
abled the stratification of patients into different risk groups
at baseline, with risk for death ranging from <5% to >80%.
This tool could enable the refining of clinical care path-
ways and rational use of scarce human resources. Absolute
risks for death could easily be calculated via a spreadsheet
or smartphone application. Alternatively, scoring systems
could be developed for bedside use (29,30).

However, several issues need to be addressed before
such prognostic tools are taken forward. First, we did not
include other potentially relevant measures that can be test-
ed with POC devices, such as liver function tests, coagula-
tion abnormalities, or markers of inflammation. Although
our system performed fairly well with only a few markers,
evaluation of the full panel of tests could possibly lead to
further improvement. Second, the sample size in our study
was limited, and all but 2 of the patients received conva-
lescent-phase plasma. Although transfusion of 500 mL of
plasma probably will not strongly influence the prognostic
associations, larger studies in different study populations
are required to assess the generalizability of our findings.
Third, corrective measures for some abnormalities (e.g.,
hypoglycemia or hypokalemia) could have obscured asso-
ciations with survival. Moreover, because this was an ex-
ploratory study, our findings need to be validated in other
and larger datasets. Finally, it remains to be seen whether
(and if so how much) our prognostic tool would perform
substantially better than clinical judgement alone or a prog-
nostic tool relying on clinical signs/symptoms combined
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Table 2. Metabolic and electrolyte disturbances in 85 Ebola patients recruited for the Ebola-Tx trial and association with increased risk

for death, Conakry, Guinea, 2015*

Value
Analyte Total Deceased Survived p value
Totalt 85 27 51
K*, mmol/L median (IQR) 3.7 (3.2-4.2) 3.9 (3-2-4.7) 3.7 (3.2-4.0) 0.21
High 4(4.7) 3(11.1) 0 (0)
Normal 53 (62.3) 16 (59.3) 33 (64.7)
Mild decrease 12 (14.1) 4 (14.8) 7 (13.7) 0.19
Moderate decrease 14 (16.5) 4 (14.8) 9 (17.6)
Severe decrease 2(2.3) 0 (0) 2 (3.9
Na*, mmol/L median (range) 135 (132-137) 132 (129-138) 136 (133-137) 0.055
Low 66 (77.6) 20 (74.1) 39 (76.5)
Normal 18 (21.2) 6 (22.2) 12 (23.5) 0.52
High 1(1.2) 1(3.7) 0 (0)
CI-, mmol/L median (IQR) 99 (95-103) 101 (97-105) 99 (96-102) 0.41
Low 34 (40.0) 10 (37.0) 18 (35.3) 1.0
iCa?*, mmol/L median (IQR) 4.3 (4.0-4.6) 3.9(3.5-4.2) 4.4 (4.2-4.7) <0.01
Low 54 (63.5) 24 (88.9) 26 (51.0) <0.01
TCO,, mmol/L median (IQR 21 (18-24) 17 (16-22) 21 (19-25) <0.01
Low 60 (70.6) 23 (85.2) 37 (72.5) 0.27
Anion gap, mmol/L median (IQR) 19 (17-21) 19 (18-21) 18 (17-20) 0.26
High 24 (28.4) 11 (40.7) 10 (19.6) 0.061
Creatinine, mmol/L median (IQR), n = 84 106 (75-332) 442 (148-654) 91 (63-116) <0.01
Normal 47 (55.9) 5 (18.5) 38 (74.5)
1-3x ULN 16 (19.0) 5 (18.5) 9 (17.6) <0.01
>3x ULN 21 (25.0) 17 (63.0) 4(7.8)
BUN, mmol/L median (IQR), n =84 16 (9-39) 50 (17-69) 11 (7-21) <0.01
Normal 53 (63.1) 9 (33.3) 38 (76.0)
1-3x ULN 26 (30.9) 13 (48.1) 12 (24.0) <0.01
>3x ULN 5 (6.0) 5 (18.5) 0 (0.0)
BUN(/creatinine ratio, median (IQR), n =83 10.3 (7.4-13.9) 8.8 (6.8-13.9) 11.2 (7.7-14.0) 0.30
<10 36 (43.4) 15 (55.6) 18 (36.0)
10-20 39 (47.0) 10 (37.0) 26 (52.0) 0.27
>20 8(9.6) 2(7.4) 6 (12.0)
Glucose, mmol/L median (IQR) 121 (104-148) 112 (88-146) 122 (106-147) 0.24
Low 5 (5.9) 4 (14.8) 1(2.0)
Normal 72 (84.7) 19 (70.4) 47 (92.2) 0.022
High 8(9.4) 4(14.8) 3(5.9
Hemoglobin, g/dL median (IQR) 14.6 (11.9-16) 13.6 (10.5-17) 14.3 (11.9-15.6) 0.90
Anemiat 23 (27.1) 9 (33.3) 14 (27.4) 0.61

*Values are no. (%) patients except as indicated. BUN, blood urea nitrogen; Ci, cycle threshold; iCa?*, ionized (free) calcium; IQR, interquartile range; K*,

potassium; Na*, sodium; CI, chloride; TCO, total dissolved carbon dioxide; ULN, upper limit of normal value.
tDenominator for deceased and survived patients combined is 78, excluding 7 patients who were transferred to another Ebola treatment unit, where they

received favipiravir.

tDefinition of anemia per World Health Organization guideline (age/sex adjusted; hemoglobin levels used).

with age and the PCR C, value. Nevertheless, a prognostic
clinical tool using laboratory measures will have the advan-
tage of being more objective, less variable between clini-
cians, and less dependent on specific clinical skills.

In contrast to fixed variables such as age and the PCR C,
value that are only useful as prognostic markers, the detection
of hypocalcemia, anemia, and renal dysfunction is amenable
to interventions. If these conditions are causally associated
with an increased risk for death, their detection could con-
tribute to reducing case-fatality rates. If they are only a proxy
for another causal factor, correction of these abnormalities
might have minimal effects. For instance, surprisingly limited
evidence exists that correction of hypocalcemia in intensive
care patients improves survival (27), and some evidence sug-
gests that it could even be detrimental (28). Similarly, whether
blood transfusion in cases of anemia can improve EVD sur-

vival (and at what threshold hemoglobin value) requires fur-
ther study. Anemia has been found to be associated with an
increased risk for death in other inflammatory conditions such
as sepsis (31). However, subsequent studies demonstrated that
a liberal blood transfusion strategy could have a negative im-
pact on survival in intensive care patients (32).

The association of renal dysfunction with an increased
risk for death has been demonstrated before (4,17,26,33).
However, the added clinical value of being able to diagnose
renal dysfunction, beyond its prognostic value, in the typi-
cal ETU in countries of Africa remains unclear. It could en-
able staff to more carefully assess the fluid status and thus
avoid over- and under-hydration. However, renal dysfunc-
tion could be prerenal (requiring aggressive fluid administra-
tion) or renal (requiring more cautious fluid administration)
in origin. Carefully assessing fluid status in busy ETUs with
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Table 3. Factors associated with increased risk for death among 78 Ebola patients recruited for the Ebola-Tx trial, Conakry, Guinea,

2015*

POC model

POC+ modelt,

Blood test resultt

Crude OR (95% CI)

aOR (95% CI) aOR (95% Cl)

1.7 (0.9-3.3)
0.70 (0.59-0.84)
0.87 (0.50-1.52)

K*, per unit increase
iCa?*, per 0.1-unit increase)
Glucose, per 50-unit increase)

0.78 (0.63-0.96) 0.73 (0.57-0.95)

2.1(1.3-3.3) 2.3 (1.1-4.6)

Creatinine, per 100-unit increase) 2.1 (1.5-3.0)

TCOy, per 5-unit increase) 0.38 (0.20-0.74) - -

Anion gap, per 5-unit increase) 1.5 (0.6-3.7) - -
Hemoglobin, per 1-unit increase) 1.0 (0.9-1.2) 0.79 (0.63-0.99) 0.67 (0.47-0.93)
C; value, per 1-unit increase) 0.80 (0.70-0.93) 0.73 (0.56-0.94)
Age, per 10-y increase) 1.8 (1.3-2.6) 2.7 (1.2-6.4)

*aOR, adjusted odds ratio; C, cycle threshold; iCa?*, ionized (free) calcium; K*,
carbon dioxide.

TNo evidence of nonlinearity of the continuous variables except for glucose, wh
FPOC+ model includes 3 POC measurements (blood creatinine, calcium, and h
result and the age of the patient.

potassium; OR, odds ratio; POC, point-of-care; TCOz, total dissolved

ich was transformed to the power of —2.
emoglobin) plus the cycle threshold value of the diagnostic Ebola PCR

brief patient contact remains challenging, and to what extent
the ratio of BUN to creatinine is accurate in EVD patients is
unclear (17). Whether biochemical diagnosis (and manage-
ment) of kidney dysfunction substantially improves patient
outcomes compared with monitoring urine output and clini-
cally assessing fluid status also remains unknown. It would
be more useful to monitor for renal dysfunction if compen-
satory measures such as dialysis could be put in place (34).
Clinical trials would be required to assess this further, look-
ing at case-fatality rate reduction, risk to healthcare staff, and
opportunity costs (9). As blood transfusion requires blood
group testing and, ideally, bedside cross-matching, risk-ben-
efit assessments for this intervention would also be useful to
inform treatment guidelines.

We acknowledge that underestimation of the prevalence
of abnormalities is probable because as measurements were
not systematically performed during the entire stay in the ETU.

Figure 1. Histogram displaying the distribution of the risk for
death for Ebola patients recruited for the Ebola-Tx trial, Conakry,
Guinea, 2015, according to a 5-variable point-of-care (POC+)
prognostic prediction model. POC+ model includes 3 POC
measurements (blood creatinine, calcium, and hemoglobin) plus
the cycle threshold value of the diagnostic Ebola PCR result and
the age of the patient. ETU, Ebola treatment unit.

Emerging Infectious Diseases ¢ www.cdc.g

Still, our findings show that a POC device is practical to use
in the ETU and could be useful in stratifying patients into risk
groups at baseline. Information on the extent POC results were
used by the clinicians would also have strengthened the study.

In conclusion, in the challenging environment of
an ETU, staff wearing full protective equipment were
able to use a POC device that frequently detected meta-
bolic and electrolyte abnormalities among EVD pa-
tients at admission. Besides age and diagnostic PCR
C, value, renal dysfunction, low calcium levels, and
low hemoglobin levels were independently associated
with an increased risk for death. A clinical prognos-
tic model using these 5 factors had a high discrimina-
tory potential, with most patients having either very
low (<5%) or very high (>80%) risk for death. To what
extent interventions aiming at correcting the observed
abnormalities can reduce case-fatality rates remains to

Figure 2. Receiving operating curve summarizing the performance
of 3-variable point-of-care (POC) and 5-variable POC+ prognostic
prediction models for Ebola patients recruited for the Ebola-Tx trial,
Conakry, Guinea, 2015. POC model includes blood creatinine,
hemoglobin, and calcium levels. POC+ model includes the same 3
POC measurements plus the cycle threshold value of the diagnostic
Ebola PCR result and the age of the patient. AUROC, area under
the receiver operating curve; POC, point-of-care.
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Table 4. Predicted and observed deaths across risk categories among 77 Ebola patients recruited for the Ebola-Tx trial, according to
the POC+ model, Conakry, Guinea, 2015*t

Death risk category (predicted),

% Total no. patients (column %) No. deaths observed (row %) No. deaths predicted (row %)
0-4.9 28 (36.4) 1(3.6) 0.4 (1.5)

5.0-19.9 14 (18.2) 1(7.1) 1.7 (12.3)
20.0-49.9 11 (14.3) 4 (36.4) 3.7 (34.0)
50.0-79.9 7(9.1) 4(57.1) 4.4 (63.5%)
80.0-100 17 (22.1) 17 (100.0) 16.7 (98.1)

*One recruited patient was excluded because of a missing C: value. Ct, cycle threshold; POC, point-of-care.
TPOC+ model includes 3 POC measurements (blood creatinine, calcium, and hemoglobin) plus the cycle threshold value of the diagnostic Ebola PCR
result and the age of the patient.

be assessed. Moreover, risk-benefit assessments that proof-of-concept trial in Guinea. PLoS Med. 2016;13:¢1001967.
consider the risks to healthcare workers are required to http://dx.doi.org/10.1371/journal pmed.1001967

inf treatment quidelines 5. Fletcher TE, Fowler RA, Beeching NJ. Understanding organ
inform g ' dysfunction in Ebola virus disease. Intensive Care Med.
2014;40:1936-9. http://dx.doi.org/10.1007/s00134-014-3515-1

Acknowledgments 6. Fowler RA, Fletcher T, Fischer WA I, Lamontagne F, Jacob S,
The authors would like to thank the Ebola-Tx consortium and all Brett-Major D, et al. Caring for critically ill patients with Ebola

. . . virus disease. Perspectives from West Africa. Am J Respir Crit
those who have contributed to the implementation of the Ebola- Care Med. 2014:190:733-7.
Tx trial, including public health authorities, National Blood 7. Lamontagne F, Clément C, Fletcher T, Jacob ST, Fischer WA II,
Transfusion Centre staff, Ebola treatment center staff, all Fowler RA. Doing today’s work superbly well—treating
Médecins sans Frontiéres staff, laboratory staff, communities, Ebola with current tools. N Engl J Med. 2014;371:1565-6.

d Ebol . o itud he Clinical Trial http://dx.doi.org/10.1056/NEJMp1411310
an ) ola s_urvwors. u_r gratitu _e _goes to_t e Lhinical Trials 8. Wong KK, Perdue CL, Malia J, Kenney JL, Peng S, Gwathney JK,
Unit of Institute of Tropical Medicine, which supported the et al. Supportive care of the first 2 Ebola virus disease patients
implementation of the trial. at the Monrovia Medical Unit. Clin Infect Dis. 2015;61:e47-51.
http://dx.doi.org/10.1093/cid/civ420

The Ebola-Tx project is funded by the European Union’s 9. West TE, von Saint André-von Arnim A. Clinical presentation and
Horizon 2020 program for research and innovation under grant 2‘03{‘:%‘;"193’}10229‘;”9 '/‘3/2‘3'3 virus /dll(s)ef;ié ';X‘” AI"”ATI_*‘SOE%CS%-
agreement no. 666094. Additional funding is provided by the 481PS —50. http:/idx.dot.org/10. MNAISATS. )
Department of Economy, Science, and Innovation of the 10. Chertow DS, Kleine C, Edwards JK, Scaini R, Giuliani R,
government of Belgium. The mobile plasma unit used in this Sprecher A. Ebola virus disease in West Africa—clinical
trial was provided to Guinea by the Bill and Melinda Gates manifestations and management. N Engl J Med. 2014;371:2054-7.

http://dx.doi.org/10.1056/NEJMp1413084

Foundation. M.G.S. is supported by a grant from the National 11. Hunt L, Lee JS. Empiric intravenous fluid and electrolyte therapy

Institute for Health Research Health Protection Research Unit in in patients with Ebola virus disease. Trop Doct. 2016:46:148-50.
the Emerging and Zoonotic Infections Department at the http://dx.doi.org/10.1177/0049475516644883
University of Liverpool. 12. Palich R, Gala JL, Petitjean F, Shepherd S, Peyrouset O,

Abdoul BM, et al. A 6-year-old child with severe Ebola virus
Dr. van Griensven acted as coordinating investigator of the disease: laboratory-guided clinical care in an Ebola treatment
Ebola-Tx trial and is currently leading the unit of HIV and center in Guinea. PLoS Negl Trop Dis. 2016;10:¢0004393.

. . . . http://dx.doi.org/10.1371/journal.pntd.0004393

Neglected Tropical Diseases at the Institute of Tropical 13. Clay KA, Johnston AM, Moore A, O’Shea MK. Targeted
Medicine in Antwerp, Belgium. His primary research interests electrolyte replacement in patients with Ebola virus disease. Clin
include leishmaniasis and emerging infectious disease outbreaks. Infect Dis. 2015;61:1030-1. http://dx.doi.org/10.1093/cid/civ435

14. Uyeki TM, Mehta AK, Davey RT Jr, Liddell AM, WolIf T,
Vetter P, et al. Clinical management of Ebola virus disease in the

References United States and Europe. N Engl J Med. 2016;374:636-46.

1. World Health Organization. Ebola situation report—30 March http://dx.doi.org/10.1056/NEJMoal504874
2016 [cited 2016 Jun 1]. http://apps.who.int/ebola/current-situation/  15. Kok J, Sintchenko V, Dwyer DE, Chen SC. Laboratory
ebola-situation-report-30-march-2016 preparedness for Ebolavirus disease [editorial]. Pathology.

2. van Griensven J, Edwards T, de Lamballerie X, Semple MG, 2015;47:397-9. http://dx.doi.org/10.1097/PAT.0000000000000290
Gallian P, Baize S, et al. Evaluation of convalescent plasma for 16. Hunt L, Knott V. Serious and common sequelae after
Ebola virus disease in Guinea. N Engl J Med. 2016;374:33-42. Ebola virus infection. Lancet Infect Dis. 2016;16:270-1.
http://dx.doi.org/10.1056/NEJMoal511812 http://dx.doi.org/10.1016/S1473-3099(15)00546-0

3. Dunning J, Sahr F, Rojek A, Gannon F, Carson G, Idriss B, et al. 17. Rollin PE, Bausch DG, Sanchez A. Blood chemistry
Experimental treatment of Ebola virus disease with TKM-130803: measurements and D-dimer levels associated with fatal and
a single-arm phase 2 clinical trial. PLoS Med. 2016;13:€1001997. nonfatal outcomes in humans infected with Sudan
http://dx.doi.org/10.1371/journal.pmed.1001997 Ebola virus. J Infect Dis. 2007;196(Suppl 2):S364-71.

4. Sissoko D, Laouenan C, Folkesson E, M’Lebing AB, Beavogui AH, http://dx.doi.org/10.1086/520613
Baize S, et al. Experimental treatment with favipiravir for Ebola 18. Lyon GM, Mehta AK, Varkey JB, Brantly K, Plyler L, McElroy AK,
Virus Disease (the JIKI trial): a historically controlled, single-arm et al. Clinical care of two patients with Ebola virus disease in the

2126 Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 22, No. 12, December 2016



19.

20.

21.

22.

23.

24.

25.

26.

27.

United States. N Engl J Med. 2014;371:2402-9.
http://dx.doi.org/10.1056/NEJMoa1409838

Kreuels B, Wichmann D, Emmerich P, Schmidt-Chanasit J,

de Heer G, Kluge S, et al. A case of severe Ebola virus infection
complicated by gram-negative septicemia. N Engl J Med.
2014;371:2394-401. http://dx.doi.org/10.1056/NEJMoal411677
Steyerberg EW, Moons KG, van der Windt DA, Hayden JA,

Perel P, Schroter S, et al. Prognosis Research Strategy (PROGRESS)
3: prognostic model research. PLoS Med. 2013;10:1001381.
http://dx.doi.org/10.1371/journal.pmed.1001381

Sterck A. Filovirus haemorrhagic fever guideline [cited 2016 Jun 1].
http://www.medbox.org/ebola-guidelines/filovirus-haemorrhagic-
fever-guideline/preview

World Health Organization. Haemoglobin concentrations for

the diagnosis of anaemia and assessment of severity. Geneva:

The Organization; 2011.

Bah El, Lamah MC, Fletcher T, Jacob ST, Brett-Major DM,

Sall AA, et al. Clinical presentation of patients with Ebola virus
disease in Conakry, Guinea. N Engl J Med. 2015;372:40-7.
http://dx.doi.org/10.1056/NEJMoal411249

Faye O, Andronico A, Faye O, Salje H, Boélle PY, Magassouba N,
et al. Use of viremia to evaluate the baseline case fatality ratio

of Ebola virus disease and inform treatment studies: a
retrospective cohort study. PLoS Med. 2015;12:¢1001908.
http://dx.doi.org/10.1371/journal.pmed.1001908

Harrell FE Jr, Lee KL, Mark DB. Multivariable prognostic models:
issues in developing models, evaluating assumptions and
adequacy, and measuring and reducing errors. Stat Med.
1996;15:361-87. http://dx.doi.org/10.1002/(SICI)1097-
0258(19960229)15:4<361::AID-SIM168>3.0.CO;2-4

Hunt L, Gupta-Wright A, Simms V, Tamba F, Knott V, Tamba K,

et al. Clinical presentation, biochemical, and haematological
parameters and their association with outcome in patients with Ebola
virus disease: an observational cohort study. Lancet Infect Dis.
2015;15:1292-9. http://dx.doi.org/10.1016/S1473-3099(15)00144-9
Forsythe RM, Wessel CB, Billiar TR, Angus DC, Rosengart MR.
Parenteral calcium for intensive care unit patients. Cochrane Database
Syst Rev. 2008;4:CD006163. http://dx.doi.org/10.1002/14651858.
CD006163.pub2

28.

29.

30.

31.

32.

33.

34.

Electrolyte and Metabolic Disturbances in Ebola

Collage RD, Howell GM, Zhang X, Stripay JL, Lee JS, Angus DC,
et al. Calcium supplementation during sepsis exacerbates organ
failure and mortality via calcium/calmodulin-dependent protein
kinase kinase signaling. Crit Care Med. 2013;41:e352-60.
http://dx.doi.org/10.1097/CCM.0b013e31828cf436

van Griensven J, Phirum L, Thai S, Buyze J, Lynen L. A clinical
prediction score for targeted creatinine testing before initiating
tenofovir-based antiretroviral treatment in Cambodia. J Acquir
Immune Defic Syndr. 2014;65:¢150-2. http://dx.doi.org/10.1097/
QAI.0000000000000022

van Griensven J, Phan V, Thai S, Koole O, Lynen L. Simplified
clinical prediction scores to target viral load testing in adults with
suspected first line treatment failure in Phnom Penh, Cambodia.
PL0S One. 2014;9:e87879. http://dx.doi.org/10.1371/journal.
pone.0087879

Hébert PC, Wells G, Tweeddale M, Martin C, Marshall J, Pham B,
et al. Does transfusion practice affect mortality in critically ill
patients? Transfusion Requirements in Critical Care

(TRICC) Investigators and the Canadian Critical Care Trials
Group. Am J Respir Crit Care Med. 1997;155:1618-23.
http://dx.doi.org/10.1164/ajrccm.155.5.9154866

Hébert PC, Wells G, Blajchman MA, Marshall J, Martin C,
Pagliarello G, et al. A multicenter, randomized, controlled

clinical trial of transfusion requirements in critical care.
Transfusion Requirements in Critical Care Investigators, Canadian
Critical Care Trials Group. N Engl J Med. 1999;340:409-17.
http://dx.doi.org/10.1056/NEJM199902113400601

Schieffelin JS, Shaffer JG, Goba A, Gbakie M, Gire SK, Colubri A,
et al. Clinical illness and outcomes in patients with Ebola in Sierra
Leone. N Engl J Med. 2014;371:2092-100. http://dx.doi.org/10.1056/
NEJMoal411680

Faubel S, Franch H, Vijayan A, Barron MA, Heung M, Liu KD,

et al. Preparing for renal replacement therapy in patients

with the Ebola virus disease. Blood Purif. 2014;38:276-85.
http://dx.doi.org/10.1159/000371530

Address for correspondence: Johan van Griensven, Nationalestraat 155,
2000 Antwerp, Belgium; email: jvangriensven@itg.be

EID SPOTLIGHT TOPIC

Ebola, previously known as Ebola hemorrhagic fever, is
a rare and deadly disease caused by infection with one
of the Ebola virus strains. Ebola can cause disease in
humans and nonhuman primates (monkeys, gorillas, and
chimpanzees).

Ebola is caused by infection with a virus of the family
Filoviridae, genus Ebolavirus. There are five identified
Ebola virus species, four of which are known to cause
disease in humans. Ebola viruses are found in several
African countries; they were first discovered in 1976 near
the Ebola River in what is now the Democratic Republic
of the Congo. Before the current outbreak, Ebola had
appeared sporadically in Africa.

The natural reservoir host of Ebola virus remains unknown.
However, on the basis of evidence and the nature of similar
viruses, researchers believe that the virus is animal-borne
and that bats are the most likely reservoir. Four of the five
virus strains occur in an animal host native to Africa.

Ebola

http://wwwnc.cdc.gov/eid/page/ebola-spotlight
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Baylisascaris procyonis Roundworm
Seroprevalence among Wildlife Rehabilitators,
United States and Canada, 2012—-2015
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Elizabeth B. Gray, Mark Eberhard,
Dana M. Woodhall, Susan P. Montgomery,
Karen L. Bailey, Emily W. Lankau,*
Michael J. Yabsley

Baylisascaris procyonis roundworms can cause potentially
fatal neural larva migrans in many species, including hu-
mans. However, the clinical spectrum of baylisascariasis is
not completely understood. We tested 347 asymptomatic
adult wildlife rehabilitators for B. procyonis antibodies; 24
were positive, suggesting that subclinical baylisascariasis is
occurring among this population.

aylisascaris procyonis, a roundworm of raccoons

(Procyon lotor) and rarely dogs, can cause fatal neural
larva migrans or ocular larval migrans in numerous bird
and mammal species, including humans (1). At least 54
human cases have been reported; however, cases may not
have been recognized or reported, especially ocular cases,
for which parasite identification is rare (1-3). Most diag-
nosed cases have been in children and were severe or fatal.
Treatment is difficult after onset of neurologic symptoms,
and neural larva migrans survivors may have permanent
neurologic sequelae (1).

The clinical spectrum of baylisascariasis is not fully
understood. Limited evidence suggests that subclinical
disease may occur (1,2,4,5). Baylisascaris larvae were
an incidental finding in the brain of an Alzheimer disease
patient (4), and B. procyonis antibodies were reported in
the parents of a child with baylisascariasis and in 4 of 13
adults in Germany with raccoon contact; assay specificity
was not reported (2,5). The occurrence of subclinical infec-
tions with related ascarids (e.g., Toxocara species) is well
established; up to 14% of persons in the United States are
seropositive, although it is unknown how many have clini-
cal manifestations (6).
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Wildlife rehabilitators may represent a population at
risk for subclinical baylisascariasis due to frequent con-
tact with raccoons and their feces, which may contain
infectious larvated B. procyonis eggs. We assessed the
occurrence of antibodies to B. procyonis in a sample of
wildlife rehabilitators from the United States and Canada
and administered a questionnaire on rehabilitation experi-
ence and procedures.

The Study
During 2012-2015, we collected serum samples from and
administered questionnaires to wildlife rehabilitators (de-
tails in online Technical Appendix, http://wwwnc.cdc.gov/
EID/article/22/12/16-0467-Techappl.pdf). We tested serum
samples for B. procyonis IgG using a recombinant B. procy-
onis repeat antigen 1 protein Western blot as described (7).
Of 347 enrolled persons (Table 1), 315 (91%) reported
current involvement in rehabilitation activities. Participants
had an average of 10.5 (median 7.0) years of animal re-
habilitation experience. Most respondents (92%) reported
having contact with raccoons at some point; 64% reported
actively rehabilitating raccoons in the past year (Table 2).
Twenty-four (7%; 95% CI 4.7%-10.1%) participants
tested positive for B. procyonis antibodies; adjusted preva-
lence, considering assay performance characteristics, was
5.7% (95% CI 2.2%-9.2%) (Figure) (12). Of those 24 par-
ticipants, 22 (92%) were actively rehabilitating wildlife;
the other 2 reported occasional wildlife contact, including
contact with raccoons, through veterinary clinic activities.
All but 2 seropositive persons reported raccoon contact,
and 2 practiced rehabilitation in the same household. Nine-
teen (79%) of the 24 seropositive persons resided in a US
state or Canadian province classified as having very high
or high B. procyonis prevalence among raccoons (Table 2).

Conclusions

We detected antibodies to B. procyonis roundworms in 7%
of wildlife rehabilitators we tested, suggesting that expo-
sure to this zoonotic parasite may occur without clinical
disease. Participants reported various degrees of raccoon
contact. Although the transmission source could not be
determined (i.e., from rehabilitation of raccoons or from
exposure to eggs during other activities), use of gloves
and handwashing was generally inconsistent among the

!Current affiliation: Ronin Institute, Montclair, New Jersey, USA.
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Table 1. Demographic characteristics of participants in a study of Baylisascaris procyonis roundworm seroprevalence among wildlife

rehabilitators, United States and Canada, 2012-2015

Variable No. (%) respondents, N = 347 No. (%) seropositive
Sex
Female 299 (86.2) 21 (7.0)
Male 48 (13.8) 3(6.3)
Race
Asian 6 (1.7) 0
American Indian or Alaska Native 1(0.3) 0
Black or African American 1(0.3) 0
White 327 (94.2) 23 (7.0)
Other 2 (0.6) 0
Multiracial 10 (2.9) 1(10.0)
Ethnicity
Hispanic 5(1.4) 0
Not Hispanic 315 (90.8) 19 (6.0)
Declined to state 27 (7.8) 5(18.5)
Geographic region of rehabilitation activities*
Northeastern 106 (30.5) 4(3.8)
Midwestern 74 (21.3) 8 (10.8)
Central 23 (6.6) 0
Southern 110 (31.7) 5(4.5)
Western 34 (9.8) 7 (20.6)

*Geographic regions are defined as follows: Northeastern: Delaware, Maryland, Massachusetts, Maine, New Jersey, New York, Pennsylvania, and
Virginia, USA, and Quebec Province, Canada; Midwestern: lllinois, Indiana, Kentucky, Michigan, Minnesota, Missouri, Ohio, and Wisconsin , USA, and
Manitoba and Ontario Provinces, Canada; Central: Arizona, Colorado, Kansas, Oklahoma, and Texas, and Alberta, Province, Canada; Southern:
Alabama, Florida, Georgia, Louisiana, Mississippi, North Carolina, South Carolina, and Tennessee, USA; and Western: California, Oregon, and

Washington, USA, and British Columbia Province, Canada.

seropositive persons in this study (S.G.H. Sapp, data not
shown). B. procyonis is transmitted by ingestion of larvat-
ed eggs; thus, proper use of personal protective equipment
(PPE), adherence to cleaning and disinfection protocols,
and proper hand hygiene should minimize the risk associ-
ated with exposure to feces.

Transmission risk can also occur when handling
animals whose fur has been contaminated by infective

raccoon eggs, as shown for Toxocara canis parasites and
dog fur (13). More investigations are needed regarding
the occurrence of B. procyonis eggs on raccoon fur and
transmission implications. Lapses in PPE use and hand
hygiene may indicate a lack of caution or risk awareness
for other pathogens.

Wildlife rehabilitators in areas with a very high preva-
lence of B. procyonis infection among raccoons may be at

Table 2. Rehabilitation work characteristics and experience of wildlife rehabilitators enrolled in a study of Baylisascaris procyonis
roundworm seroprevalence among wildlife rehabilitators, United States and Canada, 2012—2015

Variable No. (%) respondents No. (%) seropositive
Involvement in wildlife rehabilitation, N = 347
Currently involved 314 (90.5) 22 (7.0)
Formerly involved 19 (5.5) 0(0)
Other raccoon contact 14 (4.0) 2 (14.3)
Rehabilitation experience, y, N = 322
<2.0 48 (14.9) 2(4.2)
2.0-4.9 96 (29.8) 7(7.3)
5.0-9.9 67 (20.8) 1(1.5)
10.0-20.0 64 (19.9) 8 (12.5)
>20.0 47 (14.6) 3(6.4)
Raccoon rehabilitation, N = 347
Rehabilitated raccoons in past year 222 (64.0) 16 (7.2)
Rehabilitated raccoons (prior to past year) 41 (11.8) 2(4.9)
Never rehabilitated raccoons 84 (24.2) 6 (7.1)
General raccoon contact, N = 329
Had contact in past year 266 (80.9) 19 (7.1)
Had contact ever 36 (10.9) 3(8.3)
Never had contact 27 (8.2) 2(7.4)
B. procyonis prevalence among raccoons in state or province of residence, N = 347*
Very high (>50%) 79 (22.8) 14 (21.5)
High (25%—49%) 127 (36.6) 5(4.6)
Medium (10%—24%) 92 (26.5) 4 (4.3)
Low (<10%), sporadic, or unknown 49 (14.1) 1(2.1)

*Prevalence levels in the various US states and Canadian Provinces are shown in the Figure.
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Figure. Locations for
participant sampling in a study
of Baylisascaris procyonis
roundworm seroprevalence
among wildlife rehabilitators,
United States and Canada,
2012-2015. Yellow dots
indicate counties (USA)

or township/municipality
(Canada) in which enrolled
persons reported practicing
wildlife rehabilitation. Red
dots indicate locations of
seropositive persons. Shading
of states/provinces indicates
general state/province level
prevalence of B. procyonis in
raccoons based on published
reports (1,8-11).

elevated risk for subclinical infections. Only 1 B. procyon-
is—seropositive wildlife rehabilitator resided in a state with
low or sporadic prevalence (Alabama); however, that per-
son lived in an area adjacent to a Florida county where the
prevalence of B. procyonis infection in raccoons was 9%
(M.J. Yabsley, unpub. data) (Figure). Data on B. procyonis
prevalence in raccoons are outdated or missing for many
US states and Canadian provinces. Furthermore, raccoon
infections with B. procyonis are now being reported in ar-
eas where the parasite has historically been absent (e.g., the
southeastern United States); thus, awareness of this para-
site may be limited in those areas (8). More surveillance is
needed on the distribution and prevalence of B. procyonis
infection among raccoons to assess the association with ex-
posure risks among humans.

Rehabilitation facilities housing raccoons can easily be
contaminated with B. procyonis because high numbers of
environmentally hardy eggs are passed by infected raccoons
(1). Our finding of 2 seropositive raccoon rehabilitators op-
erating out of the same household highlights the importance
of infection-control practices. Facility contamination can be
prevented by treating raccoons for parasites at intake and
at regular intervals thereafter and by sterilizing enclosures
using heat-based methods (14). Several anthelmintic drugs
can Kkill adult B. procyonis, but raccoons with high worm
burdens may require retreatment (15). Raccoon enclosures
and housing should be constructed with materials that are
easy to clean and disinfect using heat-based methods.

We tested persons with wildlife (mostly raccoon)
contact, so our results describe an exposure risk that likely

2130

does not apply to the general public. However, persons
in other occupations or activities (e.g., zoo keepers, wild-
life biologists) may have similar exposure risks. Domes-
tic dogs, other wildlife species (e.g., skunks, bears), and
some exotic pets (e.g., kinkajous) are hosts for Baylisas-
caris spp. parasites and may present exposure risks (1).
Although the assay we used has a sensitivity of 88% and
specificity of 98%, it is time-consuming and not ideal for
large-scale epidemiologic studies (7). Development of a
high-quality ELISA would facilitate larger epidemiologic
studies on the risk for baylisascariasis among different
demographic groups and help further elucidate specific
risk factors.

Our study had several limitations. We used a conve-
nience sampling, so not all regions were well represented,
and sample size was relatively small. Our prevalence esti-
mate may be inflated because positive predictive value is re-
duced in populations in which prevalence is low. The assay
we used is the reference standard for clinical diagnosis but
has not been used to test asymptomatic persons. Although
an association between human B. procyonis exposure and
seroconversion has not been established, asymptomatic se-
ropositive infections would be expected because clinical
disease probably occurs only when larvae cause damage
to neural tissue or eyes (1). An estimated 95% of migrat-
ing larvae enter muscle or visceral organs, where they may
stimulate an immune response but not cause clinical disease
(1). In support of this presumption, the assay we used indi-
cated that experimental infections of Peromyscus rodents
with low numbers of B. procyonis parasites resulted in no
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clinical disease with seroconversion (S.G.H. Sapp, unpub.
data). Last, participants were primarily licensed rehabilita-
tors who belonged to professional organizations, and many
practiced rehabilitation in large, dedicated facilities. Such
facilities generally have safety protocols that may encour-
age more consistent PPE use and awareness of zoonotic
diseases, so the risk for infection may be greater in smaller
or informal rehabilitation settings.

To prevent infection with B. procyonis parasites,
proper PPE and hand hygiene practices should be used
consistently when handling animals and when contact
with animal feces might occur. Education materials and
outreach efforts discussing PPE use, infection control,
and zoonotic pathogens should be directed to wildlife
rehabilitators to increase awareness of potential occupa-
tional risks.
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Genetically Different Highly Pathogenic
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To trace the evolution of highly pathogenic influenza
A(H5N1) virus in West Africa, we sequenced genomes
of 43 viruses collected during 2015 from poultry and wild
birds in 5 countries. We found 2 co-circulating genetic
groups within clade 2.3.2.1c. Mutations that may increase
adaptation to mammals raise concern over possible risk
for humans.

I n December 2014, a strain of highly pathogenic avian influ-
enza (HPAI) A(H5N1) virus responsible for deaths among
poultry was detected in southwestern Nigeria, specifically in
a live bird market in Lagos State (1). Since then, other out-
breaks have occurred in Nigeria, and the HPAI A(H5N1) vi-
rus has also been officially reported in Burkina Faso (Febru-
ary 2015) and Niger, Ghana, and Céte d’lvoire (April 2015),
to date causing the death of ~1.6 million birds (2).
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Previous HPAI A(H5N1) epidemics in West Africa
occurred in 2006-2008 and involved exclusively viruses
of clade 2.2 (3). So far, a full-genome characterization is
publicly available for only 1 HPAI A(H5N1) virus, col-
lected in Nigeria in early 2015 (4) and classified as clade
2.3.2.1c. To our knowledge, this clade has not been previ-
ously detected in Africa. Since 2009, this clade has been
widely circulating in domestic and wild birds in several
countries in Asia (5); in 2010, it was reported in Europe (6)
and in 2014, in the Middle East (7). In 2015, clade 2.3.2.1c
was detected in rooks, chickens, and dalmatian pelicans in
Russia, Bulgaria, and Romania, respectively (8). To trace
the evolution of HPAI A(H5N1) virus in West Africa, we
examined the genetic characteristics of 43 such viruses col-
lected during January—August 2015 in all affected countries
in West Africa.

The Study
From January through October 2015, a total of 248 sam-
ples (organ tissue and swab samples) from poultry and wild
birds suspected of being infected with HPAI A(H5N1) vi-
rus in 6 countries in West Africa were sent for diagnostic
confirmation to the World Organisation for Animal Health
Reference Laboratory and the Food and Agriculture Orga-
nization of the United Nations Reference Center for Ani-
mal Influenza at the Istituto Zooprofilattico Sperimentale
delle Venezie. Consistent with the laboratory test results
provided by the submitting national veterinary laboratories,
the presence of HPAI A(H5N1) virus was confirmed for
5 countries: Nigeria, Burkina Faso, Niger, Cote d’Ivoire,
and Ghana. All samples positive for influenza A(H5N1) vi-
rus were sequenced by using lllumina MiSeq (San Diego,
CA, USA) technology; complete coding sequences were
obtained for 39 viruses, and the partial genome was ob-
tained for 4 others (Table). To obtain consensus sequences
later submitted to public databases (accession numbers in
Table), we processed reads as described in Monne et al. (9).
We performed phylogenetic analyses for each genome
segment by using PhyML 3.0 (10), incorporating a gen-
eral time reversible model of nucleotide substitution with
a gamma distribution of among-site rate variation (with
4 rate categories) and a subtree pruning and regrafting
branch-swapping search procedure. The topology of the 8
phylogenetic trees shows that viruses collected from West
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Table. Epidemiologic information for sequenced samples from poultry and wild birds positive for influenza A(H5N1) virus, West Africa®

Sequenced  Collection
Name genome date Country, location DB  Accession nos.
Alchicken/Ghana/15VIR5480-3/2015 Complete 2015 Jul 28  Ghana, Greater Accra GB KU971453-60
A/partridge/Ghana/15VIR5480-5/2015 Complete 2015 Jul 27  Ghana; Greater Accra GB  KU971461-68
Al/chicken/Ghana/15VIR5480-7/2015 Complete 2015 Jul 28  Ghana, Greater Accra GB  KU971469-76
Alchicken/Ghana/15VIR5480-10/2015 Complete 2015 Aug 7 Ghana GB KU971397-04
Alchicken/Ghana/15VIR5480-12/2015 Complete 2015 Jul 27  Ghana, Greater Accra GB  KU971405-12
Alchicken/Ghana/15VIR5480-14/2015 Complete  2015Aug?7  Ghana, Greater Accra GB  KU971413-20
A/duck/Ghana/15VIR5480-16/2015 Complete 2015 Jul 27  Ghana, Greater Accra GS EPI687323;
EPI719449-55
Alchicken/Ghana/15VIR5480-18/2015 Complete  2015Aug?7  Ghana, Greater Accra GB  KU971421-28
Alchicken/Ghana/15VIR5480-22/2015 Complete 2015 Aug 7 Ghana, Greater Accra GS EPI687324;
EPI719911-17
A/duck/Ghana/15VIR5480-24/2015 Complete 2015 Jull 27  Ghana, Greater Accra GB  KU971429-36
Alchicken/Ghana/15VIR5480-26/2015 Complete 2015 Aug 7 Ghana, Greater Accra GB KU971437-44
Alchicken/Ghana/15VIR5480-27/2015 Complete  2015Aug?7  Ghana, Greater Accra GB  KU971445-52
Alchicken/Niger/15VIR2060-1/2015 Complete 2015 Apr 2 Niger, Maradi GB  KU971301-08
Alchicken/Niger/15VIR2060-12/2015 Complete 2015 Apr 2 Niger, Maradi GB  KU971309-16
Alchicken/Niger/15VIR2060-14/2015 Complete 2015 Apr 2 Niger, Maradi GB  KU971317-24
Alchicken/Niger/15VIR2060-15/2015 HA 2015 Apr 2 Niger, Maradi GB KU971325
Alchicken/Niger/15VIR2060-5/2015 Complete 2015 Apr 2 Niger, Maradi GB  KU971326-33
Al/chicken/Niger/15VIR2060-6/2015 Complete 2015 Apr 2 Niger, Maradi GB KU971334-40
Al/chicken/Niger/15VIR2060-7/2015 Complete 2015 Apr 2 Niger, Maradi GB KU971341-48
Alchicken/Niger/15VIR2060-8/2015 Complete 2015 Apr 2 Niger, Maradi GB  KU971349-56
Alchicken/Ivory_Coast/15VIR2742-5/2015 Partial 2015 Apr 30  Cote d’lvoire, Bouaké- GB KU971578-84
Quartier Broukro
Alturtledove/lvory_Coast/15VIR2742-7/2015 Complete 2015 Apr 30  Cote d’lvoire, Bouaké- GB KU971585-92
Quartier Broukro
A/duck/Ivory_Coast/15VIR2742-2/2015 Complete 2015 Apr 13  Cote d’lvoire, Bouaké- GB KU971562-69
Quartier Koko
Alchicken/Ivory_Coast/15VIR2742-3/2015 Complete 2015 Apr 13  Cote d’lvoire, Bouaké- GB KU971570-77
Quartier Koko
Alchicken/Burkina_Faso/15VIR1774-1/2015 Partial 2015 Mar 12 Burkina Faso, CPAVIin  GB KU971477-83
Ouagadougou
Alchicken/Burkina_Faso/15VIR1774-2/2015 Complete 2015 Mar 12 Burkina Faso, CPAVIin  GB KU971484-91
Ouagadougou
A/domestic_bird/Burkina_Faso/15VIR1774-22/2015 Complete 2015 Mar 10  Burkina Faso, Sanguie GB KU971492-99
Province
Al/domestic_bird/Burkina_Faso/15VIR1774-23/2015 Complete 2015 Mar 10  Burkina Faso, Sanguie GB KU971500-07
Province
A/domestic_bird/Burkina_Faso/15VIR1774-24/2015 Complete 2015 Mar 10  Burkina Faso, Sanguié GB KU971508-15
Province
A/domestic_bird/Burkina_Faso/15VIR1774-25/2015 Complete 2015 Mar 10  Burkina Faso, Sanguie = GB  KU971516-23
Province
Alchicken/Burkina_Faso/15VIR1774-33/2015 Complete 2015 Mar 23  Burkina Faso, Koubri GB  KU971524-31
Alchicken/Burkina Faso/15VIR1774-35/2015 Complete 2015 Mar 23  Burkina Faso, Koubri GS EP1584232;
EP1719904-10
Alchicken/Burkina_Faso/15VIR1774-36/2015 Complete 2015 Mar 23  Burkina Faso, Koubri GB  KU971532-39
Alchicken/Burkina_Faso/15VIR1774-37/2015 Complete 2015 Mar 12 Burkina Faso, CPAVIin GB  KU971540-47
Ouagadougou
Alchicken/Burkina_Faso/15VIR1774-38/2015 Partial 2015 Mar 12 Burkina Faso, CPAVIin  GB KU971548-53
Ouagadougou
Alchicken/Burkina_Faso/15VIR1774-4/2015 Complete 2015 Mar 12 Burkina Faso, CPAVIin  GB KU971554-61
Ouagadougou
Alchicken/Nigeria/15VIR339-1/2015 Complete 2015 Jan 2 Nigeria, Lagos State GB  KU971593-00
Alchicken/Ghana/15VIR2588-10/2015 Complete 2015 May 8  Ghana, Greater Accra GB KU971357-64
Alchicken/Ghana/15VIR2588-11/2015 Complete 2015 May4  Ghana, Greater Accra GB  KU971365-72
Alchicken/Ghana/15VIR2588-4/2015 Complete 2015 May Ghana, Greater Accra GB  KU971373-80
Alchicken/Ghana/15VIR2588-5/2015 Complete 2015 May Ghana, Greater Accra GB KU971381-88
Alchicken/Ghana/15VIR2588-8/2015 Complete 2015 May 8  Ghana, Greater Accra GB  KU971389-96
Alchicken/Ghana/15VIR2588-9/2015 Complete 2015 May4  Ghana, Greater Accra GS EP1632942;

EP1719456-62

*CPAVI, Centre de Promotion de I'Aviculture Villageoise; DB, database; GB, GenBank; GS, The Global Initiative on Sharing All Influenza Data; HA,

hemagglutinin.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 22, No. 12, December 2016

2133



DISPATCHES

Africa in 2015 belong to clade 2.3.2.1c and cluster sepa-
rately from HPAI A(H5N1) viruses collected from West
Africa during the 2006-2008 epidemic (Figure). Specifical-
ly, the analyzed viruses grouped with those that have been
circulating in Eurasia since 2013 and showed the highest
similarity with H5N1 subtype viruses collected in Europe
and the Middle East from late 2014 through early 2015.
As previously described for influenza A(H5N1) virus (4),
the viruses from West Africa that we analyzed displayed
the same genetic constellation of the A/Alberta/01/2014

virus; the polymerase basic protein 2 segment originated
from a reassortment event with subtype HON2. The hem-
agglutinin (HA) phylogenetic tree (Figure) shows that the
viruses from West Africa constitute 2 main groups, here
named WAL and WAZ2, supported by high bootstrap val-
ues (>73%) and a genetic similarity of 98%-99.1%. WA1
is the most heterogeneous group (identity 98.7%-100%)
and contains sequences from all affected countries in West
Africa (Nigeria, Niger, Cote d’lvoire, Burkina Faso, and
Ghana). WA2 comprises sequences collected in April 2015

Figure. Maximum-likelihood phylogenetic tree of the hemagglutinin gene segment of highly pathogenic avian influenza (H5N1) viruses
from West Africa. Strain colors indicate country of collection (inset). The 2 identified groups (WA1 and WA2) are indicated by boxes
(black and gray, respectively). Clades are indicated at right; sequences from the 2006—-2008 epidemic (clade 2.2) in West Africa were
used as an outgroup. Numbers at the nodes represent bootstrap values >60%, obtained through a nonparametric bootstrap analysis
that used 100 replicates. Scale bar indicates nucleotide substitutions per site.
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from Niger and C6te d’lvoire only (identity 99.4%-100%)
and clusters together with subtype H5N1 collected dur-
ing January—March 2015 from wild birds in Europe (Bul-
garia and Romania). Of note, viruses in the WA2 group
are more closely related to those from Europe (similarity
99.30%-99.65%) than to those in the WAL group (similar-
ity 97.95%-99.12%), suggesting the occurrence of at least
2 independent introductions of subtype H5N1 in West Af-
rica. Viruses in the WAL and WA2 groups were isolated in
1 city in Niger and 1 city in C6te d’lvoire, which suggests
their possible co-circulation in the same geographic area.

As with the HA gene, we identified the 2 West Africa
groups in all the other phylogenies (supporting bootstrap
values >74%), except for the tree of the nonstructural gene
segment, in which WA2 does not form a monophyletic
group. Unfortunately, only the HA gene segment of the
viruses from Europe that clusters with the WA2 group is
available in the public database, making the source of the
internal genes of the WA2 viruses impossible to trace.

The analysis of molecular markers indicates that all vi-
ruses showed mutations D94N (except for A/chicken/Gha-
na/5480-14/2015), S133A, and S155N (H5 numbering) in
the HA protein; these mutations have been shown to increase
virus binding to a.2,6 sialic acid (11). In addition, the analy-
sis of internal proteins identified a mutation associated with
enhanced replication efficiency (NP N319K) (11) in all WA2
viruses from Niger. Moreover, the alternative reading frame
of the polymerase basic protein 1 of the WA2 viruses is trun-
cated (57 aa long), as it is in the Asian and European progeni-
tors. This truncation is common among influenza A viruses
of mammals and in HPAI A(H5N1) viruses, and it has been
associated with increased virulence in mammals (12).

Conclusions

We demonstrated that a reassortant HPAI A(H5N1) clade
2.3.2.1c virus was responsible for infections in 5 West Af-
rica countries. The influenza (HSN1) viruses from West Af-
rica show a close phylogenetic relationship with the HPAI
A(HS5N1) viruses identified in Europe and the Middle East
during late 2014-2015, indicating a Eurasian origin of their
progenitors. The route of introduction of this virus is diffi-
cult to establish because West Africa offers wintering sites
for wild birds coming from the southern Russian regions,
Europe, and western Asia (13), and it imports live birds
from countries in Europe and Asia (14).

As with previous epidemics (2006-2008), when dis-
tinct introductions and multiple reassortment events were
identified (3,15), we were able to detect the co-circulation
of 2 distinct genetic clusters in Céte d’lvoire and Niger,
which suggests that there might have been at least 2 sepa-
rate introductions into West Africa. However, the limited
amount of genetic data available makes it impossible to
pinpoint how these viruses entered the continent and spread

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 22, No. 12, December 2016

Influenza A(H5N1) Viruses, West Africa

so widely, and it is not easy to determine the exact number
of introductions and where they have occurred in West Af-
rica. Additional virus data from affected countries would
help elucidate the epidemiology and the evolution of this
virus in this part of the continent.

Of note, all the viruses from West Africa display the
same genetic constellation of a strain (A/Alberta/01/2014)
isolated from a human, a Canada resident who had returned
from China. These viruses contain mutations that have
been described as being associated with an enhanced bind-
ing affinity for a2,6 sialic acid or with increased virulence
in mammals.

As during the 2006-2008 HPAI A(H5N1) epidemics,
West Africa countries are again facing devastating eco-
nomic and social consequences from these infections. It
is imperative for regional and international organizations
to join forces in generating and making available detailed
genetic and epidemiologic information that can be used to
better trace the spread and evolution in West Africa of in-
fluenza A(H5N1) virus and to provide input for informed
decisions on control measures and resource allocation.
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Novel Eurasian lineage avian
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2014. In December 2014, H5NS8
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birds. When they infect commercial
poultry, these highly pathogenic
viruses pose substantial trade issues.
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Highly Pathogenic Reassortant Avian
Influenza A(H5N1) Virus Clade 2.3.2.1a
iIn Poultry, Bhutan

Atanaska Marinova-Petkova,*? John Franks,*
Sangay Tenzin, Narapati Dahal, Kinzang Dukpa,
Jambay Dorjee, Mohammed M. Feeroz,
Jerold E. Rehg, Subrata Barman, Scott Krauss,
Pamela McKenzie, Richard J. Webby,
Robert G. Webster

Highly pathogenic avian influenza A(H5N1), clade 2.3.2.1a,
with an H9-like polymerase basic protein 1 gene, isolated
in Bhutan in 2012, replicated faster in vitro than its H5N1
parental genotype and was transmitted more efficiently in a
chicken model. These properties likely help limit/eradicate
outbreaks, combined with strict control measures.

I n India and Bangladesh, highly pathogenic avian influ-
enza (HPAI) A(H5N1) viruses of the 2.3.2.1a genetic
lineage have circulated in poultry since 2011 (1-3). Sub-
type H5N1 endemicity is complicated by co-circulating
subtype HON2, G1_Mideast lineage (4,5), which derives
5 internal genes from HPAI A(H7N3) virus from Pakistan
(4). A reassortant H5N1 2.3.2.1a virus, rH5N1, with an
HIN2-like polymerase basic protein 1 (PB1) gene (H7N3
origin), was reported in Bangladesh (2,5,6), India, and
Nepal (7). However, its virulence and transmissibility
are undetermined.

In Bhutan, the poultry sector consists of free-range back-
yard chickens, a rising number of commercial chicken farms,
and domestic waterfowl in the south (8,9). Live-bird markets
do not exist, but live birds are imported from India (8,9).

Bhutan’s poultry sector was severely affected by out-
breaks of HPAI A(H5N1) clade 2.3.2.1 virus infection
during 2012-2013 (10). Veterinary authorities enforced
strict control measures, including depopulation of poul-
try in affected regions and burning of related housing and
equipment (11). Illegal movement of poultry was the ma-
jor source of outbreaks (11). Although the introduction of
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HPAI A(H5N1) from neighboring H5N1-endemic coun-
tries is a constant threat, the subtype is not yet entrenched
in poultry in Bhutan.

The Study

We isolated HPAI A(H5N1) viruses from samples from 36
chickens and 9 wild birds in Bhutan, all from affected back-
yard farms adjacent to the highway connecting India with
the capital, Thimphu (Figure 1; online Technical Appendix
1 Table 1, http://wwwnc.cdc.gov/EID/article/22/12/16-
0611-Techappl.pdf). Phylogenetic analysis (online Tech-
nical Appendix 1) suggested that the 2012—2013 outbreaks
in Bhutan were caused by the rH5N1 genotype (2.3.2.1a/
H9-like PB1 [H7N3 origin]), reported in Bangladesh and
India at that time (online Technical Appendix 1 Figures
1, 2; other data not shown). PB1 phylogeny suggested
that this genotype underwent 4 independent reassortment
events on the Indian subcontinent (online Technical Ap-
pendix 1 Figure 2).

Antigenic analysis of selected H5N1 isolates from
Bhutan (online Technical Appendix 1) showed homo-
geneity and a reactivity pattern similar to that of H5N1
reference viruses from Bangladesh (Table). Amino acid
differences were observed between strains A/chicken/
Bhutan/346/2012 (Ck/Bh/346) (rH5N1) and AJ/chicken/
Bangladesh/22478/2014 (Ck/BD/22478), representing the
parental H5N1 clade 2.3.2.1a genotype (pH5N1) (online
Technical Appendix 1 Table 2).

To assess whether the rHS5N1-PB1 gene conferred a
fitness advantage over the pH5N1 genotype, we exam-
ined replication kinetics in vitro (online Technical Ap-
pendix 1). The replication patterns of rH5N1 and pH5N1
were similar in Madin-Darby canine kidney (mamma-
lian) cells (Figure 2, panel A). However, in chicken em-
bryo fibroblasts (CEFs), Ck/Bh/346 (rH5N1) titers were
significantly higher than those of Dk/BD/21326 (rH5N1)
(p<0.05) and Ck/BD/22478 (pH5N1) (p<0.01) at 12
hours postinoculation (hpi) and those of Ck/BD/22478
(pH5N1) (p<0.001), and Dk/BD/19097 (pH5N1) (p<0.01)
at 24 hpi. Dk/BD/21326 (rH5N1) had significantly higher
titers than did Ck/BD/22478 (pH5N1) (p<0.01) at 24 hpi

These authors contributed equally to this article.

2Current affiliation: Centers for Disease Control and Prevention,
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Figure 1. Locations of outbreaks of highly pathogenic avian influenza (H5N1) virus, Bhutan, 2011-2013.

(Figure 2, panel B). These results suggest rH5N1 viruses
have a selective growth advantage in avian cells at early
time points.

Next, we examined whether this growth advantage
reflected higher pathogenicity or transmissibility for
Ck/Bh/346 (rH5N1) in chickens than did Ck/BD/22478
(pH5N1) (online Technical Appendix 1). The 50% lethal
dose (LD, for chicken was 16 EID; (50% egg infec-
tive dose) for Ck/Bh/346 (rH5N1) and 50 EID,; for Ck/
BD/22478 (pH5N1). After inoculation with 30 LD, and
cohousing with naive contacts, all donors shed virus oro-
pharyngeally and cloacally (Figure 2, panels C, D). All
Ck/Bh/346 (rH5N1) donors died within 48 hpi, whereas
only 50% of chickens inoculated with Ck/BD/22478
(pH5N1) died. Naive chickens in contact with donors
inoculated with Ck/Bh/346 (rH5N1) or Ck/BD/22478
(pH5N1) became infected by day 2 after contact (Figure
2, panel C), started shedding cloacally on day 3 (Figure
2, panel D), and died by day 4. On day 3 after contact,

2138

Ck/Bh/346 (rH5N1) contacts had oropharyngeal and
cloacal titers >1 log,, EID_/mL higher than those of Ck/
BD/22478 (pH5N1) contacts (Figure 2, panels C, D), but
the difference was not significant.

We placed Ck/Bh/346 (rH5N1) and Ck/BD/22478
(pH5N1) in direct competition by co-housing chickens in-
oculated with each virus with naive contacts (online Tech-
nical Appendix 1). All donors shed virus oropharyngeally
and cloacally, starting at 1 day postinoculation (dpi). By
day 3 after contact, real-time reverse transcription PCR to
detect PB1 (online Technical Appendix 1) revealed that
7 of 8 naive contacts simultaneously exposed to both vi-
ruses were infected with Ck/Bh/346 (rH5N1) alone, none
was infected with Ck/BD/22478 (pH5N1) alone, and 1
was co-infected with both viruses. Thus, despite the low-
er infectious dose used for 30 LD, Ck/Bh/346 (rH5N1)
killed inoculated chickens faster than did Ck/BD/22478
(pH5N1) and was transmitted faster and more efficiently
to naive contacts.
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Table. Results of hemagglutination inhibition assays of highly pathogenic avian influenza H5N1 viruses isolated in Bhutan, 2012*

Postinfection ferret antisera

o~ o- o~ o- o~
Genetic  A/BHG/QH/IA  A/Hubei/1/2010 A/ck/BD/15205 A/dk/BD/19097 A/ck/Bhutan/346
Antigens clade clade 2.2 clade 2.3.2.1a clade 2.3.2.1a clade 2.3.2.1at clade 2.3.2.1at
Reference antigens
A/BHG/QH/IA 2.2 320 40 40 80 40
A/Hubei/1/2010 2.3.2.1a 40 640 160 1280 80
A/ck/BD/15205 2.3.2.1a 10 80 80 320 40
A/dk/BD/19097 2.3.2.1a - 40 80 320 40
A/ck/Bhutan/346 2.3.2.1a 10 40 80 640 80
Test antigens
Al/chicken/Bhutan/257/2012 2.3.2.1a 20 40 40 640 40
Alchicken/Bhutan/260/2012 2.3.2.1a 20 40 80 640 80
A/wild bird/Bhutan/357/2012 2.3.2.1a 20 40 80 640 40
Alchicken/Bhutan/1026/2012 2.3.2.1a 40 40 80 1280 80
Alchicken/Bhutan/1030/2012 2.3.2.1a 80 160 320 1280 320
Alchicken/Bhutan/317/2012 2.3.2.1a 10 40 80 640 80
A/wild bird/Bhutan/326/2012 2.3.2.1a 10 80 40 320 20
A/wild bird/Bhutan/328/2012 2.3.2.1a 40 20 40 640 80
A/wild bird/Bhutan/356/2012 2.3.2.1a 40 160 160 640 80
Alchicken/Bhutan/406/2012 2.3.2.1a 20 40 80 320 80
Alchicken/Bhutan/413/2012 2.3.2.1a 20 40 80 640 40
Al/chicken/Bhutan/505/2012 2.3.2.1a 80 40 80 640 80
Alchicken/Bhutan/933/2012 2.3.2.1a 40 40 80 640 80
GMT (95% ClI) 27.54 49.51 80 640 68.17

(18.36-41.30)

(34.61-70.83)

(56.83-112.6)  (502.5-815.1)  (46.24-100.5)

*Boldface indicates homologous titers. AIBBHG/QH/IA, A/bar-headed goose/Qinghai/lA/2005; A/ck/BD/15205, A/chicken/Bangladesh/15205/2012;
Alck/Bhutan/346, A/chicken/Bhutan/346/2012; A/dk/BD/19097, A/duck/Bangladesh/19097/2013; GMT, geometric mean titer.
TThe immune response in ferrets was boosted with Freund’s incomplete adjuvant (InvivoGen, San Diego, CA, USA) at day 14 postinfection.

We assessed the risk for human infection with
rH5N1 by investigating its pathogenicity and transmis-
sibility in ferrets (online Technical Appendix 1). Do-
nors shed 4.5 log,, EID, /mL and 3.4 log,, EID,/mL in
nasal wash samples at 2 dpi and 4 dpi, respectively, but
cleared the virus by 6 dpi. No direct or aerosol contacts
shed virus, suggesting that Ck/Bh/346 (rH5N1) was not
transmitted (data not shown). No Ck/Bh/346 (rH5N1)—in-
oculated ferrets lost >5% of their body weight or showed
elevated body temperature (data not shown). Histopatho-
logic analysis showed that 1 donor, who was lethargic at
3-10 dpi, had mild meningoencephalitis at 14 dpi (on-
line Technical Appendix 2, http://wwwnc.cdc.gov/EID/
article/22/12/16-0611-Techapp2.pdf). A nucleocapsid
protein—positive cell was detected in the brain, suggest-
ing that Ck/Bh/346 (rH5N1) is neurotropic. The other
ferrets showed no clinical signs of disease. Virus replica-
tion was detected in the lung at 4 dpi (log,, 2.75 EID,/g)
(online Technical Appendix 2).

Conclusions

Our study revealed that the viruses that caused the 2012
outbreaks in Bhutan belonged to the rH5N1 genotype
(2.3.2.1a/H9-like PB1 [7:1]), whereas neither HON2 nor
the pH5N1 genotype have been detected there. rH5N1 has
been isolated sporadically at live-bird markets and from
chickens on farms where outbreaks occurred in Bangla-
desh (5,6), India (12), and Nepal (7) in 2011-2013. The
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lack of data on the effect of the H9-like PB1 gene on the
virulence of rH5N1 makes determining its pathogenicity
and transmissibility a critical public-health goal for Bhutan
and neighboring countries.

Ck/Bh/346 (rH5N1) Kkilled inoculated chickens
faster than did Ck/BD/22478 (pH5N1), despite the low-
er infectious dose used for Ck/Bh/346. In CEFs, Ck/
Bh/346replicated with greater efficiency during the first 36
hpi than did Ck/BD/22478, which possibly explains why
rH5N1 transmits more efficiently to naive chickens when
directly competing with pH5N1. How faster replication
contributes to the increased mortality rate of naive chick-
ens might be crucial to eradicating the disease in Bhutan.
In a mountainous region with widely separated villages,
small-scale poultry farming, and no live-bird markets, the
severity and rapid onset of the infection could lead to host-
resource exhaustion and self-limitation.

To determine whether the reassortant PB1 gene ac-
counts for the observed phenotypic properties of rH5N1,
reverse genetics experiments are required. Despite its en-
hanced transmissibility, rHS5N1 did not supplant pH5N1
in India or Bangladesh after undergoing multiple reas-
sortment events. Possible reasons for this include the in-
volvement of other influenza subtypes, which would com-
plicate the competition/transmission model, especially at
live-bird markets, as well as the large duck population,
which is prone to inapparent HPAI infection (indicating
possible underreporting).
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Figure 2. Pathogenesis of influenza virus rH5N1 and pH5N1 2.3.2.1a genotypes in vitro and in vivo. A) Replication kinetics of rH5N1
and pH5N1 in Madin-Darby canine kidney (mammalian) cells. B) Replication kinetics of rH5N1 and pH5N1 in chicken embryonic
fibroblast (avian) cells. C) Oropharyngeal shedding and transmissibility of rH5N1 and pH5N1 in a single-virus transmission model

in 5-week-old White Leghorn chickens. D) Cloacal shedding and transmissibility of rH5N1 and pH5N1 in a single-virus transmission
model in 5-week-old White Leghorn chickens. Naive chickens were co-housed with donors infected with either Ck/22478 (pH5N1)
or Ck/Bh/346 (rH5N1) (C and D). The dashed line in each panel represents the limit of virus detection. ANOVA, analysis of variance;

Ck/22478, Alchicken/Bangladesh/22478; Ck/Bh/346, A/chicken/Bhutan/346/2012; Dk/BD/23126, A/duck/Bangladesh/23126; Dk/
BD/19097/2013, A/duck/Bangladesh/19097; EID, egg infectious dose; dpi, days postinoculation; hpi, hours postinfection; pH5N1,

pandemic H1N1; rH5N1, reassortant H5N1.

Our ferret model results suggest that avian-to-human
transmission of rH5N1 is possible. However, further adapta-
tion to the host is necessary for rH5N1 to become transmis-
sible among mammals. Similar results have been reported for
H5N1 clade 2.3.2.1 (13), H5N1 clade 2.3.4 (14), and H5Nx
clade 2.3.4.4 (15). rH5N1 is potentially neurotropic, mani-
festing clinically as mild meningoencephalitis with no obvi-
ous respiratory involvement. This finding has implications on
early diagnosis and use of antiviral drugs during the first 48
hours after clinical diagnosis for optimal therapeutic effect.

pH5N1 and HIN2 virus strains will likely continue to
co-circulate on the Indian subcontinent, enabling further
reassortment events. Our results highlight the need for ac-
tive surveillance and full-genome sequencing of all H5N1
virus isolates.
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DISPATCHES

Horizontal Transmission of
Chronic Wasting Disease in Reindeer

S. Jo Moore, Robert Kunkle,
M. Heather West Greenlee, Eric Nicholson,
Jurgen Richt, Amir Hamir,*
W. Ray Waters, Justin Greenlee

We challenged reindeer by the intracranial route with the
agent of chronic wasting disease sourced from white-tailed
deer, mule deer, or elk and tested for horizontal transmis-
sion to naive reindeer. Reindeer were susceptible to chronic
wasting disease regardless of source species. Horizontal
transmission occurred through direct contact or indirectly
through the environment.

eindeer are susceptible to chronic wasting disease

(CWD) after experimental oral challenge (1), and re-
cently, CWD was identified in a free-ranging reindeer in
Norway (2,3). Horizontal transmission is the primary mode
of CWD transmission in deer. Direct horizontal transmis-
sion occurs when naive animals are exposed to infectious
excreta (i.e., saliva, urine, feces) during close contact with
CWD-affected animals (reviewed in 4). Indirect horizon-
tal transmission occurs through exposure to environments
contaminated with infectious material (e.g., excreta or de-
composed carcasses) (5,6).

The Eurasian reindeer (Rangifer tarandus tarandus) is
closely related to the North American caribou (R. t. caribou,
R. t. granti, R. t. groenlandicus). In North America, overlap-
ping geographic ranges of free-ranging populations of po-
tentially CWD-infected white-tailed deer (Odocoileus vir-
ginianus), mule deer (O. hemionus), or elk (Cervus elaphus
nelsoni) present a risk for horizontal transmission to caribou.
Exposure also could occur in farmed populations where con-
tact occurs between reindeer and captive and/or free-ranging
CWD-affected cervids. We investigated the transmission of
CWD from white-tailed deer, mule deer, or elk to reindeer
through the intracranial route and assessed them for direct and
indirect horizontal transmission to uninoculated sentinels.

The Study
In 2005, we challenged reindeer fawns from a farm in Alaska,
USA, where CWD had never been reported, by intracranial

Author affiliations: US Department of Agriculture, Ames, lowa,
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(M.H. West Greenlee)
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inoculation (7) with pooled brain material from CWD-
affected elk from South Dakota (CWDe), CWD-affected
mule deer from Wyoming (CWD™), or CWD from white-
tailed deer from Wisconsin combined with brain material
from experimentally challenged white-tailed deer (CWD")
(Table 1; online Technical Appendix, http://wwwnc.cdc.
gov/ElD/article/22/12/16-0635-Techappl.pdf). Additional
uninoculated fawns served as negative controls, controls for
indirect transmission, and controls for direct transmission
(Table 1; online Technical Appendix). We determined the
prion protein gene (PRNP) genotype of each fawn (online
Technical Appendix), and we tried to ensure that each PRNP
genotype was present in each group (Table 2, http://wwwnc.
cdc.gov/ElD/article/22/12/16-0635-T1.htm). Control rein-
deer were housed in the same barn as inoculated reindeer
but in separate pens that prevented direct physical contact
(i.e., nose-to-nose) between control and inoculated animals
(online Technical Appendix Figure 1). Indirect and direct
contact control groups were formed 25 months after intracra-
nially challenged reindeer were inoculated (online Technical
Appendix Figure 1, panel B).

Clinical signs consistent with CWD were first ob-
served 20.9 months after inoculation (Table 2). Common
clinical features included found dead without clinical signs
noted, loss of body condition, recumbency, and lethargy
(Table 2; online Technical Appendix).

At death, a full necropsy was performed on all rein-
deer. Two sets of tissue samples were collected: 1 set was
fixed in 10% buffered formalin, embedded in paraffin wax,
sectioned at 5 um for microscopy examination after hema-
toxylin and eosin staining or immunohistochemical stain-
ing using primary antibody F99/96.7.1 (online Technical
Appendix). A second set of tissues was frozen, and selected
tissues were used for immunodetection of scrapie prion pro-
tein (PrP) by Western blot (brain tissue only) as described
previously (7) but with some modifications, or an ELISA
(brainstem and/or retropharyngeal lymph node) using a
commercial kit (IDEXX HerdChek BSE-Scrapie Antigen
ELISA; IDEXX, Westbrook, ME, USA) according to the
manufacturers’ instructions (online Technical Appendix).

In the intracranially inoculated groups, when intercur-
rent deaths were excluded, reindeer with the NN138 poly-
morphism (reindeer nos. 2, 6, and 12) had the shortest sur-
vival times in each group (Table 2). Different inocula did
not produce significantly different survival times (log-rank

1Deceased.
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Table 1. Animal data for reindeer (Rangifer tarandus tarandus) in a study of transmission of CWD*

Group Genotype codon
no./animal no. 002 129 138 169 176 Infectivity source Exposure route
1
1 MV SG NS MV NN cwpwd Intracranial
2 A% GG NN A% NN cwpwd Intracranial
3 A% GG NS A% ND cwpwd Intracranial
4 Y% GG NS A% NN cwpwd Intracranial
5 MV SG SS MV ND cwpw Intracranial
2
6 A% GG NN vV NN CwDek Intracranial
7 MV SG NS MV NN CwDek Intracranial
8 A% GG NS A% NN CwWDek Intracranial
9 A% GG NS vV ND CwDek Intracranial
10 NA SG SS MV NN CWDek Intracranial
3
11 MV SG NS MV NN cwp™ Intracranial
12 A% GG NN A% NN cwpmd Intracranial
13 A% GG SS A% DD cwpmd Intracranial
14 MV SG SS MV NN cwp™ Intracranial
15 vV GG NS vV ND cwpm Intracranial
4 direct
16 A% GG NN A% NN Horizontal (CWD") Cohoused with group 1
17 \AY GG NN A% NN Horizontal (CWD") Cohoused with group 1
18 \AY GG NN A% NN Horizontal (CWD") Cohoused with group 1
19 NA SG NS MV NN Horizontal (CWD") Cohoused with group 1
4 indirect
20 MM SS SS MM NN Horizontal (CWD™) Housed adjacent to group 3
21 VvV GG NN VvV NN Horizontal (CWD™) Housed adjacent to group 3
4 neg. controls
22 \AY GG NS \AY NN NA NA
23 MV SG SS MV NN NA NA

*CWD, chronic wasting disease; D, aspartic acid; G, glycine; horizontal, horizontal transmission; M, methionine; md, mule deer (Odocoileus hemionus); N,
asparagine; NA, not applicable; neg., negative; S, serine; V, valine; wtd, white-tailed deer (Odocoileus virginianus).

test, p = 0.0931), but we observed differences in the amount
of vacuolation and PrP*¢ in the brain at the clinical stages of
disease in CWD"- and CWD#*-inoculated reindeer, com-
pared with CWD™-inoculated reindeer (Table 2; online
Technical Appendix). In the indirect contact animals, PrPs
was present in the brain but restricted to the dorsal motor
nucleus of the vagus nerve and area postrema.

We observed different patterns of PrPS deposition
in the brain (Figure 1, panels A-D; online Technical Ap-
pendix), the most striking of which was dominated by ag-
gregated deposits of various sizes, including plaque-like
deposits (Figure 1, panels A,B). This pattern was seen in
reindeer with the NS138 NN176 (no. 8, CWD®¥; no. 13,
CWD™) or SS138 DD176 (no. 4, CWD") genotypes.
With regard to immunoreactivity in the retina (Figure 1,
panels E, F; online Technical Appendix), in 2 of 3 reindeer
with aggregated deposits in the brain (nos. 8 and 13), ag-
gregated immunoreactivity also was observed in the inner
plexiform layer of the retina (Figure 1, panel f).

Reindeer that were negative by immunohistochemical
analysis in brain also were negative by Western blot and
ELISA. Different Western blot migration patterns were ob-
served in PrPSc-positive animals (Figure 2), but we found
no clear association between migration pattern and chal-
lenge group or PRNP genotype.

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 22, No. 12, December 2016

PrPs¢ was widespread in lymphoid tissues from most
reindeer (Table 2; online Technical Appendix). Reindeer
with the NS138 genotype had a significantly lower average
percentage of lymphoid follicles positive than did reindeer
with NN138 (analysis of variance, p = 0.003) or SS138 (p
= 0.003) deer. Excluding intercurrent deaths, PrPs was de-
tected in all 4 CWD""-challenged reindeer, all 5 CWD#-
challenged reindeer, all 4 CWD™-challenged reindeer,
both indirect contact reindeer, and 2 of 4 direct contact
reindeer (Table 2).

Conclusions

Potential sources of infectivity for direct contact animals
include urine, feces, and saliva from their CWD"-chal-
lenged pen-mates, as has been shown for CWD-affected
white-tailed deer (6,8,9). Pinpointing the source of infec-
tivity in the indirect contact group is more difficult. Infec-
tious prions can travel at least 30 m in airborne particulate
(10), but because the negative control reindeer in the pen
adjacent to the indirect contact reindeer did not become
positive, a more direct route of transmission is likely in
this case. Penning, feeding, and watering protocols were
designed to prevent exposure of negative control and indi-
rect contact reindeer to potential infectivity on feed and wa-
ter buckets, bedding, or fencing (6,11). However, reindeer
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Figure 1. Immunohistochemical analysis for the prion protein showing scrapie prion protein (PrPs°) deposits in brains (A-D) and retinas

(E, F) from reindeer (Rangifer tarandus tarandus) with chronic wasting disease. PrPS¢ immunodetection using the monoclonal antibody
F99/97.6.1. A) Neocortex, showing prominent aggregated (open arrowheads) and plaque-like (arrows) deposits in reindeer no. 4. Original
magnification x5. B) Cerebellum, showing particulate immunoreactivity and aggregated deposits (open arrowheads) in reindeer no. 4. Note
absence of intraneuronal immunoreactivity in Purkinje cells (solid arrowheads). Original magnification x10. C) Brainstem at the level of the
obex, showing prominent linear (arrow) and perineuronal (solid arrowhead) immunoreactivity in the dorsal motor nucleus of the vagus nerve
in reindeer no. 21. Original magnification x5. D) Cerebellum, punctate immunoreactivity in the molecular and granular layers and white
matter in reindeer no. 12. Original magnification x5. E) Intraneuronal immunoreactivity in retinal ganglion cells (arrows), punctate deposits
in the inner and outer plexiform layers, scattered intramicroglial deposits (solid arrowheads) in reindeer no. 12. Original magnification x40.
F) Particulate to coalescing deposits in the inner and outer plexiform layers (open arrowheads), intraneuronal immunoreactivity in retinal
ganglion cells (arrows), and scattered intramicroglial deposits (solid arrowheads) in reindeer no. 13. Original magnification x40.

might have had access to bedding from adjacent pens that
had spread into the central alleyway.

During the 5-year course of this study, reindeer were
moved between pens several times to maintain an optimal
number of animals per pen (online Technical Appendix
Figure 1). Prolonged persistence of prion infectivity in the
natural environment has been documented for both CWD
(2 years [5]) and scrapie (up to 16 years [12]). In addition,
thorough cleaning and disinfection might not be sufficient
to remove all infectivity from the environment, leading to
persistence of infectivity under experimental housing con-
ditions (13).

In reindeer challenged orally with the agent of CWD,
the SS138 genotype (serine/serine at PRNP codon 138)
has been associated with susceptibility to disease and the
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NS138 (asparagine/serine) genotype with resistance (1).
In the study we report, disease developed in reindeer with
the NS138 genotype after intracranial inoculation, although
the extent of lymphoreticular system involvement was sig-
nificantly lower than in NN138 and SS138 reindeer. The
potential association of the NN138 polymorphism with
shorter survival times is interesting. However, as with all
potential genotype versus phenotype interactions, care
should be taken not to over-interpret these results given the
small group sizes and the large number of PRNP genotype
groups in this study.

Our results demonstrate that reindeer are susceptible
to the agent of CWD from white-tailed deer, mule deer,
and elk sources after intracranial inoculation. Furthermore,
naive reindeer are susceptible to the agent of CWD after

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 22, No. 12, December 2016



Figure 2. Western blot
characterization of the inocula
used to inoculate reindeer

and brainstem samples from
representative reindeer from
each experimental group in
study of chronic wasting disease
transmission. Scrapie prion
protein (PrP$) immunodetection
using the monoclonal antibody
6H4. Positive Western

Chronic Wasting Disease in Reindeer

blot results demonstrate a 3-band pattern (diglycosylated, highest; monoglycosylated, middle; and nonglycosylated, lowest) that

is characteristic of prion diseases. Lanes: 1, biotinylated protein marker; 2 and 3, indirect contact reindeer (animals no. 20 and 21,
respectively); 4 and 5, reindeer inoculated intracranially with CWD™ (animals no. 15 and 12 respectively); 6, CWD™ inoculum; 7, direct
contact reindeer (no. 7, cohoused with CWD"“-inoculated reindeer); 8, reindeer (no. 5) inoculated intracranially with CWD%¢; 9, CwD"¢
inoculum; 10, reindeer (no. 10) inoculated intracranially with CWDek; 11, CWDe* inoculum; 12, marker. CWD, chronic wasting disease;
CwDek, CWD-affected elk; CWD™, CWD-affected mule deer; CWD", CWD-affected white-tailed deer combined with brain material

from experimentally challenged white-tailed deer.

direct and indirect exposure to CWD-infected reindeer,
suggesting a high potential for horizontal transmission of
CWD within and between farmed and free-ranging rein-
deer (and caribou) populations.
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Highly Divergent Dengue Virus Type 2 in
Traveler Returning from Borneo to Australia

Wenjun Liu, Paul Pickering, Sebastian Duchéne,
Edward C. Holmes, John G. Aaskov

Dengue virus type 2 was isolated from a tourist who returned
from Borneo to Australia. Phylogenetic analysis identified
this virus as highly divergent and occupying a basal phy-
logenetic position relative to all known human and sylvatic
dengue virus type 2 strains and the most divergent lineage
not assigned to a new serotype.

Outbreaks of dengue have been reported for several
centuries in the Old World and the New World. Den-
gue is a major cause of illness and death globally, and there
are high levels of infection in many tropical and subtropi-
cal localities populated by Aedes mosquito vectors. Despite
their role in public health, the origin of the 4 serotypes of
dengue virus (DENV-1-DENV-4) that are the causative
agents of what now is defined as dengue remains unclear.

In 1967, Rudnick et al. (1) combined a fragmentary
body of evidence to propose that dengue might have a
sylvatic (jungle) cycle similar to that of another flavivirus
(yellow fever virus). Isolation of 4 serotypes of DENV
from humans in the Asia—Pacific region during 1943—1956
(2—4) was compatible with the idea that DENV might have
originated in this region. Genome sequences of DENV-2
and DENV-4 isolated from sylvatic settings (i.e., from non-
human primates) occupied basal positions on phylogenetic
trees of those serotypes, which suggested that each DENV
serotype evolved separately in sylvatic settings before lat-
er, independent, cross-species transmission to humans in
urban and semiurban settings (5,6).

DENV-2 and DENV-4 have been isolated from nonhu-
man primates and occupy divergent phylogenetic positions,
which suggests that that they are truly sylvatic. In contrast,
no sylvatic strains have been identified as DENV-3, and an
early sylvatic strain of DENV-1 probably was a spillback
from humans to other primates (6). However, a highly di-
vergent sequence of DENV-1, which was isolated from a
patient who had vacationed in Brunei, was recently reported
(7). This virus was basal to all other strains of DENV-1 by

Author affiliations: Australian Army Malaria Institute, Brisbane,
Queensland, Australia (W. Liu, P. Pickering J.G. Aaskov);
University of Sydney, Sydney, New South Wales, Australia

(S. Duchene, E.C. Holmes); Queensland University of Technology,
Brisbane (J.G. Aaskov)

DOI: http://dx.doi.org/10.3210/eid2212.160813

2146

phylogenetic analyses, which suggests the presence of an-
other sylvatic virus lineage in Southeast Asia, albeit of un-
known animal origin.

Despite the central role of sylvatic viruses in our un-
derstanding of evolution and emergence of human dengue
(6), to our knowledge, there are no reports of continuous
transmission of sylvatic strains of DENV in a truly sylvatic
setting. Much of the uncertainty over the nature and role
of sylvatic DENV arises because of the small number of
such isolates available and the lack of studies of DENV
ecology outside a human setting. Thus, although phyloge-
netic divergence alone is insufficient to definitively prove
the existence of sylvatic transmission, it at least shows that
a greater diversity of viruses exist than are usually assigned
as causing dengue in humans. In this report, we describe a
highly divergent strain of DENV-2 isolated from an acute-
phase serum specimen from a patient (human ethical ap-
proval for this study precludes identification of the patient)
in whom dengue developed after the patient returned from
a vacation in Borneo to Australia in early 2015.

The Study

The study was approved by the Queensland University of
Technology (Brisbane, Queensland, Australia) (Human
Research Ethics approval no. 1300000333). DENV-2 was
isolated from a serum specimen by cultivation in Aedes al-
bopictus mosquito C6-36 cells.

The virus was recognized by pan-flavivirus mono-
clonal antibodies 6B-6C1 (8) and 4G2 (9) and DENV-2—
specific monoclonal antibodies 3H5 (9), 5H12, and 6B2
(10) in indirect immunofluorescence assays with infected
C6-36 cells. However, it was not recognized by monaoclo-
nal antibody 6F3.1, which reacts with a serologic epitope
SRNTPFNMLKRE? in the capsid protein of nonsylvatic
strains of DENV-2.

The consensus sequence of the viral genome was ob-
tained by using 3’ and 5’ random amplification of cDNA
ends (11,12) and reverse transcription PCR of ~1-kb
overlapping regions of the genome. Sequences of puri-
fied cDNA fragments generated by reverse transcription
PCR were determined by using the dye di-deoxy chain
termination method at the Australian Genome Research
Facility (Brisbane).

Phylogenetic analysis of the complete viral genome
(10,736 nt) by using maximum-likelihood methods (13) un-
ambiguously placed this sequence, denoted QML22/2015
(GenBank accession no. KX274130), as a highly divergent
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member of DENV-2 with a strikingly basal phylogenetic
position relative to all human and sylvatic DENV-2 se-
quences isolated (Figure 1). This lineage is the most di-
vergent new lineage of DENV identified, even greater than
that of DENV-1 Brun2014 (7), and is located approximate-
ly midway between the genetic divergence seen at the level
of serotypes and that of genotypes within serotypes.
Although the nucleotide sequence of the open read-
ing frame of QML22/2015 was strikingly different from
those of other strains of DENV-2, sequence and predicted
secondary RNA structure of 5" and 3’ untranslated regions

Highly Divergent Dengue Virus Type 2

of the QML22/2015 genome were nearly identical with
those of other strains of DENV-2, which confirmed the
critical role of these elements in virus replication. Slid-
ing-window analysis of genetic distance across the viral
genome showed no regions in which QML22/2015 was
disproportionately similar to human DENV-2 sequences
(Figure 2).

Conclusions
Although it is tempting to estimate the time of origin of this
novel DENV-2, as performed for other divergent DENV

Figure 1. A) Maximum-likelihood phylogenetic tree of 500 complete genome sequences of DENV-1-DENV-4 (alignment length of 10,185
nt), including QML22/2015, estimated by using the generalized time-reversible invariable sites gamma model of nucleotide substitution
in PhyML (13) and nearest-neighbor interchange plus subtree pruning and regrafting branch-swapping. The tree is midpoint rooted

for clarity, and sequences are color coded according to their putative transmission cycle (human, black; sylvatic, blue); red indicates

the highly divergent QML22/2015 lineage isolated in this study. B) Regression of root-to-tip genetic distances of 119 representative
human and sylvatic complete genome sequences of DENV-2 (alignment length 10,173 nt) against time (year) of sampling. The input
phylogenetic tree was estimated by using the same maximum-likelihood procedure. Three regression lines and slopes are shown;
slopes indicate an estimate of the virus nucleotide substitution rate (substitutions/site/year). Blue line indicates rate for entire DENV-2
data set; dashed line indicates rate for sylvatic DENV-2 sequences; black line indicates rate for human DENV-2 sequences. There is a
marked difference between sylvatic and human rates. DENV, dengue virus.
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Figure 2. Sliding-window analysis of mean genetic (nucleotide)
distance across the dengue virus type 2 (DENV-2) genome. Red
line indicates comparison between QML22/2015 and human DENV-
2 sequences. Equivalent analyses were performed on sylvatic
DENV-2 versus human DENV-2 (blue line) and within the human
DENV-2 sequences (black line). This analysis was based on genetic
distances calculated by using sliding windows of 200 nt on the
DENV-2 data described in Figure 1 and was performed by using the
Analysis of Phylogenetics and Evolution Package in R software (14).

lineages (7), we have not made this estimation because our
data provided strong evidence for a marked difference in
evolutionary rate between human and sylvatic strains of
DENV-2, which will confound all attempts at molecular
clock dating. Regression analysis of root-to-tip genetic dis-
tances against time (year) of sampling suggests that sylvat-
ic strains of DENV-2 are evolving slower than urban (hu-
man) strains, most likely because of differences in selection
pressure, replication dynamics, or both, and in contrast to
previous observations (15).

The QML22/2015 isolate is closer to the human dis-
tribution than the sylvatic distribution of root-to-tip genetic
distances, which suggests that this lineage might not have
had only sylvatic transmission during its evolutionary his-
tory. Further studies are needed to determine whether this
virus has infected other humans in Indonesia or other locali-
ties and identify genotypic changes that might give this virus
distinctive phenotypic properties. The discovery of this and
other highly divergent strains of DENV further emphasizes
the need for biodiversity surveys of this major group of vi-
ruses in animals other than humans. It also suggests that gaps
in DENV phylogeny might be filled after wider sampling.
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Unusual Ebola Virus Chain of Transmission,
Conakry, Guinea, 2014—2015
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In October 2015, a new case of Ebola virus disease in Guin-
ea was detected. Case investigation, serology, and whole-
genome sequencing indicated possible transmission of the
virus from an Ebola virus disease survivor to another person
and then to the case-patient reported here. This transmission
chain over 11 months suggests slow Ebola virus evolution.

As of May 6, 2016, a total of 28,616 Ebola virus dis-
ease (EVD) cases, including 11,310 deaths, had been
reported since December 2013, mainly from Guinea, Sierra
Leone, and Liberia (1). Ebola virus often persists in im-
mune-privileged sites of survivors, resulting in detectable
virus in semen and other body fluids (2-5). Because sperm
can shed Ebola virus (EBOV) for <10 months after illness
onset, exposure to semen of infected survivors can lead to
EVD flare-ups (5-8). In utero transmission of EBOV from
an asymptomatic mother is also possible (9).

A powerful tool for following the course of an epi-
demic of diseases for which human-to-human transmission
is prevalent is molecular typing. In Guinea, an in-field se-
quencing facility was deployed in May 2015, and by Sep-
tember, when the outbreak was fading, EBOV genomes
were available for ~90% of new EVD cases (10). We report
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epidemiologic and molecular evidence of an unusual chain
of EBOV transmission. This chain includes an EVD survi-
vor, who recovered in December 2014; possibly his wife
(the woman) or a third unknown person; and the woman’s
brother, who became ill with EVD in October 2015 (the
case-patient).

The National Committee of Ethics in Medical Re-
search of Guinea approved use of archived diagnostic sam-
ples and corresponding patient data for this study (permit
no. 11/CNERS/14). Written consent for publication of con-
fidential data was collected for all patients described here.

The Study
On October 8, 2015, the case-patient in Conakry, Guinea,
became ill with fever and appetite loss. His brother-in-law,
an EVD survivor and nurse living in the same household,
diagnosed malaria, but the case-patient did not respond to
malaria treatment; diarrhea, headache, and abdominal pain
developed. Four days later, he started bleeding from the
nose. On October 13, reverse transmission PCR (RT-PCR)
of the case-patient’s blood was positive for EBOV (11).
From September 2015 until confirmation of EVD for this
case-patient, only 7 cases of EVD in Guinea had been report-
ed, all part of the same chain of transmission. Of these cases,
virus was not sequenced for 2 because the epidemiologic link
was not clearly established. Because the case-patient we re-
port did not have any link with ongoing EVD clusters inves-
tigated in Guinea or Sierra Leone, the most likely source of
infection was the survivor. Because EBOV is shed in survi-
vors’ semen long after recovery (7), within-marriage sexual
transmission from the survivor to the woman was inferred.
Blood, urine, and buccal swab samples from the cou-
ple were collected, together with semen and vaginal swab
samples; all were negative for EBOV by RT-PCR. Blood,
urine, buccal, and vaginal swab samples were processed as
in (11) and seminal fluid samples as in (10). The woman’s
serum was positive according to 1gG and IgM ELISA test-
ing (both titers >1:6,400); the survivor’s serum was posi-
tive for 1gG only (titer >1:3,200) (12). Serum from the only
other household member, the couple’s 11-year-old daugh-
ter, was negative for 1IgG and IgM. Although the woman’s
IgM titer was suggestive of a recent EBOV infection, she
reported having had only a mild 2-day clinical episode back
in early September, characterized by myalgia, joint pain,
and low-back pain (Figure 1). The couple declared that

These authors contributed equally to this article.
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Figure 1. Timeline of the reported chain of transmission of Ebola virus involving 3 persons in Conkary, Guinea, 2014—2015. ETU, Ebola
treatment unit; RT-PCR, reverse transcription PCR; —, negative; +, positive.

they had had no sexual intercourse for 6 months after the
survivor was discharged from an Ebola treatment unit.

The near full-genome sequence of virus from the case-
patient, obtained as previously described (10), was avail-
able on October 15, 2015. Phylogenetic analysis demon-
strated that it belonged to the GN1 lineage rather than the
SL3 lineage that was circulating in Conakry during the
second half of 2015 (Figure 2, panel A). Thus, the cases
were probably not linked to the known ongoing chain of
transmission in this area because sequencing of the viruses
involved in the Guinea epidemic had been thoroughly per-
formed at this time and no GN1 lineage viruses had been
detected in Guinea since the end of June 2015 (10). The se-
quence of the virus isolated from the case-patient, however,
could not be closely linked to any known subclusters within
GNL1. The most closely related viruses were recovered from
EVD patients in March 2015, but phylogenetic inference
suggests that the new sequence had not evolved from these
patients and instead shared a common ancestor from late
2014 (Figure 2, panel B).

Because various samples from the survivor (including
semen) and from the woman were negative for EBOV (Fig-
ure 1), serum collected during the survivor’s acute phase of
EVD (November 28, 2014) was retrieved from an archived
collection and sequenced, together with a sample from the
person who was thought to have transmitted the infection
to him (IPD_2163) (Figure 2, panel B). These 2 EBOV
sequences were indistinguishable and clustered with virus
sequences from the case-patient, differing at 6 nt sites. This
difference over an 11-month period is smaller than expect-
ed from the estimated EBOV evolutionary rate that would
predict 22.5 (95% CI 13-33) mutations (Figure 2, panel C).

Several lines of evidence converge toward an unusual
chain of transmission. Most likely, the first patient sexually
transmitted EBOV to the woman 9 months after his onset
of EVD in 2014, and then either the woman (with a recent
history of undetected EBOV infection) or a third unknown

2150

person transmitted the virus to the case-patient. After 10.5
months, virus from the case-patient differed from that of
the survivor by only 6 nt substitutions. These substitutions
were not present in other virus sequences from the GN1
lineage, demonstrating that the isolates are closely related
to each other and more distantly related to others.

The number of substitutions between the 2 genomes
was 3.7 times lower than would be expected after human-
to-human transmission and may indicate virus persistence
in 1 person. This hypothesis is in line with reduced evolu-
tionary rates of persistent EBOV reported in Liberia and
Sierra Leone (7,8,13).

Serologic data revealed that the woman had recently
been infected with EBOV. However, none of her samples
(i.e., blood, urine, and vaginal swab) were positive for EBOV
by RT-PCR; therefore, no genomic data were available.

The serial interval between the case-patient’s onset
of symptoms and that of the woman (=30 days) is longer
than the usual EVD maximum incubation period (21 days).
Therefore, the woman may have more recently experienced
mild or asymptomatic infection.

We have no molecular evidence that the woman
was part of this chain of transmission; it is plausible that
a third unknown person infected the case-patient. It was
impossible to investigate potential direct male-to-male
sexual transmission.

Conclusions

A likely explanation of our observations, integrating genom-
ic, serologic, and epidemiologic data, is that within-marriage
sexual transmission occurred (inferred from the positive IgM
titers of the woman) and then the woman infected her broth-
er through close contact. They all lived in the same small
household in poor hygienic conditions; shared toilets, meals,
and at times beds; and cared for each other. Alternatively, a
third unknown person may have been the link in the trans-
mission from the survivor to the case-patient.
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Figure 2. Phylogenetic analysis of Ebola viruses. A) Maximum-
likelihood tree of 1,067 Ebola virus sequences from the West
Africa epidemic, showing country of origin of each isolate. The

2 lineages that circulated in Guinea in 2015 were GN1 and SL3.
Ebola virus disease cases from Conakry, Guinea, obtained in
the second half of 2015 (from June on) are denoted by a red dot
on the tree branches. Box indicates 2015 isolates from the GN1
lineage. B) Expanded view of the GN1 lineage from panel A.
Blue dots indicate sequences from cases described in this article
(survivor, IPD_2197; person who infected the survivor, IPD_2163;
case-patient, CON12930); red dots indicate other cases from
2015. Sequences can be found under the European Nucleotide
Archive study no. ERP011834 (http://www.ebi.ac.uk/ena/data/
view/PRJEB10571). Scale bar indicates nucleotide substitutions
per siite. C) Root-to-tip plot for the entire GN1 lineage; colors
match those in panel B. A linear model line of best fit is shown;
gray shading represents the confidence level around the
regression line as SE.

Interim advice with regard to sexual transmission of
EBOV has been updated recently (14). All EVD survivors
and their sex partners should receive condoms and coun-
seling to ensure safer sex practices. Safer sex practices
should continue until the results of semen testing are nega-
tive twice or, if testing is unavailable, for 12 months. The
safer sex strategy and testing could be complemented by
new medical countermeasures that need to be assessed and
include use of antiviral drugs, vaccination of relatives and
sex partners of survivors, or both.
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Human Infection with Novel Spotted Fever
Group Rickettsia Genotype, China, 2015

Hao Li,* Xiao-Ming Cui,* Ning Cui,
Zhen-Dong Yang, Jian-Gong Hu, Ya-Di Fan,
Xue-Juan Fan, Lan Zhang, Pan-He Zhang,
Wei Liu, Wu-Chun Cao

Only 4 species of spotted fever group rickettsiae have been
detected in humans in China. However, phylogenetic analy-
sis of samples from 5 ill patients in China indicated infec-
tion with a novel spotted fever group Rickettsia, designated
Rickettsia sp. XY99. Clinical signs resembled those of se-
vere fever with thrombocytopenia syndrome.

potted fever group (SFG) rickettsiae are globally dis-

tributed and mostly transmitted by ticks (1). Recently,
emerging and reemerging SFG rickettsiae, such as Rick-
ettsia slovaca (2), R. aeschlimannii (3), R. massiliae (4),
Candidatus Rickettsia tarasevichiae (5,6), and R. sibirica
subspecies sibirica BJ-90 (7), previously considered non-
pathogenic, were found to infect humans. In addition, R.
parkeri was confirmed to be pathogenic 65 years after its
detection in ticks in 1939 (8).

In China, SFG rickettsioses are not listed as report-
able diseases, and only 4 species of SFG rickettsiae (R.
heilongjiangensis, R. sibirica subspecies sibirica BJ-90,
Candidatus Rickettsia tarasevichiae, and R. raoultii) have
been detected in human blood samples (9). In contrast, be-
sides these pathogenic species, at least 4 other species of
SFG rickettsiae (R. sibirica subspecies mongolotimonae,
R. monacensis, R. slovaca, Candidatus Rickettsia hebeiii)
have been detected in ticks, urging a wider search for cases
in humans. We report infection of 5 patients with a novel
SFG rickettsia in eastern central China.

The Study

From March through November 2015, at the People’s
Liberation Army 154 Hospital in Xinyang City, Henan
Province, China, patients who were acutely symptomatic
with fever and had a history of tick bites or animal contact
within the past month were screened for SFG rickettsiae
infection. At admission, EDTA-anticoagulated samples of
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peripheral blood were collected. DNA was extracted by us-
ing a QlAamp DNA Blood Mini Kit (QIAGEN, German-
town, MD, USA). Nested PCRs selective for outer mem-
brane protein A (ompA) and citrate synthase (gltA) genes
were concurrently performed to detect SFG rickettsial DNA
(online Technical Appendix Table 1, http://wwwnc.cdc.
gov/ElD/article/22/12/16-0962-Techappl.pdf)).  Positive
amplicons were purified and then sequenced in both direc-
tions. Acute-phase (<7 days after illness onset) and conva-
lescent-phase (>14 days after illness onset) serum samples
were tested by indirect immunofluorescence assay (IFA) for
IgG against R. rickettsii by using a commercially available
IFA kit (Focus Diagnostics Inc., Cypress, CA, USA).

Positive amplification of ompA and gltA genes was
found for 5 patients, and the obtained sequences for each
of the 2 genes from all 5 patients were identical. Nucleo-
tide sequence (350-bp) of ompA gene (GenBank accession
no. KU853020) from each of the 5 patients showed 10-bp
differences from that of R. massiliae strain AZT80 (Gen-
Bank accession no. CP003319) and 12-bp differences from
that of R. rhipicephali strain HJ#5 (GenBank accession no.
CP013133). Nucleotide sequences (1150-bp) of gltA gene
(GenBank accession no. KU853022) from each of the 5 pa-
tients differed from that of R. massiliae strain AZT80 by
4 bp and from that of R. rhipicephali strain HJ#5 by 5 bp
(online Technical Appendix Table 2). According to phylo-
genetic analysis, the novel SFG rickettsiae genotype, here
designated as Rickettsia sp. XY99, seems to represent a
distinct lineage and could constitute a new species (Figure
1). For all 5 patients, seroconversion or a 4-fold increase of
IgG against R. rickettsii was found between the acute- and
convalescent-phase samples, and the patients were deter-
mined to have acute infection with SFG rickettsiae (online
Technical Appendix Table 3). Subsequent testing of the 5
patients for infection with severe fever with thrombocyto-
penia syndrome virus, Anaplasma phagocytophilum, “A.
capra,” and Babesia microti by molecular (real-time PCR
or nested PCR) and serologic tests (ELISA or IFA) pro-
duced no positive results.

All 5 patients were farmers who resided in the villages
of Xinyang City. Patient median age was 65 (range 62—80)
years, and 3 were male (Table). Two patients had a his-
tory of tick exposure, and the other 3 had had contact with
livestock. For all 5 patients, illness onset occurred June
20-July 10, 2015. The median time from illness onset to

1These authors contributed equally to this article.
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Figure 1. Phylogenetic analyses based on nucleotide sequences of the outer member protein A (307-bp) (A) and citrate synthase
(1,150-bp) (B) genes of Rickettsia. Boldface indicates the newly discovered Rickettsia genotype (Rickettsia sp. XY99). Asterisks after
taxon names indicate that the sequence of Rickettsia species was found in China. Neighbor-joining trees were conducted by using the
maximum composite likelihood method by means of MEGA version 5.0 (http://www.megasoftware.net). Bootstrap analysis of 1,000
replicates was applied to assess the reliability of the reconstructed phylogenies. Scale bars indicate estimated evolutionary distance.

admission was 4 (range 3-6) days, and the median duration
of hospitalization was 10 (range 8-12) days. All patients
experienced fever (highest 38.4°C- 40.0°C), asthenia, an-
orexia, and nausea; 4 had cough, 3 vomiting, 2 myalgia,

1 headache, and 1 dizziness. Of note, all 5 patients had
lymphadenopathy, but none had rash or eschar. At admis-
sion, all 5 patients had leukopenia, thrombocytopenia, and
elevated hepatic aminotransferase levels; 4 had elevated

Table. Epidemiologic and clinical characteristics of 5 patients with Rickettsia sp. XY99 infection, China, 2015*

Patient no.

Characteristic 1 2 3 4 5

Age, y 65 64 66 80 62

Sex M F F M M

History of tick bite No No No Yes Yes
Time between tick bite and illness onset, d NA NA NA 14 6

Time from onset to admission, d 3 6 5 4 4

Duration of hospitalization, d 12 8 9 12 10

Fever Yes Yes Yes Yes Yes
Highest temperature, °C 40.0 395 38.7 384 39.1
Headache Yes No No No No
Dizziness No Yes No No No
Asthenia Yes Yes Yes Yes Yes
Myalgia Yes Yes No No No
Rash No No No No No
Eschar No No No No No
Lymphadenopathy Yes Yes Yes Yes Yes
Anorexia Yes Yes Yes Yes Yes
Nausea Yes Yes Yes Yes Yes
Vomit Yes Yes Yes No No
Cough Yes Yes Yes No Yes
Pneumonia Yes No Yes No Yes
Hydrothorax Yes No Yes No No
Confusion Yes No No No No
Meningeal irritation sign Yes No No No No
Ecchymosis Yes No No No No
Hemoptysis No No No No Yes
Hematuria Yes Yes No No No

*NA, not applicable.
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lactate dehydrogenase levels, and 2 had elevated creatine
kinase levels (Figure 2). Treatment included therapy with
cefminox and cefoperazone; no doxycycline was used.

Complications included pneumonia (3 patients), hem-
orrhagic signs (3), hydrothorax (2), and neurologic syn-
dromes (1). For 1 patient, severe complications progres-
sively emerged 6 days after disease onset and included
pneumonia and hydrothorax (online Technical Appendix
Figure), confusion, meningeal irritation sign, ecchymosis,
and hematuria. Laboratory indicators were substantially
more out of range 7 days after disease onset, indicative of
severe multiorgan dysfunction (Figure 2). Treatment was
ineffective, and the patient died 15 days after disease onset.
The other 4 patients were discharged after 8-12 days’ hos-
pitalization; at that time, all clinical signs and symptoms
had resolved, but for certain patients, laboratory values re-
mained out of reference range, suggesting slow recovery of
organ dysfunction (Figure 2).

Conclusions

Our detection of Rickettsia sp. XY99 DNA in blood samples
collected during the acute period of illness (days 3-6 after
onset) from 5 patients in the same region of China suggests
that this organism was the etiologic agent of the infection.
Seroconversion or a 4-fold increase in titers of 1gG against

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 22, No. 12, December 2016

Novel SFG Rickettsia Genotype, China

R. rickettsii provided supportive evidence of SFG Rickettsia
infection. Phylogenetic analysis indicated that Rickettsia sp.
XY99 was a novel genotype of SFG rickettsiae.

In contrast to humans with R. massiliae infection and
many other SFG rickettsioses reported previously (4,10),
none of the 5 patients infected with Rickettsia sp. XY99
had rash or eschar, and only 1 had headache. In recent
years, the concept of the classic triad of fever, rash, and
headache suggesting infection with SFG rickettsiae has
been increasingly challenged. Several emerging SFG rick-
ettsiae species, such as R. slovaca (2), R. raoultii (11), R.
africae (12), and R. helvetica (13), can infect humans, but
such infections lack these traditional features, which were
also lacking in the cases reported here. Therefore, absence
of rash and tick-bite history should not exclude suspicion of
SFG rickettsiae infection.

Similar to R. slovaca and R. raoultii infections, which
can be associated with tickborne lymphadenopathy and
Dermacentor-borne necrosis-erythema-lymphadenopathy
(14), lymphadenopathy was also observed in all 5 patients
with Rickettsia sp. XY99 infection. Thus, lymphadenopa-
thy might be a typical sign useful for clinical diagnosis of
Rickettsia sp. XY99 infection. All 5 patients had gastro-
intestinal syndromes, indicating potential tissue lesions or
vascular injury of the gastrointestinal tract. The hydrothorax

Figure 2. Dynamic changes

of 6 laboratory parameters
(with 2-day intervals) during
hospitalization of 5 patients
with Rickettsia sp. XY99
infection, China, 2015. Red,
patient 1; yellow, patient 2;
green, patient 3; purple, patient
4; gray, patient 5. ALT, alanine
aminotransferase, reference
range 0—40 U/L; AST, aspartate
aminotransferase, reference
range 0—40 U/L; CK, creatine
kinase, reference range
25-200 U/L; LDH, lactate
dehydrogenase, reference
range 109-245 U/L; platelets,
reference range 100-300 x
10°%L; leukocytes, reference
range 4.0-10.5 x 10° cells/L.
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and multiple hemorrhagic signs in 4 patients is possibly
suggestive of vascular invasion or damage caused by this
novel Rickettsia species.

Confirmation of the novel Rickettsia genotype was
achieved only by sequencing the ompA and gltA genes.
Although differences based on 2 gene segments support its
designation as a novel species, isolation efforts and char-
acterization of all 5 genes (rrs, gltA, ompA, ompB, and
geneD) are warranted, according to the guidelines for clas-
sification of a new Rickettsia species (15).

Physicians in this area of China should be aware of hu-
man infections with Rickettsia sp. XY99. It should be includ-
ed in differential diagnoses with severe fever with throm-
bocytopenia syndrome, which causes similar clinical illness
and is also endemic to the same area in eastern central China.

This study was supported by the Natural Science Foundation of
China (81222037, 81290344, 81130086, and 81472005).

Dr. Li is a scientist in the State Key Laboratory of Pathogen and
Biosecurity, Beijing Institute of Microbiology and Epidemiol-
ogy. His research interests include microbiology, epidemiology,
and ecology of tickborne diseases.
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Hepatitis E Virus in 3 Types of
Laboratory Animals, China, 2012—-2015

Lin Wang, Yulin Zhang, Wanyun Gong,
William Tianshi Song, Ling Wang

We found seroprevalences for hepatitis E virus (HEV) of
7.5%, 18.5%, and 83.3% in specific pathogen-free (SPF)
laboratory rabbits, monkeys, and pigs, respectively, in Chi-
na. HEV RNA was detected in 4.8% of SPF rabbits, and
11 rabbits had latent infections. Screening for HEV in SPF
animals before relevant experiments are conducted is rec-
ommended.

H epatitis E virus (HEV) is a single-stranded, positive-
sense RNA virus that belongs to the family Hepeviri-
dae and is transmitted by the fecal—oral route (1). The lack
of an efficient cell culture system for HEV hinders under-
standing of this pathogen. In most HEV studies, specific
pathogen-free (SPF) animals are used (2). However, an-
tibodies against HEV have been detected in 5 of 10 SPF
rabbits in the United States (3). Antibodies against HEV
or HEV RNA in laboratory animals will confound experi-
mental results.

In addition, swine HEV is zoonotic to humans, and
rabbit HEV-3 has been shown to be infectious to cynomol-
gus macaques (4). A strain of HEV closely related to rabbit
HEV has been isolated from a human in France (5). These
findings suggest that laboratory animals infected with HEV
might put laboratory workers at risk for infection. In this
study, we investigated the antibodies against HEV and
HEV RNA in 3 types of SPF laboratory animals (monkeys,
pigs and rabbits) that are commonly used in HEV studies
in China.

The Study

This study was approved by the Committee of Labora-
tory Animal Welfare and Ethics, Peking University
Health Science Center. In 2012, we obtained 146 SPF
rhesus monkeys (Macaca mulatta) and cynomolgus mon-
keys (M. fascicularis) from a commercial institute of
biologic resources in Beijing, China. During 2012-2015,
we obtained 332 SPF rabbits from 2 qualified vendors
in China: supplier A (New Zealand white rabbits) and
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supplier B (Japanese white rabbits). We also obtained
6 SPF Bama miniature pigs from supplier B (Table 1).
Microbes excluded in SPF animals are shown in online
Technical Appendix Table 1 (http://wwwnc.cdc.gov/EID/
article/22/12/16-0131-Techappl.pdf).

All animals were bred in China and housed in poly-
carbonate individual ventilated cages or mini pig stain-
less steel cages (Suhang, Jiangsu, China). Paired serum
and fecal samples were collected weekly from each ani-
mal for 4 consecutive weeks. We stopped sampling when
we obtained positive results for antibodies against or
HEV RNA. Specific procedures of for sample processing
were described (4).

Serum samples from monkeys were tested by using hu-
man anti-HEV IgM and human anti-HEV IgG ELISA kits
(Wantai, Beijing, China) (6). Serum samples from rabbits
and pigs were tested by using an anti-HEV total antibod-
ies ELISA kit (Wantai) and HEV E2 antigen (aa 394-606
of open reading frame 2) (7). Signal-to-cutoff values were
calculated, and values >1 were considered positive.

Virus RNA was extracted from 100 pL of serum or
50% fecal suspensions by using TRIzol Reagent (Invitro-
gen, Burlington, Ontario, Canada). All samples were ana-
lyzed by using a nested reverse transcription PCR.

HEV-positive samples were sequenced and submit-
ted to GenBank (accession nos. KU217460-KU217473
and KU218407-KU218408). A phylogenetic tree was
constructed by using MEGA 6.0 software (8). A more de-
tailed description of the complete protocol has been previ-
ously published (4).

We detected antibodies against HEV in 25 (7.5%) of
332 SPF rabbits and 5 (83.3%) of 6 SPF Bama miniature
pigs. The HEV IgM—positive rate was 0% (0/146), and the
HEV IgG—positive rate was 18.5% (27/146) for SPF mon-
keys (Table 2). Among all antibody-positive animals, HEV
RNA was not detected in serum or stool samples. The HEV
antibody—positive rate for SPF rabbits in China was lower
than that for farmed and wild rabbits in other studies (on-
line Technical Appendix Table 2).

HEV RNA was detected in 16 (4.8%) of 332 SPF rab-
bits. One rabbit (supplier A, sequence no. 16) was viremic
and shed virus in feces; the other 15 rabbits (supplier B, se-
quence nos. 1-15) only shed virus in feces (Table 2). Phy-
logenetic analysis confirmed that all strains isolated from
the SPF rabbits belong to genotype 3 and are in 3 clusters
for reported rabbit HEV strains (Figure).
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Table 1. Characteristics of laboratory rabbits, monkeys, and pigs tested for hepatitis E virus, China, 2012-2015*

No. positive, PCR/antibodies against HEV

Batch Sampling No. Subsequent

no. year Age animals  Species Total First sampling samplingt Genotype  Acceptability, %F
1 2012 3 wk 10 NZW 0/0 0/0 0/0 NA 100
2 2012 6 wk 16 NZW 0/0 0/0 0/0 NA 100
3 2012 25y 20 CM 0/18 0/18 0/0 NA 10
3 2012 25y 126 RM 0/9 0/9 0/0 NA 92.9
4 2013 7 wk 21 NZW 0/3 0/3 0/0 NA 85.7
5 2013 7 wk 43 Jw 0/0 0/0 0/0 NA 100
6 2013 28 wk 32 JW 0/4 0/4 0/0 NA 87.5
7 2014 12 wk 92 JW 2/10 2/10 0/0 3 87.0
8 2015 4 wk 6 BMP 0/5 0/5 0/0 NA 16.7
9 2015 12 wk 42 NZW 1/2 1/2 0/0 3 92.9
10 2015 12 wk 76 JW 6/13 4/4 2/9 3 75

*BMP, Bama miniature pig (Sus scrofa domestica); CM, cynomolgus monkey (Macaca fascicularis); HEV, hepatitis E virus; JW, Japanese white rabbit
(Oryctolagus cuniculus); NA, not applicable; NZW, New Zealand white rabbit (Oryctolagus cuniculus); RM, rhesus monkey (Macaca mulatta).
TAnimals had negative results for PCR or antibodies against HEV at week 1, but results became positive for samples collected in subsequent weeks.
FAn animal was considered acceptable for the HEV study when all test results remained negative for 4 consecutive weeks.

Several cases of latent infection and seroconversion
were observed (Table 1). Latency was defined as detec-
tion of HEV RNA or antibodies against HEV after nega-
tive results were observed during the first week in 4-week
observation period. In batch no. 10, we found that 5, 3, and
1 SPF rabbits began excretion of HEV in stool during the
second, third, and fourth weeks, respectively. Two rabbits
seroconverted to antibodies against HEV during the second
and third weeks.

Conclusions

In our survey of 3 types of SPF laboratory animals com-
monly used for HEV studies in China, we detected pre-
vious HEV infection in all 3 types of animals, despite
having purchased these animals from qualified vendors.
We also detected HEV RNA in SPF rabbits, which sug-
gested ongoing virus circulation in these animals. These
findings emphasize the need for HEV screening of labo-
ratory animals, not only for persons studying HEV but
also for persons studying other pathogens, because the
effects of co-infection are unknown. Before experiments
are conducted, laboratory animals should be monitored
for >2 weeks to ensure that no latent HEV infection
is present.

Another concern is risk for zoonotic infection for in
research personnel. HEV-3 and HEV-4 infect humans and
other animals, and rabbit HEV-3 can infect cynomolgus
macaques (4) and possibly humans (5). Therefore, safety
of any research personnel who handle laboratory rabbits or
pigs is a primary concern. Personal precautions should be
fully implemented in the work environment.

HEV 239 vaccine is available in China, and studies
have shown that this vaccine provided sustained protection
against hepatitis E for <4.5 years (9,10). Thus, persons in
China who have occupational exposure to HEV might ben-
efit from vaccination.

This study has potential limitations. First, our results
were determined only for 3 types of laboratory animals.
Thus, sampling size should be enlarged to include other
types of animals. Second, seroprevalence of antibodies
against HEV was not determined for personnel who have
close contact with these laboratory animals. Thus, risk for
occupational transmission was not assessed. Future studies
are warranted to address these issues.

In summary, our findings highlight the need for screen-
ing for HEV in laboratory animals. This screening will en-
sure experimental accuracy and prevent possibly zoonotic
transmission of HEV to research personnel.

Table 2. Prevalence of antibodies against hepatitis E virus and virus RNA in laboratory animals, China, 2012-2015*

No. (%) positive for antibodies against HEV

No. (%) positive for HEV RNA

Animal, species No. samples IgM IgG IgM + 1gG Serum Stool
Rabbit
Nzw 89 NA NA 5(5.6) 1(1.1) 1(1.1)
Jw 243 NA NA 20 (8.2) 0 (0) 15 (6.2)
Total 332 NA NA 25 (7.5) 1(0.3) 16 (4.8)
Monkey
RM 126 0(0) 9(7.1) NA 0 (0) 0 (0)
CM 20 0(0) 18 (90.0) NA 0 (0) 0 (0)
Total 146 0(0) 27 (18.5) NA 0(0) 0(0)
Pig
BMP 6 NA NA 5 (83.3) 0(0) 0(0)

*BMP, Bama miniature pig (Sus scrofa domestica); CM, cynomolgus monkey (Macaca fascicularis); HEV, hepatitis E virus; JW, Japanese white rabbit
(Oryctolagus cuniculus); NA, not applicable; NZW, New Zealand white rabbit (Oryctolagus cuniculus); RM, rhesus monkey (Macaca mulatta).
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Figure. Phylogenetic analysis of hepatitis
E virus (HEV) isolates from specific
pathogen-free (SPF) rabbits, China,
2012-2015. The phylogenetic tree was
constructed by using the neighbor-joining
method, a partial nucleotide sequence

of the open reading frame 2 region, and
reported HEV sequences in GenBank as
references. One thousand resamplings
of the data were used to calculate
percentages (values along branches)

of tree branches obtained. Black circles
indicate SPF rabbit isolates obtained
during this study. GenBank accession
numbers of all reference sequences (in
parentheses) are FJ906895 (GDC?9),
AB740222 (rbIM004), JX565469 (CMC-
1), AB740221 (rbIM022), GU937805
(ch-bj-n1), JX121233 (CHN-BJ-R14),
JQO013793 (TLS-18516), JQ013792 (W7-
57), AF455784 (Osh-205), AF060668
(US1), AY115488 (swArkell), AB189070
(JBOAR-1Hyo04), AP003430 (JRA1),
JF309217 (GS-NJ-10), AY723745 (IND-
SW-00-01), AB097812 (HE-JA1), M74506
(Mexican), AY204877 (T3-Chad), and
AF459438 (Yam67). Scale bar indicates
nucleotide substitutions per site.

This study was supported by the National Science Foundation
of China (grant no. 81271827) and the Beijing Natural Science
Foundation (grant no. 7162103).

Mr. Lin Wang is a doctoral candidate in the Department of
Microbiology and Infectious Disease Center, School of Basic
Medical Sciences, Peking University Health Science Center,
Beijing, China. His primary research interests are the molecular
epidemiology and pathogenesis of HEV.

References

1. Kamar N, Bendall R, Legrand-Abravanel F, Xia NS, ljaz S,
I1zopet J, et al. Hepatitis E. Lancet. 2012;379:2477-88.
http://dx.doi.org/10.1016/S0140-6736(11)61849-7

2. Yugo DM, Cossaboom CM, Meng XJ. Naturally occurring animal
models of human hepatitis E virus infection. ILAR J. 2014;55:187-
99. http://dx.doi.org/10.1093/ilar/ilu007

3. Birke L, Cormier SA, You D, Stout RW, Clement C, Johnson M,
et al. Hepatitis E antibodies in laboratory rabbits from 2 US
vendors. Emerg Infect Dis. 2014;20:693-6. http://dx.doi.org/10.3201/
€id2004.131229

4. LiuP BuQN,Wang L, HanJ, DuRJ, Lei YX, etal.
Transmission of hepatitis E virus from rabbits to cynomolgus
macaques. Emerg Infect Dis. 2013;19:559-65.
http://dx.doi.org/10.3201/eid1904.120827

5. lzopet J, Dubois M, Bertagnoli S, Lhomme S, Marchandeau S,
Boucher S, et al. Hepatitis E virus strains in rabbits and evidence

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 22, No. 12, December 2016

of a closely related strain in humans, France. Emerg Infect Dis.
2012;18:1274-81.

6. ZhangJ, Ge SX, Huang GY, Li SW, He ZQ, Wang YB, et al.
Evaluation of antibody-based and nucleic acid-based assays
for diagnosis of hepatitis E virus infection in a rhesus monkey
model. J Med Virol. 2003;71:518-26. http://dx.doi.org/10.1002/
jmv.10523

7. Wang YC, Zhang HY, Xia NS, Peng G, Lan HY, Zhuang H, et al.
Prevalence, isolation, and partial sequence analysis of hepatitis E
virus from domestic animals in China. J Med Virol. 2002;67:516—
21. http://dx.doi.org/10.1002/jmv.10131

8. Tamura K, Stecher G, Peterson D, Filipski A, Kumar S.
MEGAG: Molecular Evolutionary Genetics Analysis version 6.0.
Mol Biol Evol. 2013;30:2725-9. http://dx.doi.org/10.1093/molbev/
mst197

9. Zhu FC, Zhang J, Zhang XF, Zhou C, Wang ZZ, Huang SJ, et al.
Efficacy and safety of a recombinant hepatitis E vaccine in healthy
adults: a large-scale, randomised, double-blind placebo-controlled,
phase 3 trial. Lancet. 2010;376:895-902. http://dx.doi.org/10.1016/
S0140-6736(10)61030-6

10. Zhang J, Zhang XF, Huang SJ, Wu T, Hu YM, Wang ZZ,

et al. Long-term efficacy of a hepatitis E vaccine. N Engl ] Med.
2015;372:914-22. http://dx.doi.org/10.1056/NEJM0al406011

Address for correspondence: Ling Wang, Department of Microbiology,
School of Basic Medical Sciences, Peking University Health Science
Center, 38 Xueyuan Rd, Haidian District, Beijing 100191, China;
email: lingwang@bjmu.edu.cn

2159



DISPATCHES

Human Brucellosis in Febrile Patients
Seeking Treatment at Remote Hospitals,
Northeastern Kenya, 2014-2015

John Njeru, Falk Melzer, Gamal Wareth,
Hosny El-Adawy, Klaus Henning,
Mathias W. Pletz, Regine Heller, Samuel Kariuki,
Eric Févre, Heinrich Neubauer

During 2014-2015, patients in northeastern Kenya were as-
sessed for brucellosis and characteristics that might help
clinicians identify brucellosis. Among 146 confirmed brucel-
losis patients, 29 (20%) had negative serologic tests. No
clinical feature was a good indicator of infection, which was
associated with animal contact and drinking raw milk.

Brucellosis is a zoonotic disease that can cause severe
illness in humans and substantial economic losses in
livestock production (1). The main causative agents of bru-
cellosis in humans are Brucella abortus, B. melitensis, and
B. suis (2). Infection in humans occurs mainly by ingestion
of contaminated animal products, inhalation of contami-
nated airborne particulates, or direct contact with infected
animals or their products (3). Clinical signs and symptoms
of human brucellosis are nonspecific and highly variable
(4). Persons who work with animals and their families are
considered to be at high risk for infection (3,5). In animals,
brucellosis is asymptomatic but can cause abortions, weak
offspring, and sterility (5).

In developing countries, serologic assays based on
rapid slide agglutination tests are the mainstay for diag-
nosis of brucellosis, but these assays have poor specific-
ity (6). Generally, ELISA is considered to be more spe-
cific and sensitive, allowing for a better correlation with
the clinical situation. Although PCR assays are highly
sensitive and specific tools for rapid diagnosis of
human brucellosis and simultaneous differentiation of
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Brucella genotypes, they are often unavailable in many of
these countries (7).

A review of brucellosis epidemiology in sub-Saharan
Africa highlighted the fact that brucellosis is endemic in
pastoral production systems where disease surveillance
and control programs are poorly implemented (1). Within
Kenya, seroprevalences of 2% and 7% have been reported
among persons at high risk for brucellosis in Nairobi and
Nakuru counties, respectively (8), and a national serop-
revalence of 3% was reported in 2007 (9). More recently,
Osoro et al. (10) showed variation (2.4%-46.5%) in serop-
revalence across 3 counties in Kenya.

Diagnosis of febrile illnesses in developing countries
is challenging because of the lack of imaging and reli-
able laboratory support. Clinical management of such ill-
nesses is often done empirically, resulting in inaccurate
treatment of patients and routine underreporting of dis-
ease (11). Data on the prevalence and potential risk fac-
tors associated with human brucellosis in Kenya are scant.
The prevalent Brucella species in Kenya remain largely
unknown. The purposes of this study were to assess the
proportion of patients with brucellosis at 2 hospitals in
northeastern Kenya and to describe patient characteristics
that might help clinicians to identify brucellosis cases in
areas without laboratory support.

The Study

During 2014-2015, we enrolled patients with acute febrile
illness seeking treatment at Garissa and Wajir hospitals in
northeastern Kenya (Figure) by using systematic sampling
intervals based on previously documented proportions of
febrile patients recorded at each hospital. The study pro-
tocol was approved by the Scientific and Ethics Review
Committee of Kenya Medical Research Institute. We ob-
tained serum samples and tested them for brucellosis by
using the modified Rose Bengal Plate Test (RBPT) (VLA
Weybridge, United Kingdom) (12) and SERION ELISA
classic Brucella 1gM/IgG kits (Virion/Serion, Wurzburg,
Germany) according to the manufacturers’ instructions.
We extracted DNA from serum samples by using the High
Pure Template Kit (Roche Diagnostics, Mannheim, Ger-
many). We performed quantitative real-time PCR (qPCR)
assays for the detection of brucellosis and speciation of
Brucella species, as previously described (13) (online
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Figure. Locations of the 2 hospitals in the Northeastern Province
of Kenya (dark gray shading) where human brucellosis was
diagnosed in febrile patients seeking treatment, Kenya, 2014—
2015. The solid black area in northwestern Kenya represents
disputed territory among Kenya, Ethiopia, and South Sudan. GPH,
Garissa Provincial Hospital; WDH, Waijir District Hospital.

Technical Appendix Table 1, http://wwwnc.cdc.gov/EID/
article/22/1/15-1200-Techapp1.pdf). We classified patients
as having brucellosis if they had positive gPCR results or
had positive RBPT results confirmed by positive ELISA
results. We fitted multivariate logistic regression models
to assess demographic, clinical features, and plausible risk
factors associated with brucellosis seropositivity by using a
stepwise backward analysis procedure.

Overall, 1,067 patients participated in the study; 580
(54.4%) of participants were female, and 963 (90.3%)
were of Somali ethnicity (online Technical Appendix Ta-
ble 2). Brucellosis was established in 146 patients (13.7%,
95% CI 11.7%-15.9%). Of these, 29 (2.7%) had negative
serologic test results for Brucella infection. B. abortus
was the only Brucella species found using the Brucella
species—specific qPCR.

Statistical analyses showed no significant differences
in infection by ethnic group, county of residence, educa-
tion status, or age group. Men had a significantly higher
probability (odds ratio [OR] 1.98, p = 0.001) for having
brucellosis (Table 1).

Considerable low sensitivity levels were found for
clinical diagnosis of brucellosis in both hospitals (online
Technical Appendix Table 3). Patients with brucellosis
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were mainly diagnosed with typhoid fever (63 patients
[43.2%]), malaria (30 [20.5%]), pneumonia (12 [8.2%]),
and other common tropical fevers or fevers of unknown
origin (14 [9.6%]) (Table 1).

In the final combined multivariate analyses, brucel-
losis was significantly associated (p<0.05) with fever
lasting >14 days (adjusted OR [aOR] 2.86), contact with
cattle (aOR 6.50) or multiple animal species (aOR 2.35),
slaughtering of animals (aOR 2.20), and consumption of
raw cattle milk (aOR 3.88). Herders were 1.69-fold more
likely to be seropositive (Table 2).

Conclusions

This hospital-based study from a predominantly pastoral
community in Kenya indicated a high prevalence (13.7%)
of brucellosis in febrile patients, highlighting brucellosis as
an important cause of acute febrile illnesses in northeastern
Kenya. Although brucellosis has previously been described
to occur in hospital patients in Kenya (1), it was not diag-
nosed by the treating hospital clinicians in 119/146 (81.5%)
cases in our study. Instead, these cases were mainly attrib-
uted to other causes of fevers or fevers of unknown origin.
In addition, 29 (2.7%) patients who had negative serologic
test results for Brucella had positive results for B. abortus
by gPCR.

Our findings strongly suggest that patients with bru-
cellosis were likely to leave the hospital without the spe-
cific treatment for brucellosis. This agrees with recent
findings that showed that clinicians in Kenya continue to
treat febrile patients for presumptive malaria, resulting in
missed opportunities to accurately detect and treat other
causes of fever (11,14). The results also highlight the use-
fulness of gPCR as a complementary assay to a combined
ELISA and RBPT diagnostic approach in diagnosis of
acute brucellosis and the need to establish national and
regional reference laboratories with facilities for perform-
ing gPCR assays.

Contact with cattle or multiple animal species and
consumption of raw milk from cattle were significantly as-
sociated with brucellosis in our study (Table 2). This as-
sociation can be attributed to occupational and domestic
contacts with livestock and social-cultural practices among
communities in the study area that increase the risk for
Brucella transmission, including nomadic movements, tak-
ing care of animals during parturition, consumption of raw
milk from cattle and camels, and household slaughter of
animals during traditional and religious ceremonies (9,15).

In this study, the only Brucella species detected was
B. abortus, strengthening the assumption that brucellosis
might be highly linked to cattle more than other animal spe-
cies; however, further research is warranted. Additionally,
the prevalent Brucella genotypes and biovars in Kenya re-
main to be determined.
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Table 1. Selected characteristics of study participants and number of febrile patients with Brucella-positive test results, northeastern

Kenya, 2014-2015*

No. (%) patients

Positive for brucellosis,

Negative for brucellosis,

Characteristic n =146 n =921 p value Crude OR (95% CI)
Mean age, y, + SD 34.8+115 33.9+126 0.863 NA
Age group, y
<19 16 (11.0) 127 (13.8) NA Referent
20-29 31(21.2) 206 (22.4) 0.418 1.29 (0.70-2.39)
30-39 48 (32.9) 265 (28.8) 0.063 1.75 (0.97-3.08)
40-49 38 (26.0) 196 (21.3) 0.169 1.52 (0.84-2.76)
>50 13 (8.9) 127 (13.8) 0.764 0.90 (0.43-1.84)
Male sex 86 (58.9) 401 (43.5) 0.001 1.98 (1.30-2.68)
Wajir County resident 81 (55.5) 440 (49.4) 0.201 1.34 (0.97-1.77)
Occupation
Herder 109 (74.7) 569 (61.8) 0.002 3.81 (2.17-12.38)
Civil servant 16 (11.0) 126 (13.7) 0.199 2.53 (0.71-8.91)
General business 7 (4.8) 67 (7.3) 0.286 1.98 (0.49-7.85)
Student 6 (4.1) 56 (6.1) 0.308 2.08 (0.51-8.48)
Livestock trader 6 (4.1) 53 (5.8) 0.053 3.74 (0.98-14.26)
Other 2(1.4) 50 (5.4) NA Referent
Education level
None 98 (67.1) 563 (61.1) NA Referent
Primary 25(17.1) 181 (19.7) 0.335 0.79 (0.51-1.27)
Secondary 16 (11.0) 104 (11.3) 0.670 0.88 (0.69-1.56)
Post-secondary 7 (4.8) 73 (7.9 0.146 0.56 (0.25-1.32)
Somali ethnic group member 133 (91.1) 830 (90.1) 0.712 1.12 (0.62-2.63)
Clinical symptoms and signs
Headache 113 (77.4) 836 (90.8) 0.504 1.45 (0.63-3.12)
Chills 93 (63.7) 482 (52.3) 0.065 1.79 (0.93-2.58)
Arthralgia/myalgia 118 (80.8) 699 (75.9) 0.322 1.48 (0.78-1.85)
Malaise/fatigue 101 (69.2) 646 (70.1) 0.018 2.20 (1.44-4.31)
Anorexia 63 (43.2) 514 (55.8) 0.610 0.91 (0.56-1.93)
Respiratory tract infection 34 (23.3) 263 (28.6) 0.434 1.03 (0.69-1.60)
Constipation 22 (15.1) 171 (18.6) 0.301 1.08 (0.83-3.11)
Night sweats 11 (7.5) 159 (17.3) 0.181 0.90 (0.67-5.90)
Diarrhea 8 (5.5) 106 (11.5) 0.120 0.95 (0.86-2.89)
Weight loss 12 (8.2) 105 (11.4) 0.228 1.24 (0.81- 6.04)
Confusiont 3(2.3) 42 (5.3) 0.337 0.96 (0.60-2.91)
Rash 3(2.1) 40 (4.3) 0.172 0.74 (0.22-1.55)
Vomiting 4(2.7) 28 (3.0) 0.582 0.85 (0.36-1.98)
Abdominal pain 52 (35.6) 215 (23.3) 0.007 1.92 (1.35-5.64)
Hepatomegaly/splenomegaly 33 (22.6) 103 (11.1) 0.011 2.01 (1.63-8.10)
History of fever, >14 d 75 (51.4) 326 (35.3) <0.001 3.71 (2.75-10.94)
Provisional diagnosist
Typhoid fever 63 (43.2) 371 (45.0) 0.671 NA
Malaria 30 (20.5) 252 (30.5) 0.079 NA
Pneumonia 12 (8.2) 114 (13.8) 0.084 NA
Other§ 14 (9.6) Undefined NA NA
Days since fever onset/median 24.5/16 13.0/8 <0.001 NA

*NA, not available; OR, odds ratio.

tData available for adult and adolescent patients only.
fincludes clinical diagnosis made by attending hospital clinician.
§Data not available for all patients.

Our study failed to better identify reliable clini-
cal predictors for brucellosis. The lack of a clear clini-
cal algorithm predictive of brucellosis supports the
need for increasing clinician awareness of the disease
and enhancing diagnostic capability for brucellosis in
hospital settings.

This study has potential limitations. First, the study
used acute-phase serum samples, making it difficult to
demonstrate 4-fold titer rise. Follow-up of patients to ob-
tain a convalescent-phase serum sample was not feasible
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because of ongoing inter-clan conflicts and militia activi-
ties in the region. Therefore, the possibility of patients who
had previous exposure to Brucella but had residual anti-
bodies in circulation cannot be ruled out.
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Table 2. Results of univariate and multivariate logistic regression analyses, by demographic, socioeconomic, and dietary risk factors

associated with brucellosis, northeastern Kenya, 2014-2015*

No. (%) positive for

Characteristic brucellosis, n = 146 Crude OR (95% CI) Adjusted OR (95% C)t  p value
Occupation

Herder 109 (16.1) 1.82 (1.22-2.71)F 1.69 (1.25-3.44) 0.023

Other 37 (9.5) Referent Referent NA
History of fever, >14 d

Yes 75 (18.7) 3.71 (2.75-10.94)¢ 2.86 (1.91-6.74) 0.003

No 71 (10.7) Referent Referent NA
Contact with goats8

Yes 107 (15.5) 1.31 (0.87-2.29) Referent NA

No 38 (10.1) Referent NA NA
Contact with cattle

Yes 101 (21.7) 3.15 (2.84-4.87)% 6.50 (3.48-14.56) <0.001

No 45 (7.5) Referent NA NA
Contact with multiple animal species

Yes 78 (19.6) 2.59 (2.16-7.66)% 2.35(2.14-8.63) 0.013

No 68 (10.2) Referent NA NA
Frequent slaughtering of animals

Yes 83 (21.7) 3.86 (3.21-5.69)% 2.20 (2.07-5.87) <0.001

No 63 (9.2) Referent Referent NA
Frequent handling of raw milk

Yes 93 (15.8) 1.41 (0.75-2.15) NA NA

No 53 (11.1) Referent Referent NA
Frequent consumption of raw cattle milk

Yes 86 (26.0) 4.07 (2.39-9.55)% 3.88 (2.16-5.47) <0.001

No 60 (8.2) Referent Referent NA
Frequent consumption of locally fermented milk products

Yes 72 (17.6) 1.68 (0.92-3.75) NA NA

No 74 (11.2) Referent Referent NA
Frequent consumption of raw goat milk

Yes 33 (17.9) 1.50 (0.98-2.95) NA NA

No 113 (12.8) Referent Referent NA
Hosmer-Lemeshow goodness-of-fit test NA NA NA 0.228
AUC (ROC) NA NA 0.745 (0.680-0.812) <0.001

*AUC, area under the curve; NA, not available; OR, odds ratio; ROC, receiver operating characteristic.

TAdjusted for age, sex, and site.
$p<0.05.
§Contact with goats (referent variable in multivariable model).

YVariables with p<0.20 (Wald test) considered as potential risk and subsequently fitted in the multivariate analysis.
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Rift Valley Fever Outbreak in Livestock,
Mozambique, 2014

José M. Fafetine, Peter Coetzee,
Benjamin Mubemba, Ofélia Nhambirre,
Luis Neves, J.A.W. Coetzer, Estelle H. Venter

In early 2014, abortions and death of ruminants were report-
ed on farms in Maputo and Gaza Provinces, Mozambique.
Serologic analysis and quantitative and conventional re-
verse transcription PCR confirmed the presence of Rift Val-
ley fever virus. The viruses belonged to lineage C, which is
prevalent among Rift Valley fever viruses in southern Africa.

Rift Valley fever (RVF) virus (family Bunyaviridae,
genus Phlebovirus) is a mosquito-borne virus that
affects ruminants and humans. The virion contains 3 sin-
gle-stranded RNA genome segments, large, medium, and
small. In ruminants, RVF virus infection is characterized by
high rates of abortion and of death, particularly in newborn
animals. In humans, the infection is usually asymptomatic,
but in severe cases, hemorrhage, meningoencephalitis, reti-
nopathy, and death can occur (1).

Some of the most notable RVF epidemics reported in
the past 2 decades occurred in eastern Africa and in south-
ern Africa, where Mozambique is located. In 2006 and
2007, outbreaks of the disease occurred in eastern Africa,
including Tanzania (2). In 2008 (3) and 2010 (4), epidem-
ics of the disease were reported in South Africa. However,
during the same period, no RVF outbreaks were reported
in Mozambique. The few confirmed RVF outbreaks in the
country occurred in 1969 in Gaza and Maputo Provinces,
resulting in the deaths of 220 and 25 cattle in each prov-
ince, respectively (5). In 1999, cases of abortion in a herd
of water buffaloes (Bubalus bubalis) in Zambézia Province
were attributed to RVF virus, but no virus was detected or
isolated (6).

In 2010, serosurveys were conducted in the Zam-
bézia and Maputo Provinces of Mozambique. Sero-
prevalences of 9.2% in sheep and 11.6% in goats was
recorded in Zambézia Province (7). In Maputo Province,
an overall seroprevalence of 36.9% was documented in
cattle (8). The results indicated the possible circulation
of RVF virus during interepidemic periods without the
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manifestation of typical clinical signs, as has been de-
scribed elsewhere (9).

In this article, we report the detection of specific anti-
bodies against RVF virus and the genetic analysis of RVF
virus isolates from outbreaks in Mozambique. We also dis-
cuss the possible factors associated with the occurrence of
this outbreak.

The Study

In late March 2014, after a period of heavy and persistent
rainfall in southern Mozambique, particularly in Maputo
and Gaza Provinces, abortions and deaths in ruminant off-
spring were reported on some farms. The owner of a farm lo-
cated in the Goba District, Maputo Province (26°3'59.73"S,
32°0"23.36"E), informed the veterinary authorities that 16
of 88 goats aborted their fetuses and 5 newborn kids died.
The veterinary authorities also received reports from 2
farms in Xai-Xai (25° 03'24.18S, 33°41"24.7E) and Chibuto
(24°42'01.2228S, 33°32'24.822E) in Gaza Province, where
26 goats and 8 sheep aborted, respectively, and a total of
7 newborn animals died on both farms. According to the
farmers, no animals had been purchased or brought into the
herds for >3 years.

Serum samples were collected from farms in Goba (n
= 88), Xai-Xai (n = 26), and Chibuto (n = 13). On the Goba
farm, liver and spleen tissue samples were also collected
from 1 aborted fetus and from 1 dead newborn goat. All the
serum samples were tested for the presence of RVF virus
IgM by using the IDvet Screen RVF IgM ELISA (IDvet
innovative diagnostics kit; IDVet, Montpellier, France). In
addition, the serum samples collected in Goba were fur-
ther tested for RVF virus IgG by using the RVF recN IgG
ELISA kit (Biological Diagnostic Supplies Limited, Edin-
burgh, Scotland, UK).

Viral genomic RNA was extracted from ELISA-posi-
tive serum samples and tissue samples by using Trizol (In-
vitrogen, Manchester, UK) according to the manufacturer’s
instructions. A quantitative real-time reverse transcription
PCR was performed as described (10). Positive samples
were subsequently subjected to a conventional RT-PCR
to amplify a 490-nt region of the medium segment as de-
scribed (11). The amplicons were then purified by using the
QlAquick Gel extraction kit (QIAGEN, Manchester, UK)
and submitted to Ingaba Biotec (Pretoria, South Africa)
for sequencing. The obtained sequences were compared
with sequences in GenBank using BLAST (https://blast.
ncbi.nlm.nih.gov/Blast.cgi). Sequence data (480 nt) were
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imported into MEGAG6 (12), in which sequence alignment
and evolutionary analyses were carried out. The phyloge-
netic trees were inferred by using the maximum-likelihood
method based on the Kimura 2-parameter model (13). The
tree with the highest log likelihood (-2055.6526) is shown
in the online Technical Appendix Figure (http://Awwwnc.
cdc.gov/ElD/article/22/12/16-0310-Techappl.pdf). Refer-
ence RVF virus isolates used in this study are listed in the
online Technical Appendix Table.

Serologic analysis indicated that 31 (24.4%) of 127
(all) sampled animals were positive for RVF virus IgM,
and 49 (55.7%) of 88 animals from the Goba Province
were positive for RVF virus 1gG. Only 25 animals had
RVF virus 1gG but no RVF virus IgM (Table). The data
suggest that the onset of the outbreak on the Goba farm
was in early or mid-January 2014 and continued until
mid-April because at this time only a few RVF IgM—posi-
tive animals (2/26 animals) contained IgM but no 1gG
against RVF virus, and few abortions were continuing.
RVF virus RNA was detected in 16 serum samples and
6 tissue samples analyzed by quantitative real-time RT-
PCR, confirming an RVF outbreak in Mozambique. Only
PCR products obtained from fetal tissue met the minimum
concentration requirement for sequencing. Phylogenetic
analysis showed that the Goba-Mozambique isolate be-
longed to the lineage C group of RVF viruses (online
Technical Appendix Figure).

Conclusions

RVF virus IgM and the molecular detection of RVF virus
confirmed the cause of abortions and deaths in sheep and
goats in Maputo (Goba) and Gaza (Xai-Xai and Chibuto)
Provinces of Mozambique in the first quarter of 2014.
Outbreaks of RVF in eastern Africa are usually associated
with the circulation of a local virus lineages, triggered
by abnormal rainfall that favors the multiplication of the
mosquito vectors or by the introduction of virus through
animal movement. Sequence comparison and phyloge-
netic analyses indicated that the Maputo RVF viruses be-
longed to lineage C, which suggested that the outbreaks
had close links to the 2007 and 2010 RVF outbreaks
in Sudan.

The farms where the outbreaks occurred are noncom-
mercial, small- to middle-scale farming systems with basic
management and with no reports of animal importation.
Occasionally, animals are bought from other farms, and the
animals known to be imported in the southern part of the
country come from the neighboring countries (i.e., South
Africa and Swaziland). Animal movement is also reported
to occur frequently on the border with adjoining countries.
Because no new animals were introduced onto the above
mentioned farms and no animal importation was indicated
either by the farmers or by the veterinary authorities, we
hypothesize that the virus might have been introduced in
the past. Then, after a 6-fold increase in rainfall in Maputo
(31 mm in November 2013 and 208 mm in December 2013;
Umbeluzi Weather Station, pers. comm.), the conditions for
an increase in the vector population, and therefore in virus
circulation, favored the occurrence of the outbreaks. The
high level of seroprevalence reported previously in districts
close to the study site (8) may suggest a continuous low
level of virus transmission in the region that is exacerbated
by above-average rainfall, resulting in RVF virus infection
in naive animals.

With this confirmed genetic evidence of RVF virus
in Mozambique, all countries on the eastern coastline
of Africa, the Indian Ocean islands of Madagascar and
Mayotte, and Yemen and Saudi Arabia have all reported
the presence of viruses belonging to lineage C (11). The
broad geographic distribution pattern of lineage C viruses
(in southern and northern Africa) and the related life-cy-
cle dynamics require further investigation to identify the
main drivers associated with the circulation and spread of
this lineage of viruses.
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Evaluating Healthcare Claims for
Neurocysticercosis by Using All-Payer
All-Claims Data, Oregon, 2010-2013

Robert H. Flecker, Seth E. O’'Neal,
John M. Townes

To characterize the frequency of neurocysticercosis, associ-
ated diagnostic codes, and place of infection, we searched
Oregon’s All Payer All-Claims dataset for 2010-2013. Twice
as many cases were found by searching inpatient and out-
patient data than by inpatient data alone. Studies relying
exclusively on inpatient data underestimate frequency and
miss less severe disease.

N eurocysticercosis, central nervous system infection
caused by the larval form of the pork tapeworm Tae-
nia solium, manifests a broad range of neurologic symp-
toms, including seizure, headache, obstructive hydrocepha-
lus, encephalitis, stroke, and cognitive disorders (1). In the
United States, neurocysticercosis is increasingly identified
in migrants and travelers from nonindustrialized countries,
particularly among the Hispanic population (2). However,
because no reliable surveillance system for neurocysticer-
cosis exists, studies to document the frequency of the dis-
ease have relied primarily on hospital discharge data (3-9).
These studies may underestimate the frequency of neu-
rocysticercosis and provide a biased representation of its
effects. In this population-based study of neurocysticerco-
sis, we used the newly implemented All-Payer All-Claims
(APAC) database in Oregon, which includes healthcare
claims from inpatient, outpatient, and emergency care en-
vironments.

The Study

We analyzed Oregon’s APAC insurance claim data for
the 3.5-year period from January 2010 through June 2013.
APAC includes claim information collected from most
healthcare payers in Oregon and provides a unique person-
level identifier allowing analysis at the individual level
(10). Because no specific code for neurocysticercosis ex-
ists, we searched >119 million claim lines for the code for
cysticercosis (123.1) from the International Classification
of Diseases, Ninth Revision, Clinical Modification (ICD-9-
CM), in any of the 13 diagnostic fields at any time during
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the study period. We extracted all claims from these pa-
tients for the entire study period, dropping any claims that
were denied to avoid duplication from resubmitted claims.
Persons who did not have >1 neurocysticercosis-associated
diagnostic, procedure, or current procedural terminology
code were also excluded, leaving a list of persons whose
condition fit our case definition of neurocysticercosis and
all of their paid and capitated claims. We required a sup-
porting diagnostic, procedural, or current procedural ter-
minology code in the case definition to reduce the likeli-
hood of including miscoded cases, while accepting that
some true-positive cases may have been excluded. We
also randomly selected 4 age- and sex-matched controls
from all persons in the dataset, extracted data from all of
their claims, and compared the proportion of specific diag-
nostic codes in neurocysticercosis cases versus codes for
controls. We calculated odds ratios (ORs) and 95% Cls by
using conditional logistic regression. The denominator for
prevalence estimates was taken from US Census Bureau
estimates of the insured population in Oregon in 2010.

A total of 137 persons were identified with a 123.1
ICD-9-CM code during the 14 quarters of this study. Of
these, 12 were excluded because they did not have paid
or capitated claims or did not have an associated neuro-
logic diagnostic or procedural code. The remaining 125
persons whose conditions met the case definition of neu-
rocysticercosis yielded a mean 1-year prevalence of 1.1
cases/100,000 insured persons. Age of case-patients ranged
from 3 to 84 (median 41) years. Slightly more cases were
found among female patients (69/125, 55%). The 125 cases
generated a total of 8,224 claims, of which 2,337 contained
a neurocysticercosis-associated neurologic diagnosis or
procedure code.

Most claims (5,925/8,224, 72%) were made in out-
patient settings. Only 10% (818/8,224) were inpatient
claims, and <5% (337/8,224) were generated in emergency
departments. Of the 125 persons with neurocysticercosis,
70 (56%) had a claim history that included only outpatient
claims, 47 (38%) had both outpatient and inpatient claims,
and 3 (2%) had inpatient claims only. Paid and capitated
claims associated with mental health disorders, head-
ache, seizure/epilepsy, and syncope were made primarily
in outpatient settings, whereas claims associated with hy-
drocephalus, cerebral edema, and cerebrovascular disease
were made primarily in inpatient settings (Figure). Private
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Figure. Frequency of neurocysticercosis claims by associated
diagnosis and healthcare setting, Oregon, 2010-2013.

insurance carriers were the primary payers of paid claims,
accounting for =55% (4,504/8,224) of payments provided.
Federally-funded pay sources provided payment for ~40%
of claims.

Headache was the most common diagnostic category
coded in claims for persons with neurocysticercosis (63/125,
50.4%), followed by seizures (41/125, 32.8%); both were
significantly more common among case-patients than among
controls (OR 3.2, 95% CI 2.1-4.8, and OR 13.3, 95% ClI
6.8-25.9, respectively). Other diagnostic codes significantly
more common in claims for persons with neurocysticercosis
include meningitis/encephalitis, stroke, cognitive disorder,
syncope, cerebral edema, and hydrocephalus (Table). The
median age for those with a diagnostic code for stroke was
significantly lower for those with neurocysticercosis (45
years) than for controls (63 years) (p = 0.05 by Kruskal-Wal-
lis test); no significant differences in age were found for the
other diagnostic categories evaluated.

Conclusions

Assessing the true prevalence or incidence of neurocysticer-
cosis in the United States is difficult due to the lack of active
case reporting from providers to public health entities. Most

Healthcare Claims for Neurocysticercosis, Oregon

epidemiologic studies, therefore, use hospital-discharge da-
tasets, which capture inpatient cases only (3-9). The results
of our study show that twice as many neurocysticercosis cas-
es are found when inpatient and outpatient data are searched
than when only inpatient data are searched. Epidemiologic
studies that rely solely on inpatient data largely underes-
timate the number of cases and the frequency and cost of
healthcare interactions for neurocysticercosis.

Although our study detected additional cases of neu-
rocysticercosis that were seen exclusively in the outpatient
setting, it still falls far short of capturing all neurocysticer-
cosis cases in Oregon because APAC data do not include
the uninsured population. Even though only 14.5% of per-
sons in Oregon lack health insurance (11), a previous study
involving chart review demonstrated that 40% of neurocys-
ticercosis patients in Oregon were uninsured (5). This find-
ing suggests that our study may have missed as many as 80
additional neurocysticercosis cases among the uninsured
during the study period.

The predominance of outpatient healthcare claims re-
flects the growing recognition that neurocysticercosis can
result in chronic illness and disability even after the infec-
tion has been resolved (12-14). Patients with neurocysti-
cercosis often require long-term management for disease
sequelae such as seizures, hydrocephalus, cerebral edema,
and meningoencephalitis, resulting in frequent interaction
with specialist providers. This aspect of neurocysticerco-
sis care is not captured in studies based on inpatient data,
which tend to highlight acute illness.

We found that cognitive disorders were coded for 1 of
9 neurocysticercosis patients in this study and were 3 times
more likely to occur in these patients than in controls; this
finding supports results of recent studies showing that cog-
nitive impairment can be a notable sequela of neurocysti-
cercosis (12). Cognitive disorders primarily affect learning,
memory, perception, and problem solving. A team-based
approach to clinical management that includes ancillary
support, including social services and rehabilitation, may
be beneficial in neurocysticercosis cases, especially when

Table. Diagnostic codes in healthcare claims from persons with neurocysticercosis (cases) versus age- and sex-matched controls,

Oregon, 2010-2013

Diagnostic code group

No. (%) cases, n = 125

No. (%) controls, n = 500 Odds ratio (95% CI)

Meningitis/encephalitis 5(4.0) 1(0.2) 20.0 (2.3-171.2)
Seizure 41 (32.8) 19 (3.8) 13.3(6.8-25.9)
Stroke 17 (13.6) 16 (3.2) 5.6 (2.5-12.4)
Headache 63 (50.4) 120 (24.0) 3.2(2.1-4.8)
Cognitive disorder 11 (8.8) 16 (3.2) 3.1(1.4-7.1)
Syncope 12 (9.6) 25 (5.0 2.0 (1.04.2)
Psychotic disorder 8 (6.4) 21 (4.2) 1.6 (0.7-3.8)
Anxiety disorder 35 (28.0) 124 (24.8) 1.2 (0.8-1.8)
Mood disorder 32 (25.6) 134 (26.8) 0.9 (0.6-1.5)
Hydrocephalus 7 (5.6) 0 *
Cerebral edema 5 (4.0) 0 *

*Hydrocephalus and cerebral edema were significantly more common among cases. However, the odds ratio could not be calculated because these

diagnostic codes did not occur in the control group.
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long-term adherence to antiepileptic drugs or other thera-
pies are required to maintain quality of life.

Another intriguing finding was that claims coding for
stroke were >5 times more likely to appear for patients with
neurocysticercosis than for controls and occurred among
patients who were significantly younger than controls (data
not shown). Although cases of stroke in neurocysticercosis
patients have been reported, the effects at the population
level have received little attention.

This study has limitations. Although APAC data pro-
vided an improved understanding of the neurocysticerco-
sis outpatient population, the data source and quality may
introduce bias and limit generalizability. A major limita-
tion of APAC and other healthcare claims datasets is that
diagnostic codes associated with a claim may not accu-
rately represent the current clinical context. APAC data
are de-identified, which precludes verification of clinical
presentation through chart review, a limitation shared by
approaches based on other administrative datasets as well.
By excluding the uninsured population, this study also un-
derestimates the true prevalence of neurocysticercosis and
may present a biased view of diagnostic codes if uninsured
cases differ substantially from insured cases. Finally, the
composition of neurocysticercosis cases and associated
claims in Oregon may not be the same as in other regions
of the country.
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Time Course of MERS-CoV Infection and
Immunity in Dromedary Camels

Benjamin Meyer, Judit Juhasz, Rajib Barua,
Aungshuman Das Gupta, Fatima Hakimuddin,
Victor M. Corman, Marcel A. Muller,
Ulrich Wernery, Christian Drosten, Peter Nagy

Knowledge about immunity to Middle East respiratory syn-
drome coronavirus (MERS-CoV) in dromedary camels is
essential for infection control and vaccination. A longitudinal
study of 11 dam—calf pairs showed that calves lose mater-
nal MERS-CoV antibodies 5-6 months postparturition and
are left susceptible to infection, indicating a short window of
opportunity for vaccination.

n 2012, Middle East respiratory syndrome coronavirus

(MERS-CoV) emerged on the Arabian Peninsula (1). As
of February 2016 the virus has caused 1,638 human infec-
tions, including 587 deaths (2). Zoonotic transmission of
MERS-CoV was suspected early on (3). Dromedaries on
the Arabian Peninsula and on the African continent have
harbored MERS-CoV—specific antibodies for at least 20—
30 years (3-7), long before the first human infections were
recognized. Additionally, detection of MERS-CoV nucleo-
tide sequences in throat swab specimens from camels con-
firmed the presence of the virus in these animals (8). The
existence of an active animal reservoir receives additional
support by epidemiologic investigations that found no sus-
tained human-to-human transmission in MERS-CoV-af-
fected countries such as Saudi Arabia (9).

As documented, primary infections in humans have
occurred through contact with infected dromedaries, and
measures to prevent primary human infections need to focus
on the camel-human interface (8,10). However, it has been
unclear how MERS-CoV transmission is maintained in cam-
els and which factors drive virus transmission from camels
to humans. Clarifying the infection pattern of MERS-CoV
in herds of dromedary camels is key to the design of herd
management and vaccination strategies to control the source
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of human infections. Preliminary information is limited to
observations of lower seroprevalences in juvenile compared
with adult camels and higher viral load upon MERS-CoV
infection in juveniles (4,5,11). Hence, infections in juvenile
camels might drive transmission of MERS-CoV to humans.

The Study

We monitored MERS-CoV-specific antibody levels in 11
pairs of camel dams and their calves at monthly intervals
over the course of 1 year postparturition. These animals
were born and raised on a closed commercial camel dairy
farm in the United Arab Emirates that had a strict animal
health and biosecurity program. The total number of cam-
els on the farm was ~4,500. Animals are kept in open pad-
docks and are grouped according to the age of their calves
and production stage. Despite high standards of hygienic
husbandry and biosecurity, the transmission of pathogens
within the farm cannot be completely eliminated. There-
fore, the entire farm is 1 epidemiologic unit. The 11 dam—
calf pairs investigated in this study were kept in different
fenced compartments within 100-150 m from each other.
However, all these animals were kept together with other
dam-—calf pairs in the same paddock throughout lactation.
All camel calves were born during June 3-15, 2014.

Nasal swab specimens were taken from all 11 mothers
and calves, and serum samples were obtained through jugu-
lar vein puncture. Blood cells were removed immediately
after collection, and samples were stored at -20°C until
testing. Serum samples and nasal swabs were taken at the
day of parturition, at 1 week and 1 month postparturition,
and then at monthly intervals until June 2015. MERS-CoV
RNA was detected through amplification of gene targets as
described previously (12). Virus isolation was performed
on Vero cells. MERS-CoV-specific IgG and neutralizing
antibodies were determined by ELISA and microneutral-
ization test as described previously (5,10).

In general, maternal IgG antibodies in camels are not
acquired via the transplacental route but through the intake
of colostrum during the first 24 hours postparturition (13).
After 24 hours, antibody levels in the dam’s milk decrease
rapidly, and 1gG levels in calves’ serum cease to rise (13).
This pattern is reflected for MERS-CoV in this study. On
the day of parturition, samples were collected from 5 of 11
dam—calf pairs studied. High levels of MERS-CoV-specific
antibodies were observed in all dams, whereas no antibodies
were detected in calves (Figure, panel A). At day 7 post-
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Figure. MERS-CoV-specific IgG antibody levels in dromedary camel dam—calf pairs, United Arab Emirates, 2014—2015. A) MERS-CoV spike
protein S1-domain—based ELISA ratios of individual samples (dots) plus mean (horizontal line) and SD (error bars) over the course of 1 year
for dams (black dots) and calves (gray dots). Ratios were calculated by dividing the ELISA optical density at 450 nm of each sample by that
of a calibrator to minimize interassay variation. Dashed lines indicate cutoff values for positive (ratio 1.1) and borderline (ratio 0.8) samples.
MERS-CoV infection indicates time points where MERS-CoV RNA was detected in camels. B) Neutralizing titers of individual samples from
camel calves at selected time points determined by microneutralization test (dots). For comparison, ELISA ratios for the selected time points
are shown in parallel as a boxplot diagram; box represents 50% of the complete dataset from the first to the third quartile, and whiskers are
drawn according to the Tukey method. MERS-CoV, Middle East respiratory syndrome coronavirus; NT, neutralization test.

parturition, however, all 11 camel calves had high MERS-
CoV-specific antibody levels. These levels declined during
the first 6 months postparturition, whereas IgG in dams re-
mained constantly at high levels. The neutralizing activity
of IgG was confirmed by microneutralization tests on serum
samples from calves collected 2-3 months, 5-6 months, and
1 year after birth (Figure, panel B). After 5-6 months, serum
from 6 of 11 calves had completely lost their neutralizing
activity. The remaining 5 calves had low neutralizing titers,
ranging from 1:20 to 1:40 (Figure, panel B).

To examine possible correlations between antibod-
ies and MERS-CoV infection, we examined shedding of
MERS-CoV in nasal swab specimens. During the first 5
months postparturition, MERS-CoV RNA was detected
sporadically on days 7 and 30 (Table). Infectious virus was
isolated only from calves but not dams. At 6 months post-
parturition, when calves showed the lowest antibody titers,
MERS-CoV RNA was detected in 2 of 11 calves (Table),
indicating active MERS-CoV infection. All calves sero-
converted during the following weeks (Figure, panel A); 1
calf had meanwhile been euthanized because of a congeni-
tal forelimb deformity. All calves showed high reciprocal
neutralizing titers of >640 at 11-12 months postparturition.

Conclusions

This longitudinal study of natural MERS-CoV infections
in camels confirms assumptions from preliminary cross-
sectional studies in camels (4,5,11). MERS-CoV infec-
tion appears to predominantly affect young, immunologi-
cally naive animals. Serum antibodies might not have been
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sufficient to mediate protective immunity in the respiratory
tract because dams and calves were sporadically infected
even as maternal antibodies peaked at day 7 postparturition.
These findings are consistent with earlier reports of MERS-
CoV reinfection in seropositive camels (4,11). Neverthe-
less, our findings of virus isolation from calves but not dams
are in line with earlier observations of reduced viral load
in seropositive camels on reinfection (11,14), indicating

Table. MERS-CoV nucleic acid detection in nasal swab
specimens from camel dam—calf pairs, United Arab Emirates,
2014-2015*

Months No. positive/no. tested (%)
postparturition Adultst Calvest
0 0/5 0/5
0.25 3111 (27.2) 2/11 (18.2)§
1 2/11 (18.2) 5/11 (45.5)
2 0/11 0/11

3 0/11 0/11

4 0/5 0/5

5 0/11 0/11

6 0/11 2/11 (18.2)1
7 0/10 0/10

8 0/10 0/10

9 0/10 0/10

10 0/10 0/10

11 0/10 0/10

12 0/10 0/10

*One dam—calf pair was excluded after month 6 because the calf was
euthanized for an unrelated condition. MERS-CoV, Middle East respiratory
syndrome coronavirus.

15 MERS-CoV—positive specimens from adult camels were from 4
individual animals.

19 MERS-CoV-positive specimens from camel calves were from 6
individual animals.

8Virus was isolated from both infected calves.

{[Virus was isolated from 1 infected calf.
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that neutralizing antibodies might not provide sterile im-
munity but could still reduce the viral replication level.
The predominance of infection in young animals is better
explained by the absence of immunity than by other fac-
tors, such as social group density, because the number of
newborn camels in our study was negligible compared with
the overall size of the herd at the farm. Moreover, young
camels were not kept in a contiguous group but in small
compartments, where they had more contact with their
mothers than with other young animals. Calves are likely
to have been infected through fomites or through adult ani-
mals shedding low quantities of virus.

Our findings have important implications for the
prevention of human infections through camel herd man-
agement and camel vaccination. Camel breeding, even if
involving a small number of newborn animals, should be
classified as a risk for human acquisition of MERS-CoV.
The greatest risk should be assumed for the time after the
fourth month of life until the first wave of natural infec-
tions, which should occur during the first year of life in
camels raised in MERS-CoV-endemic regions. Measures
for the prevention of infection, such as personal protective
equipment, hand hygiene, and environmental sanitation, as
applied on the farm in our study, should be sufficient for
protection, given that no human MERS-CoV illnesses oc-
curred among staff and only 2 of 300 workers with regular
contact with camels had detectable MERS-CoV—specific
IgG antibodies. Because persons with underlying disease
and the elderly show the most severe outcomes of MERS-
CoV infection, these groups should generally avoid farms
where camel calves are being raised.

Our results also suggest that studies dealing with ap-
plication and efficacy of MERS-CoV vaccines should be
modified. A first study involving immunologically naive
animals showed a sharp decline in virus secretion after vac-
cination (14). However, future vaccination trials should
also investigate the effect of preexisting maternal antibod-
ies on vaccine efficacy (15).
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Detection of Vaccinia Virus in Dairy Cattle
Serum Samples from 2009, Uruguay
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Erna Geessien Kroon

We detected orthopoxvirus in 28 of 125 serum samples col-
lected during 2009 from cattle in Uruguay. Two samples were
PCR-positive for vaccinia virus and had sequences similar to
those for vaccinia virus associated with outbreaks in Brazil.
Autochthonous circulation of vaccinia virus in Uruguay and
other South American countries cannot be ruled out.

Orthopoxviruses (family Poxviridae, genus Orthopox-
virus) cause several zoonotic diseases worldwide,
including diseases caused by monkeypox virus in Af-
rica, cowpox virus mainly in Europe, and vaccinia virus
(VACV) in South America and Asia (1). During the past
few decades, reports about emerging and reemerging zoo-
notic VACV and buffalopox virus have increased, as have
the number of severe cases of disease caused by the viruses
(2,3). VACV has been isolated in Brazil and detected in
Argentina (4-6). During bovine vaccinia outbreaks, VACV
affects mainly dairy herds; lesions develop on the animals,
especially on the teats and udders, resulting in reduced milk
production (5,6). In humans, most VACV infections occur
in persons who milk cattle; infection frequently causes le-
sions on hands and forearms, but systemic clinical mani-
festations have been described and represent a challenge to
public health services (5).

The first notifications of VACV detection in Bra-
zil were in the 1960s and 1970s during a government
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surveillance campaign that investigated emerging patho-
gens in wild animals (5). However, it was not until 1999
that the first outbreaks of bovine vaccinia were reported
in Brazil, when cases occurred in Rio de Janeiro and Sdo
Paulo States (5). Over the next few years, VACV spread
to several more states; since then, all geographic regions
of Brazil have been affected by bovine vaccinia, includ-
ing states bordering other countries in South America,
which explains the recent detection of VACV in Argen-
tina (Figure 1) (4-8). Given these detections, serious
concern exists regarding the potential spread of VACV
to other countries in South America. Uruguay, a country
that borders Brazil, has had no reports of VACV detec-
tion. To determine if the virus has spread to Uruguay, we
investigated the presence of orthopoxvirus neutralizing
antibodies and viral DNA in serum samples from cattle
in the country.

The Study

We analyzed serum samples that were collected in May
2009 from 125 dairy cows in Durazno County (33°23'0"'S,
56°31'0"W), Durazno State, Uruguay (Figure 2). The cat-
tle herds had no clinical sings of disease at the time of se-
rum collection. To determine the presence of neutralizing
antibodies in the serum samples, we used an orthopox-
virus plaque-reduction neutralization test as previously
described (9). The serum titer was defined as the highest
dilution that inhibited >70% of virus plaques compared
with negative controls (4).

Because previous studies have detected viral DNA in
the serum of animals and humans with and without clini-
cal manifestations (4,10,11), we performed a molecular
investigation to identify orthopoxvirus. We used quanti-
tative PCR (gPCR) to amplify VACV growth factor gene
(C11R) DNA. This gPCR tool has high sensitivity and
specificity and, thus, has been routinely used as an ortho-
poxvirus diagnostic tool by our group (12). For molecular
characterization, we used the nonconserved orthopoxvirus
hemagglutinin gene (A56R) (13). We used VACV-West-
ern Reserve as the PCR-positive control for amplification
and characterization.

The PCR A56R products obtained from C11R PCR-
positive samples were sequenced in both orientations
and subjected to capillary electrophoresis (3130 Genetic
Analyzer, BigDye Terminator Cycle Sequencing Kit v3.1;
Applied Biosystems, Foster City, CA, USA). We used the
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Figure 1. Chronologic representation of vaccinia virus (VACV) emergence and reemergence in South America. Dark gray indicates
countries in which VACV outbreaks have not been officially described; light gray indicates states in Brazil, Argentina, and Uruguay where
VACYV outbreaks were detected by serologic or molecular testing; white indicates states in Brazil and Argentina where VACV has not

been detected; black dots indicate areas where VACV is reemerging.

ClustalW (http://www.clustal.org/) method to align se-
quences with previously published orthopoxvirus sequenc-
es from GenBank; alignments were manually checked
with MEGAG6 (http://www.megasoftware.net/). We con-
structed phylogenetic trees using the neighbor-joining
method with 1,000 bootstrap replicates and the Tamura
3-parameter model in MEGAG6. All field and laboratory

clinical samples were processed separately to avoid cross-
contamination. Serologic and molecular tests were per-
formed in 2 independent experiments and in duplicate.
We detected neutralizing antibodies against orthopox-
virus in 28 (22.4%) of 125 serum samples from cattle in
Uruguay; titers were 100 neutralizing units (NU)/mL in 10
(35.7%) samples, 200 NU/mL in 11 (39.3%) samples, 400

Figure 2. Chronologic detection of vaccinia virus in South America. Zoomed-in map shows location of Durazno County, Uruguay, where
serum samples were collected from dairy cattle in 2009 to test for the presence of vaccinia virus. Brazil states: AC, Acre; AM, Amazonas;
AL, Alagoas; AP, Amapa; BA, Bahia; CE, Ceara; ES, Espirito Santo; GO, Goias; MA: Maranhdo; MG, Minas Gerais; MS, Mato Grosso
do Sul; MT, Mato Grosso; PA, Para; PB, Paraiba; PE, Pernambuco; Pl, Piaui; PR, Parana; RJ, Rio de Janeiro; RN, Rio Grande do
Norte; RO, Rondénia; RR, Roraima; RS, Rio Grande do Sul; SC, Santa Catarina; SE, Sergipe; SP, Sdo Paulo; TO, Tocantins.
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NU/mL in 5 (17.9%) samples, and 800 NU/mL in 2 (7.1%)
samples (online Technical Appendix Figure 1, panel A, http://
wwwhnc.cdc.gov/ElD/article/22/12/16-0447-Techappl.pdf).
To confirm that the orthopoxvirus seropositivity represented
seropositivity to VACV, we used the C11R gene to molecu-
larly test DNA in the serum samples; 2 (1.6%) samples were
positive by gPCR, and 1 of those was also positive by the
plaque-reduction neutralization test.

One of the 2 C11R PCR—positive isolates was also pos-
itive for the A56R gene; we sequenced the gene and named
the strain VACV Uruguay. Alignment of the A56R nucleo-
tide sequence showed the presence of an 18-nt signature
deletion, which is also present in sequences of Brazilian-
VACYV group I, but not group 11, viruses. Unlike sequences
for other VACVs, the sequence for VACV Uruguay had an
A—T polymorphism (online Technical Appendix Figure 2,
panel A). VACV Uruguay exhibited higher identity with
group | (98.6% identity) viruses from Brazil and Argen-
tina than to group 11 (97.3% identity) viruses from Brazil
(online Technical Appendix Figure 1, panel B). Further-
more, in the phylogenetic tree based on A56R nucleotide
sequences, the VACVs from Uruguay clustered with group
I VACVs that had been detected during outbreaks in Brazil
and with viruses from Argentina (online Technical Appen-
dix Figure 2, panel B).

Conclusions

Since 1999, VACYV has been isolated from symptomatic
and asymptomatic cattle, humans, and wildlife from the
north to the extreme south of Brazil (5,6,8), and in 2014,
VACV was described in bovine serum samples from Ar-
gentina (4). Although no exanthematous VACV outbreaks
have been reported among cattle in Uruguay, we detected
orthopoxvirus antibodies and VACV DNA in serum sam-
ples from dairy cattle in the country, indicating they have
been exposed to VACV. Uruguay shares a border with Bra-
zil, and its western border is shared with Entre Rios Prov-
ince in Argentina, where VACV DNA has been detected.
In addition, Uruguay shares its northern and eastern bor-
ders with Rio Grande do Sul State, Brazil, where Pelotas
VACYV has been isolated from horses (4,5).

Our finding of orthopoxvirus antibodies and VACV
DNA indicates a possible undetected or silent circulation
of VACV in Uruguay. Considering the importance of the
livestock sector in all countries of South America, concern
exists about the possible spread of VACV beyond Brazil,
Argentina, and Uruguay (4-6,14). Despite surveillance by
veterinarians, efforts to stop the spread of VACV at bor-
ders may be hampered by the movement of infected rural
workers, the marketing of asymptomatic live animals, and
the misdiagnosis of VACYV infection. Furthermore, VACV
has been shown to circulate in wild environments, and it
has been hypothesized that rodents may serve as VACV
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hosts, as they do for other orthopoxviruses, and facilitate
the spread of VACYV in border areas (15).

Bovine vaccinia outbreaks in South America were first
reported in Brazil, but we cannot rule out the possibility of
autochthonous circulation of VACV in Uruguay and other
countries in South America. Additional studies are needed
to elucidate VACV seroprevalence in other countries in
South America, and further research is needed to clarify
the transmission pathways related to the spread of VACV
in South America.
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Tuberculosis-Associated Death among
Adult Wild Boars, Spain, 2009-2014

Jose A. Barasona, Pelayo Acevedo,
Iratxe Diez-Delgado, Joao Queiros,
Ricardo Carrasco-Garcia, Christian Gortazar,
Joaquin Vicente

We investigated adult Eurasian wild boar (Sus scrofa) sur-
vival and death in 2 tuberculosis-endemic populations with
different harvest pressure in Spain. Overall, tuberculosis ac-
counted for 30% of total deaths. Increased survival in pro-
tected areas has direct implications for wild boar manage-
ment and tuberculosis control.

Eurasian wild boar (Sus scrofa) population dynamics
and hunting strategies might influence the persistence
of disease (1). Determining the death rates for wild boar
and unfolding the relative contribution of several causes of
death and their nature (additive vs. compensatory death) is
key to predicting the effects of harvesting, predation, and
disease on population dynamics over time and to develop
disease control-oriented hunting strategies. In central and
northern Europe, the effect of disease-mediated death on
wild boars is relatively low, whereas predation, winter star-
vation, and especially hunting play more important roles
(2,3). In Mediterranean regions, natural death from summer
starvation during droughts has been described, but most
deaths are attributed to hunting (4); no information is avail-
able about rates of disease-related death among wild boars.

Animal tuberculosis (TB) caused by the Mycobacte-
rium tuberculosis complex (MTC) is a reemerging multi-
host infectious disease (5). In Spain, the Eurasian wild boar
is regarded as the key wildlife MTC maintenance host; its
infection prevalence rates are >50% in Mediterranean areas
that have dense wild boar populations (6). Up to one third of
wild boar piglets might become infected during their first 6
months of life (7). In half of MTC-infected wild boars, gen-
eralized lesions develop that affect the lungs, particularly in
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juveniles (12-24 months of age). In adults (>2 years), the
observed proportion of wild boars with generalized TB de-
creases, suggesting some degree of TB-driven death among
juveniles (6,8). TB is a sporadic cause of death among wild
boars (9), but no data are available about its actual contri-
bution to mortality.

In the context of growing and expanding wild boar
populations and of increasing concern about the effect of
wild boar infections (10), we hypothesized that TB could
be a major component of total wild boar death in Spain and
have implications for TB control and wildlife management.
We aimed to 1) describe the rates and causes of adult wild
boar death and 2) compare the total death and its causes in
2 TB-endemic regions that differ in harvest pressure.

The Study
We compared 2 settings: a mosaic of game estates and a
protected area. Montes de Toledo (MT) is a mountain chain
in the central Spanish plateau whose large game estates are
mainly devoted to recreational hunting. Harvest is conduct-
ed by dog-driven hunts; average annual extraction quota
is 2.26 wild boar/km? and no age or sex are selected (i.e.,
extraction is random). Doflana National Park (DNP) is a
protected area on the Atlantic coast of southern Spain. Har-
vest is part of population control management because no
recreational hunting is allowed within the park; this modal-
ity has a minimal extraction capacity (1.11 wild boar/km?)
and targets wild boar seen by park rangers (random and
opportunistic). Wild boars, except piglets, have no natural
predators (occasionally stray dogs) in the study areas.
During 2009-2014, we captured (11) and fitted very
high frequency global positioning system—global system
for mobile communications (VHF-GPS-GSM) collars (Mi-
crosensory, Spain) to 45 free-ranging adult wild boars (24
from MT and 21 from DNP; online Technical Appendix
Table, http://wwwnc.cdc.gov/ElD/article/22/12/16-0677-
Techappl.pdf) following Animal Experimentation legis-
lation (PR-2015-03-08). We collected serum and tested it
for antibodies to MTC by using ELISA (89.6% sensitivity
[12]). Post-release monitoring was programmed to acquire 1
GPS location per hour. We monitored the animals daily for
death (alarm set at 12 h of inactivity) to promptly retrieve
carcasses and assess the cause of death. The 18 retrieved
carcasses underwent a full postmortem examination, and
tissue samples (pooled lymph nodes and lung) were submit-
ted for culture (online Technical Appendix).
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We detected serum antibodies to MTC in 35 (78%)
of 45 GPS-collared wild boars. We found no differences
in MTC serum antibody prevalence between study sites
(p>0.05 by Fisher exact test) and no differences in sur-
vival time between antibody-positive and -negative wild
boars (p>0.05 by Mann-Whitney U test). MTC infection
was confirmed by culture in 13 (72%) of 18 wild boars
for which postmortem results were available. The 9 wild
boars that died of generalized TB had severe lesions in >1
anatomic region; >70% of lung tissue was affected (online
Technical Appendix Figure 1).

We assessed total survival probability and the main
causes of death (Figure). The mean annual death rate
(45.48% + 5.6% SE overall) was higher in the regularly
hunted MT (56%) than in the protected DNP (34%). Over-
all, harvest accounted for half (53%) of total annual deaths,
whereas TB contributed to 30% of deaths. The remaining
17% of deaths were caused by predation (stray dogs in
DNP) and unknown causes (Table). The mean annual death
rate for adult wild boars caused by harvest was significantly
higher in MT (40%) than in the protected DNP (8%; Fisher
exact test, p = 0.011). However, death from TB did not dif-
fer between MT (12%) and DNP (14%; p>0.05 by Fisher
exact test) (online Technical Appendix Table).

Mean survival time was twice as long in DNP (aver-
age 672 + 96 days) as in MT (297 + 41 days; Mantel-Cox,
y2=11.42, 1 d.f; p=0.001). Kaplan-Meier survival prob-
abilities and causes of death are detailed by study area in
online Technical Appendix Figure 2. Two death peaks
were found, 1 in summer (July) associated with TB and 1 in
autumn (October—January) associated with harvest (online
Technical Appendix Figure 3).

Conclusions

The results confirmed our hypothesis that TB causes a sub-
stantial proportion of deaths among adult wild boars in TB-
endemic Mediterranean areas of Spain. This information is
relevant for TB control at the wildlife-livestock interface
and for understanding wild boar and TB dynamics under
different harvest pressure.

Severely diseased wild boars, with advanced gener-
alized TB lesions affecting large proportions of the lung,
probably are important shedders of MTC (super-shedders
[13]). The higher survival rate for MTC super-shedders in
protected areas, such as DNP, resulting from a low harvest
pressure might contribute toward explaining the extremely
high spread of TB in sites where risky artificial manage-
ment, such as feeding, is absent (5).

The large proportion of natural death from TB (30%
of deaths) contrasts with results obtained in other parts
of Europe (total natural death rate 3% [3]), although
this finding is consistent with differences in TB preva-
lence within Europe (14). Previous findings suggest that
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Figure. Total survival probability and the main causes of death
among wild boars (Sus scrofa), Spain, 2009-2014. A) Kaplan-
Meier survival curve representing the proportion of adult wild
boars alive over time for all the animals studied. B) Percentage
of each cause of death among wild boars (i.e., when considering
only all dead animals)

TB-induced death is relevant in subadults but decreases
in adults (6,8), hence, deaths of juvenile wild boars de-
serves special study. However, given the chronic nature
of TB and the early reproduction of wild boars, TB is un-
likely to substantially contribute to wild boar population
regulation. In fact, we observed a mean annual death rate
of 45%, which is below the recommended annual harvest
or death rate of 65% needed to maintain stable wild boar
populations (3,15).

Two additional aspects about hunting and wild boar
TB deserve attention. First, increased hunting might con-
tribute to TB control in wild boars by reducing population
size and by reducing survival of super-shedders. Hunting
bans should therefore be reconsidered in protected areas in
which TB is a concern. Second, TB causes a substantial
loss of adult (trophy) wild boars, thus reducing the prof-
itability of the hunting industry. Hunters should therefore
actively engage in TB control.
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Table. Causes of death of GPS-collared adult wild boars (Sus scrofa), Spain, 2009-2014*

Study site

Variable Montes de Toledot Dofiana National Park} Total
No. GPS-collared wild boars 24 21 45
Mean survival time + SE, d§ 297.28 + 40.91 672.78 + 96.53 470.43 £ 58.69
Mean annual survival rate + SE, %1 44.17 £ 7.55 66.35+7.73 54.52 + 5.60
Mean annual mortality rate + SE, %1 55.83 £ 7.55 33.64+7.73 45.48 £ 5.60
Proportion of deaths, %

From harvest 72.22 25 53.33

From tuberculosis 22.22 41.67 30.00

From other causes 5.56 33.93 16.67

*GPS, global positioning system.

THigh harvest pressure.

ILow harvest pressure.

§Mantel-Cox log-rank, % = 11.42, 1 d.f., p = 0.001.
fMann-Whitney U test, U = —1.994, p = 0.046.

Acknowledgments

We thank our colleagues from DNP who collaborated in this
study, along with the MT managers, Estacion Biol6gica de
Dofiana monitoring team, and many students for their help with
the fieldwork.

This study was supported by the following research grants:
Spanish Ministry for Economy and Competitiveness (MINECO;
AGL2013-48523), European Union FP7 grant ANTIGONE
(278976), and European Union FP7 grant WildTBVac (613779).
J.A.B was supported by a Juan de la Cierva contract (FJCI-2015-
23643) from MINECO. P.A. was supported by a Ramén y Cajal
contract (RYC-2012-11970) from MINECO. 1.D.D. holds an
Formacion de Personal Investigador pre-doctoral scholarship
from MINECO.

Dr. Barasona is a disease epidemiologist at the Instituto de
Investigacion en Recursos Cinegéticos, Ciudad Real,
Spain. His main research interests focus on the ecology of
infectious pathogen transmission at interfaces of wild and
domestic animals.

References

1. Kramer-Schadt S, Fernandez N, Thulke HH. Potential ecological
and epidemiological factors affecting the persistence of classical
swine fever in wild boar Sus scrofa populations. Mammal Rev.
2007;37:1-20. http://dx.doi.org/10.1111/j.1365-2907.2007.00097.x

2. Jedrzejewski W, Jedrzejewska B, Okarma H, Ruprecht AL.
Wolf predation and snow cover as mortality factors in the ungulate
community of the Bialowieza National Park, Poland. Oecologia.
1992;90:27-36. http://dx.doi.org/10.1007/BF00317805

3. Keuling O, Baubet E, Duscher A, Ebert C, Fischer C, Monaco A,
et al. Mortality rates of wild boar Sus scrofa L. in central Europe.
Eur J Wildl Res. 2013;59:805-14. http://dx.doi.org/10.1007/
510344-013-0733-8

4. Massei G, Genov PV, Staines BW, Gorman ML. Mortality
of wild boar, Sus scrofa, in a Mediterranean area in relation
to sex and age. J Zool (Lond). 1997;242:394-400.
http://dx.doi.org/10.1111/j.1469-7998.1997.th05813.x

5. Gortazar C, Torres MJ, Vicente J, Acevedo P, Reglero M,
de la Fuente J, et al. Bovine tuberculosis in Dofiana Biosphere
Reserve: the role of wild ungulates as disease reservoirs in
the last Iberian lynx strongholds. PL0oS One. 2008;3:e2776.
http://dx.doi.org/10.1371/journal.pone.0002776

2180

6. Vicente J, Barasona JA, Acevedo P, Ruiz-Fons JF, Boadella M,
Diez-Delgado I, et al. Temporal trend of tuberculosis in wild
ungulates from Mediterranean Spain. Transbound Emerg Dis.
2013;60(Suppl 1):92-103. http://dx.doi.org/10.1111/thed.12167

7. Che’ Amat A, Gonzélez-Barrio D, Ortiz JA, Diez-Delgado I,
Boadella M, Barasona JA, et al. Testing Eurasian wild boar piglets
for serum antibodies against Mycobacterium bovis. Prev Vet Med.
2015;121:93-8. http://dx.doi.org/10.1016/j.prevetmed.2015.05.011

8. Diez-Delgado I, Boadella M, Martin-Hernando M, Barasona JA,
Beltran-Beck B, Gonzélez-Barrio D, et al. Complex links
between natural tuberculosis and porcine circovirus type 2
infection in wild boar. BioMed Res Int. 2014;2014:765715.
http://dx.doi.org/10.1155/2014/765715

9. Segalés J, Vicente J, Lujan L, Toussaint MIM, Gruys E,

Gortazar C. Systemic AA-amyloidosis in a European wild boar
(Sus scrofa) suffering from generalized tuberculosis. J Vet Med A
Physiol Pathol Clin Med. 2005;52:135-7. http://dx.doi.org/10.1111/
j.1439-0442.2005.00703.x

10. Ruiz-Fons F. A review of the current status of relevant zoonotic
pathogens in wild swine (Sus scrofa) populations: changes
modulating the risk of transmission to humans. Transbound Emerg
Dis. 2015;n/a. http://dx.doi.org/10.1111/tbed.12369

11. Barasona JA, Lépez-Olvera JR, Beltran-Beck B, Gortazar C,
Vicente J. Trap-effectiveness and response to tiletamine-
zolazepam and medetomidine anaesthesia in Eurasian wild boar
captured with cage and corral traps. BMC Vet Res. 2013;9:107.
http://dx.doi.org/10.1186/1746-6148-9-107

12. Boadella M, Lyashchenko K, Greenwald R, Esfandiari J,
Jaroso R, Carta T, et al. Serologic tests for detecting antibodies
against Mycobacterium bovis and Mycobacterium avium
subspecies paratuberculosis in Eurasian wild boar (Sus scrofa
scrofa). J Vet Diagn Invest. 2011;23:77-83.
http://dx.doi.org/10.1177/104063871102300111

13. Santos N, Santos C, Valente T, Gortazar C, Almeida V,
Correia-Neves M. Widespread environmental contamination
with Mycobacterium tuberculosis complex revealed by a
molecular detection protocol. PLoS One. 2015;10:0142079.
http://dx.doi.org/10.1371/journal.pone.0142079

14. Gortazar C, Delahay RJ, Mcdonald RA, Boadella M, Wilson GJ,
Gavier-Widen D, et al. The status of tuberculosis in
European wild mammals. Mammal Rev. 2012;42:193-206.
http://dx.doi.org/10.1111/j.1365-2907.2011.00191.x

15. Genov PW, Massei G, Kostova W. Die nutzung des wildschweins (Sus
scrofa) in Europa in theorie und praxis. Z Jagdwiss. 1994;40:263-7.

Address for correspondence: Jose A. Barasona, SaBio-IREC
(CSIC-UCLM-JCCM), Ronda de Toledo 12, 13005 Ciudad Real, Spain;
email: joseangel.barasona@gmail.com

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 22, No. 12, December 2016



Secondary Shiga Toxin—Producing
Escherichia coli Infection, Japan, 2010—-2012

Tomoko Morita-Ishihara, Sunao lyoda,
Atsushi Iguchi, Makoto Ohnishi

To evaluate the potential public health risk caused by sec-
ondary Shiga toxin—producing Escherichia coli (STEC)
infections in Japan, we investigated the prevalence and
characteristics of STEC isolated from healthy adults dur-
ing 2010-2012. Although prevalence among healthy adults
was high, most STEC organisms displayed characteristics
rarely found in isolates from symptomatic patients.

higa toxin—producing Escherichia coli (STEC), which

is characterized by production of the Shiga toxin (Stx)
or possession of the Stx-encoding genes, is a notable human
pathogen that causes diarrhea, hemorrhagic colitis, and he-
molytic uremic syndrome (1,2). In Japan, STEC infection
is a notifiable disease, and ~3,500—4,500 (2.7-3.5/100,000
population) annual cases of STEC infection (including as-
ymptomatic carriers) have been reported since 2006 (3-5).
For =50%—-60% of these notifiable cases, serotype and Stx
type of laboratory-confirmed STEC isolate and clinical
manifestations associated with STEC infection are reported
(3). To date, most STEC isolates from asymptomatic car-
riers collected in Japan were isolated during laboratory-
based investigation of outbreaks or intrafamilial infections,
together with those from sporadic patients. Therefore, we
believe that the characteristics of such STEC isolates could
be similar to those from ill patients. We conducted a large-
scale study to investigate the prevalence and characteristics
of STEC isolated from healthy adults in Japan to evaluate
the potential public health risk of infection due to second-
ary STEC infection.

The Study

A total of 2,774,824 fecal samples were collected from
472,734 healthy adults throughout Japan during April
2010-March 2012; these samples were examined at Ja-
pan Microbiological Laboratory Co., Ltd. (Sendai, Ja-
pan) (online Technical Appendix, http://wwwnc.cdc.gov/
EID/article/22/12/16-0783-Techappl.pdf). These healthy
persons included food handlers and those who worked in
childcare and eldercare facilities; each person was tested >1
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times over 2 years. When >1 STEC isolate from the same
patient had the same serotype and virulence factor type,
we used the first detected isolate in this study. Of 472,734
healthy adults examined, 398 (0.08%) were positive for
STEC. Therefore, the estimated incidence rate of asymp-
tomatic carriers among healthy adults was 84.2/100,000
population, indicating that asymptomatic STEC infections
are highly prevalent among healthy adults.

A total of 399 STEC organisms were isolated from 398
healthy adults. O-serogrouping showed that 339 isolates
comprised 61 different O serogroups; 60 isolates were O
serogroup untypeable (online Technical Appendix Table).
Two isolates obtained from the same person >12 months
apart belonged to serogroups O103 (first isolate) and O91
(second isolate). The dominant O serogroup of isolates
from healthy adult carriers was 091 (n = 89, 22.3%), fol-
lowed by 0103 (n = 23, 5.8%). Of STEC infection cases
associated with patients reported during 2010-2011 in Ja-
pan, 97.4% were caused by either STEC 0157 (68.8%),
026 (16.9%), 0111 (3.9%), 0145 (3.1%), 0103 (2.8%), or
0121 (1.9%) isolates (4,5). In this study, STEC 0157 (n =
13), 026 (n = 6), 0145 (n = 2), 0103 (n = 23), and 0121
(n = 1) isolates were detected, but STEC O111 isolates
were not (online Technical Appendix Table). Therefore,
the STEC isolates belonging to these 6 O serogroups repre-
sented only 11.3% of all isolates from healthy adults. These
results show that the prevalence of O serogroups among
STEC from healthy adults was clearly different from that
among symptomatic patients.

We also determined the stx type of STEC isolates and
investigated the presence of virulence factors (online Tech-
nical Appendix). Of 399 STEC isolates, 201 (50.4%) har-
bored the stx1 gene only (stx1 type), 160 (40.1%) harbored
the stx2 gene only (stx2 type), and 38 (9.5%) harbored both
stx1 and stx2 genes (stx1/stx2 type) (Table 1). Adherence
factors that contribute to virulence of STEC, eae, saa, and
Eib, were detected in 55 (13.8%), 125 (31.3%), and 102
(25.6%) isolates, respectively (Table 1) (6-8). No STEC
isolate harbored >2 of these adherence genes/factors; aggR
was not detected in any isolates; and 117 (29.3%) isolates
did not contain any adherence genes/factors.

The combination of stx2 and eae genes in STEC is
considered a risk factor for high virulence of STEC because
these 2 genes are often found together in STEC isolates as-
sociated with severe disease such as hemolytic uremic syn-
drome (9). To investigate the prevalence of such risk fac-
tors among STEC isolates from healthy adults, we analyzed
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Table 1. Serogroups, stx genes, and virulence genes of Shiga toxin—producing Escherichia coli isolates from healthy adults, Japan,
2010-2012

No. isolates that possessed each gene type

Serogroup No. isolates stx1 stx1/stx2 stx2 eae saa Eib
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Total 399 201 38 160 55 125 102
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eae-positive isolates (n = 55). In this study, all STEC iso-
lates belonging to 1 of 6 major O serogroups (O157:H7/H-,
026:H11, O111:H-, 0103:H2/H11, 0145:H-, 0121:H19)
frequently found in patient-derived isolates were positive
for the eae gene, except for an 0103:H2 isolate (Table
2; online Technical Appendix). O156:H-/HUT (n = 4),
O76:H7 (n = 1), O177:H- (n = 1), and O-untypeable (n =
5) isolates were also positive for the eae gene. From analy-
sis of stx1, stx2, and their subtypes, 16 of 55 eae-positive
isolates harbored the stx2 gene; their stx2 subtypes were
stx2a (n = 5), stx2c (n = 10), and stx2e (n = 1) (Table 2;
online Technical Appendix Table). stx2a and stx2c were
the stx2 subtypes most commonly found in patient-derived
isolates (10,11). The STEC isolates harboring both eae
and stx2 occupied 4% of all STEC isolates from healthy
adults. Therefore, we estimated that the incidence rate of
healthy asymptomatic carriers infected with STEC isolates
harboring both eae and stx2 was 3.4/100,000 population
(16/472,734 isolates). These results highlight the potential
risk of serious STEC infection, which may be transmitted
by secondary transmission from asymptomatic carriers.

Conclusions
We found that the incidence rate of STEC infection in
healthy asymptomatic carriers was 84.2/100,000 popu-
lation. This finding suggests that the risk of secondary
transmission to susceptible persons may be higher than
originally thought. However, many STEC isolates from
healthy adults belong to O serogroups that are rarely found
in STEC isolates from symptomatic patients, and >80% of
those isolates did not have the eae gene that is frequently
detected in STEC isolates from symptomatic patients.
Recently, STEC outbreaks caused by isolates from 6
major O serogroups (O157:H7/H-, 026:H11, O111:H-,
0103:H2/H11, 0145:H-, 0121:H19) have been frequently
reported in childcare facilities in Japan (12). Person-to-per-
son transmission is considered a major route of infection in

Secondary STEC Infection, Japan

such outbreaks, and many adult family members identified
in such outbreaks had asymptomatic cases (12). In addi-
tion, those who work within child- and elder-care facilities
are possibly more likely to be exposed to STEC organisms
than are the general population because STEC organisms
are more likely to be shed in higher numbers in children
and elders from such facilities (13). We found that STEC
0157:H7/H-, 026:H11, 0103:H2, 0121:H19, and O145:H-
were isolated from asymptomatic carriers. These findings
suggest that a portion of STEC infection due to these se-
rotypes may be caused by secondary transmission through
asymptomatic carriers.

Although the prevalence of STEC 0157, 026, and
0111 inretail raw foods is monitored by the National Food
Surveillance System in Japan, prevalence of STEC belong-
ing to other O serogroups in foods is unknown. In 1 study
regarding STEC strains from food-producing animals in
Japan during 1999-2001, of the bovine isolates, 30.6%
belonged to serotypes frequently implicated in human dis-
ease, and 37% harbored the eae gene (14). Isolates with
such serotypes and eae were not found among the isolates
from swine (14). Many STEC isolates from food-produc-
ing animals, as with those from healthy adults, displayed
characteristics rarely found in patient-derived isolates (14).
Food handlers may be at a greater risk of STEC transmis-
sion through food preparation, because they are more likely
to be exposed to organisms from food-producing animals
than the general population (15).

Our findings provide scientific evidence that can be
useful in the management of STEC infection, in particular,
in detecting asymptomatic carriers in Japan. Such identifi-
cation could result in a decrease in asymptomatic carriers
and in secondary transmission of STEC organisms.
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Reemergence of St. Louis Encephalitis Virus,
California, 2015

Gregory S. White,* Kelly Symmes,* Pu Sun,
Ying Fang, Sandra Garcia, Cody Steiner,
Kirk Smith, William K. Reisen, Lark L. Coffey

St. Louis encephalitis virus infection was detected in sum-
mer 2015 in southern California after an 11-year absence,
concomitant with an Arizona outbreak. Sequence compari-
sons showed close identity of California and Arizona iso-
lates with 2005 Argentine isolates, suggesting introduction
from South America and underscoring the value of contin-
ued arbovirus surveillance.

t. Louis encephalitis virus (SLEV; family Flaviviri-

dae, genus Flavivirus) was recognized in California
in 1937 and caused periodic epidemics in humans and
equines until 1989, including a 1984 outbreak in Los An-
geles (1-3). Even though US epidemics have not occurred
since 1989, SLEV activity was documented continually
in California until 2003, the year West Nile virus (WNV)
activity was detected in the state. During 2003-2015, no
SLEV activity was detected in California despite ongo-
ing SLEV surveillance and a 6-fold statewide increase in
mosquito pool testing in response to the invasion of WNV.
The absence of SLEV activity suggested its elimination
from California (4,5).

In Arizona, SLEV has been detected less frequently
than in California, with low enzootic activity reported most
years during 1972-2006 (Arizona State Public Health Lab-
oratory, unpub. data) and a single human case during 2010-
2014 (6). In Maricopa County, which includes Phoenix, a
human SLEV outbreak during July—October 2015 resulted
in 23 confirmed cases and 1 death (Arizona State Public
Health Laboratory, unpub. data).

Beginning in July 2015, SLEV activity was detected
in mosquito pools, and sentinel chicken seroconversions
were detected in the Coachella Valley in Riverside Coun-
ty, California. Given the reemergence of SLEV in Cali-
fornia and Arizona in summer 2015, the purpose of this
study was to describe the temporal and spatial detection
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of SLEV in California, compare its circulation intensity
with that of WNV in California in 2015, and define the ge-
netic relatedness of SLEV from both states to SLEV from
elsewhere to infer a possible origin and pattern of spread.

The Study

Mosquito and arbovirus surveillance was conducted in the
Coachella Valley in 2015 (Figure 1, panel A). SLEV RNA
was first detected in a pool of Culex tarsalis mosquitoes
by quantitative reverse transcription PCR on July 28, 2015,
and subsequently in 37 more pools of the same species
through October 6 (7). The number of SLEV-positive pools
peaked at 23 during the first 2 weeks of August. WNV was
detected in mosquitoes during April-November 2015, with
a peak in the week of June 21. Although SLEV was detect-
ed only in Cx. tarsalis pools, WNV RNA was detected in
83 Cx. quinquefasciatus pools during April 24—November
5 and in 16 Cx. tarsalis pools during May 19-September
29. During the period of co-detection of both viruses (July—
November), peak minimum infection rates were higher for
WNYV than for SLEV.

Vector abundance did not parallel peak infection
rates (June for WNV and August for SLEV). Instead,
vector abundance in 2015 was lower at most times than
the 5-year average, calculated as the geometric mean of
female Cx. tarsalis and Cx. quinquefasciatus mosquitoes
collected bimonthly in traps at the same locations during
2010-2014 (8). The trend of decreasing mosquito abun-
dance in midsummer in southern California (especially
in the Coachella Valley), concurrent with increasing
arbovirus activity, has been well documented (9). This
trend most likely relates to changes in age structure, with
progressively more parous female mosquitoes tested as
overall vector population numbers decline. Sentinel
chicken seroconversion to SLEV, detected by enzyme
immunoassay and confirmed by plaque-reduction neu-
tralization test, was detected during August 28—-Novem-
ber 9, with a total of 9 seroconversions in 104 chickens
(8.7% seropositive) (10,11). WNV seropositive chicken
serum samples were also reported starting on August 28,
but with fewer (n = 6 [5.7%] of serum specimens tested)
seroconversions to WNYV than to SLEV.

Although most mosquito pools contained detectable
RNA for only WNV or SLEV, 4 pools tested positive for
both viruses. Both viruses were circulating in the summer

These authors contributed equally to this article.
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of 2015 at the north and west shores of the Salton Sea
in the Coachella Valley (Figure 1, panel B). SLEV activ-
ity was more focal than WNV activity and was limited to
Cx. tarsalis mosquitoes collected in a 20-km radius near

Figure 1. St. Louis encephalitis virus (SLEV) and West Nile virus
(WNV) surveillance in mosquitoes and sentinel chickens

in Coachella Valley, Riverside County, California, USA, 2015.

A) Vector abundance (upper panel) from the same locations in all
of Riverside County at bimonthly intervals during 2010-2014 (gray
line) and in 2015 (black line), and infection rates for WNV (middle)
and SLEV (lower) based on maximum likelihood estimates (black
lines) with 95% CI (gray shading) in female Culex tarsalis and Cx.
quinquefasciatus mosquitoes collected in CO, and gravid traps and
number of sentinel chicken seroconversions (black bars).

B) Geographic locations of SLEV (black) and WNV (gray) activity
identified by viral RNA detection in mosquito pools (circles) or
sentinel chicken seroconversions (squares), July—October 2015.

2186

wetlands and agricultural habitats by the Salton Sea,
whereas WNV activity spanned >80 km and was concen-
trated in Cx. quinquefasciatus mosquitoes collected in
more densely populated residential habitats in the central
part of the Coachella Valley. Co-circulation of both vi-
ruses in ecologically diverse habitats near the Salton Sea
at the same time shows that early-season WNV activity
did not preclude later SLEV circulation.

Unlike California, where continual SLEV testing
has been conducted since 1969, the absence of SLEV ac-
tivity in mosquitoes in Arizona during 2010-2014 may
have been due to a lack of recent SLEV testing. Maricopa
County began testing mosquito pools for SLEV RNA
during the 2015 human epidemic and then retrospectively
detected SLEV in an archived WNV-positive mosquito
pool from November 2014. We sequenced complete ge-
nomes of 1 SLEV isolate from California in 2015 and
two isolates from Arizona in 2015, and partial genomes
of the 2014 isolate from Arizona and 1 additional 2015
California isolate from reverse transcription PCR ampli-
cons using SLEV primers (Table; GenBank accession
nos. KX258460-62 [California], KX965720 [Arizona]).
We further determined the phylogenetic relationships of
the sequenced isolates with each other and with complete
SLEV genomes from GenBank, including another 2015
Arizona isolate (strain 121B, GenBank accession no.
KT823415) sequenced by the Centers for Disease Control
and Prevention (Figure 2). The 2014 and 2015 Califor-
nia and Arizona SLEV isolates share >99% nucleotide
identity with each other and also with their closest pub-
lished relative, isolated from Cx. quinquefasciatus mos-
quitoes collected in Cordoba, Argentina, in 2005. The
2015 SLEV isolates are genetically distinct from the 2003
Imperial Valley California strain that was isolated before
the 11-year absence of SLEV activity in the state. These
results suggest that there was likely a single introduction
of SLEV into the United States from South America (pos-
sibly Argentina) no later than November 2014, the earliest
dated sample from which SLEV was isolated in Arizona,
and that the virus spread in the summer of 2015 from Ari-
zona to California. Notably, 1,710 mosquito pools repre-
senting 65,287 individual mosquitoes from the Coachella
Valley were negative for SLEV during 2014.

Because human SLEV viremia levels are low and in-
sufficient to infect mosquitoes, the virus may have been
introduced into the United States from South or Central
America by a viremic migratory bird or possibly by an
infected mosquito exploiting human transportation (12).
Earlier US SLEV strains from Tennessee and Texas iso-
lated in 1974 and 2001, respectively, are most closely
related to 1969 and 1978 Guatemalan strains (Figure 2).
A similar ancestral topology of Brazil and Peru strains
from the 1970s to the 2003 California isolate also suggests
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Table. Primers used to sequence complete genomes of SLEV in study of reemergence of the virus in Arizona and California, USA,

2015*

Location of primer binding site at 5’ nucleotide on
Name Sequence, 5' > 3' SLEV 2005 isolate CbAr4005t
2300F GGATTACACAGGGACTACTTGG 2339
2300R TCTGTATGCTCTCCCACATTAAG 2672
2700F CCTGAAGAAGCTGGAAGATGAG 2786
2700R CGCTTTCAATAACGCCATCAC 3175
5700F GGTGATTCAGCTAAACAGGAAGA 5753
5700R GTGATTGCCATGGGTCCATTA 5936
800F CAATCCTGGATATGCCCTAGTT 852
800R ACGGTCCACAACATCTCTTT 1241
9000F CCAAAGTTCTGGGAAATGGTTG 8981
9000R CATAGGAATTCTCACGGCTCAT 9189
F1 GAGCGGAGAGGAAACAGATTT 17
F10 CGGAGCTGTGACTCTTGATTT 4976
F11 AGGCCGTATTGGGAGAAATC 5981
F12 CACGACGCAGTATGTGAACT 7099
F13 GGAGTGGACGTGTTCCATAA 8069
F15 GAGTGAACACCATGCCAAATC 9099
F16 TGGTAGGAGGAGTGCTGTAA 10393
F2 GGAGAAGTCATGGCTGGTAAA 1584
F3 CCCTGGAGTGAAGGAGAAATAAC 3276
F4 GGGTTCCCAACTACCAAGTTTA 5431
F7 GGTTGAGTGGCTAAGGAAGAA 9635
F8 CATTCTTGGCGGGTTTGTTC 3796
F9 GCAATAGCTGGGCTGATGTA 4315
R1 CGCTGGTCGCTAGAAAGATTAG 2488
R10 CGGAGCTGTGACTCTTGATTT 5418
R12 CAGATAGCCCTGCTTCCTTTAG 9099
R2 AGCACACAAGATGGGAAGAG 3985
R3 GAAGCTGGTGATCCACTCATAC 5651
R4 ACGATTCCGTCTTTCCTGTATG 7761
R5 GCCCACTCCTGTTCTGTTTATC 8417
R6 CATCCTGCTCCTGGTGAAAT 9924
R7 CCTGTCTTTCCAGGTGTCAATA 3185
R8 GGGATTGACCGTAACCAATCT 2023

*SLEV, St. Louis encephalitis virus.
TGenBank accession no. FJ753286.2.

movement from South to North America. The Salton Sea
and associated habitats possess diverse avifauna and may
serve as a resting point for SLEV-infected migratory birds
that traverse the Pacific flyway (13). Alternately, SLEV
may have come from elsewhere in the United States af-
ter being introduced from South or Central America, but
sequences from US states reporting SLEV activity in re-
cent years are not publicly available. In the case of east-to-
west movement across the United States, postnesting birds
may have mediated spread by way of agricultural areas of
northern Mexico. However, it is unknown whether SLEV
is active in Mexico or the Imperial Valley, which lies be-
tween Phoenix and the Coachella Valley, because surveil-
lance is not performed in those regions.

Conclusions

Our findings highlight how mosquitoborne viruses are
emerging and reemerging to establish autochthonous trans-
mission, including SLEV in southern California that pro-
duced severe and fatal human disease in 2015 in Arizona
(6). Prospective surveillance can identify viruses circulat-
ing in mosquitoes even in the absence of human cases of

Emerging Infectious Diseases ¢ www.cdc.gov/eid ¢ Vol. 22, No. 12, December 2016

infection, as in Coachella Valley in 2015, and may provide
an early warning of future outbreaks.
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Digital PCR for Quantifying Norovirus in
Oysters Implicated in Outbreaks, France

David Polo, Julien Schaeffer, Nelly Fournet,
Jean-Claude Le Saux, Sylvain Parnaudeau,
Catherine McLeod, Frangoise S. Le Guyader

Using samples from oysters clearly implicated in human
disease, we quantified norovirus levels by using digital
PCR. Concentrations varied from 43 to 1,170 RNA cop-
ies/oyster. The analysis of frozen samples from the pro-
duction area showed the presence of norovirus 2 weeks
before consumption.

hellfish have a long history as vectors of human en-

teric viruses; this relationship is particularly apparent
with oysters and norovirus (1,2). Specific norovirus ligands
found in oyster tissues facilitate the persistence of viral par-
ticles for several weeks, resistance to depuration, and strain
selectivity by the oyster (1,3). Although advances have
been made in virus detection in shellfish, quantification of
norovirus in oysters associated with outbreaks still presents
a challenge. More accurate quantification is essential for
risk analysis and to understand the exact role played by
shellfish in norovirus transmission, as this will be important
to support the implementation of norovirus regulations.

Norovirus reference materials are essential for quan-
tification by real-time PCR, but they are not widely avail-
able for inclusion in standard curves; however, this limita-
tion may be overcome by using digital PCR (dPCR) (4).
This technology is based on partitioning of the sample into
thousands of individual PCRs that contain, in theory, 1 or
no copies of the nucleic acid target. After amplification,
the total number of target molecules is calculated, with no
need for external reference standards (4). The partitioning
of samples into large numbers of subsamples may also de-
crease the impact of enzyme inhibitors possibly linked to
matrix-type components. This partitioning may be particu-
larly advantageous for the detection of viruses in food and
environmental samples, which tend to be complex, with a
large variety of inhibitory compounds but relatively low
numbers of viruses (4,5). Norovirus-specific primers and
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probes targeting the open reading frame 1-2 region used
for the real-time reverse transcription PCR were used in
a microfluidic-based dPCR to enable norovirus quantifica-
tion in oyster samples associated with outbreaks.

The Study

In France, medical doctors who diagnose norovirus gas-
troenteritis in >2 persons who shared a common meal are
required to declare a suspected foodborne illness outbreak.
All meal participants then receive a standardized question-
naire that addresses the foods consumed, the symptoms,
and the timing of illness, allowing the calculation of the
relative risk and its 95% CI. Information on outbreaks to
laboratories must be transmitted quickly to enable collec-
tion of samples that are directly linked to the clinical cases.

Eight outbreaks were considered for this study on the
basis of the following criteria: clinical diagnosis of noro-
virus in sick consumers; epidemiologic confirmation that
oysters were implicated; and rapid notification of respon-
sible oyster production areas. The outbreaks occurred dur-
ing the winter months in private houses except for 1 that
occurred in a nursing home (outbreak 8) (Table). The at-
tack rate varied from 43% to 100%, with median incuba-
tion times between 0.5 and 2 days. Fecal samples avail-
able for 2 outbreaks (1 for outbreak 6 and 3 for outbreak 8)
confirmed the presence of norovirus (National Reference
Center for Enteric Viruses, Dijon, France, pers. comm.).
Eight shellfish samples were collected from batches that
were directly implicated, and 1 sample was taken from
leftovers in the nursing home’s refrigerator, increasing
the likelihood that the samples were representative of con-
sumed oysters. An additional 16 samples were collected
from implicated production areas located along different
coasts of France, including frozen samples (during the win-
ter and spring months, Ifremer laboratories doing official
control monitoring of shellfish for Escherichia coli rou-
tinely freeze leftover samples). Viruses were eluted from
oyster digestive tissues by using the reference method (6),
and then quantified using the QuantStudio 3D Digital PCR
system (Thermo Fisher, Villebon, France) (online Techni-
cal Appendix, http://wwwnc.cdc.gov/EID/article/22/12/16-
0841-Techappl.pdf).

No norovirus was detected in 1 oyster sample; norovi-
rus genogroups Gl, GllI, or both were detected in 9, 11, and
4 samples, respectively (Table). Overall, norovirus concen-
trations ranged from 43 to 1,170 RNA copies/oyster; the
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Table. Characteristics of outbreaks of norovirus infection associated with consumption of oysters, analyzed oyster samples, and virus

concentrations obtained by digital PCR*

Epidemiology information

Samples analyzed Viral RNA copies/oyster

Outbreak Date of No. sick/ Days toillness  Sample Days to Sample Genogroup Genogroup

no. consumption  no. exposed onsett no. samplingF location§ Gl Gll

1 2014 Feb 23 7116 0.5 3486 4 Same batch ND 1.09 x 102
3488 7 Prod area ND ND
3489 7 Prod area ND 2.96 x 102

2 2014 Feb 27 3/4 2 3498 5 Same batch ND 3.72 x 10?

3 2014 Mar 16 4/4 1 3519 2 Prod area ND 2.02 x 10?
3517 5 Prod area ND 6.81 x 102
3518 2 Prod area 3.80 x 107 6.15 x 10?
3531 15 Prod area 1.08 x 108 ND
3532 15 Prod area 3.88 x 102 ND

4 2014 Dec 12 3/3 No data 3703 6 Same batch 1.18 x 102 ND
3694 —4 Prod area ND 1.70 x 102

5 2014 Dec 14 2/2 1.5 3704 3 Same batch ND 1.21 x 102
3705 3 Same batch 2.74 x 10? 44.1
3695 -6 Prod area ND 43.2
3698 —-6 Prod area 1.18 x 102 ND
3700 -6 Prod area 1.1 x 10° 9.50 x 10?

6 2014 Dec 27 3/6 0.5 3733 6 Same batch ND 1.26 x 102

7 2015 Jan 9 3/4 1.5 3740 3 Same batch 9.20 x 102 ND
3738 -3 Prod area 1.17 x 108 ND
3739 -3 Prod area 6.38 x 102 53.4

8 2015 Mar 29 16/36 2 3816 3 Consumed ND 82.1
3817 3 Same batch 1.85 x 102 ND
3791 -19 Prod area ND 1.87 x 102
3792 -19 Prod area 8.28 x 107 ND
3822 10 Prod area 1.28 x 102 ND

*ND, not detected; Prod, production.

tMedian days to onset of vomiting or diarrhea.

fDays from date of consumption to sample collection.
§Same batch = samples from batch of oysters consumed.

highest concentrations detected were Gl. For outbreak 8,
in which a leftover sample from the implicated meal was
obtained, norovirus GlI was detected at a concentration of
82 RNA copies/oyster, whereas norovirus Gl was detected
at a concentration of 185 RNA copies/oyster in the same
batch collected from the oyster farm.

In a previous dose-response model for norovirus Gl
and GlI based on outbreak investigations, differences were
observed between consumers with the secretor phenotype,
for which infection and disease probability were high at
low doses compared with nonsecretor phenotypes (7). Al-
though method sensitivity may need to be improved, the
concentrations reported here are consistent with observed
illness in dose-response studies to date (8). Norovirus Gl
and GII were detected in oyster samples from the produc-
tion area and in 4 fecal samples (National Reference Center
for Enteric Viruses, pers. comm.).

Because oyster contamination occurs through the fil-
tration of seawater contaminated by human sewage, many
contamination events involving both norovirus genogroups
and different strains have been described worldwide; this
study provides additional evidence of the diversity of con-
tamination (1). In contrast to person-to-person transmission
in which GII strains dominate, oysters favor the transmis-
sion of some specific GI strains, a major consideration for the
global epidemiology of norovirus (1,3). Thus, identifying
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if oysters implicated in outbreaks are contaminated with
norovirus Gl or GII is important, because genetic sus-
ceptibility means that some consumers do not become in-
fected with certain Gl or GlI strains; this affects the dis-
ease and favors the distribution of some norovirus strains.
Such a comprehensive approach will provide informa-
tion for risk analysis and assist in understanding norovirus
infections (7,9).

Although we obtained some norovirus sequences from
6 implicated batches, confirming the specificity of the
dPCR, we believe that the development of technology such
as next-generation sequencing will provide more detailed
information on the full range of strains present in samples.
Obtaining more accurate information on strain diversity
and quantification will be valuable for molecular epidemi-
ology studies and management.

In France, oysters are a popular dish, especially dur-
ing December—April, when they are in the optimal low-fat
condition for consumption. They are opened just before
consumption and eaten raw; intravalvular seawater is
tipped out, thus eliminating food handler contamination.
Because this is the highest period for potential contamina-
tion by norovirus, samples are kept frozen by laboratories
in France for analysis in case of outbreaks. In the current
case, this was useful because it demonstrated the pres-
ence of norovirus up to 19 days before the shellfish were
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marketed. This detection in samples collected 2 weeks
before an outbreak suggests that illness could have been
prevented. Control shellfish samples from different pro-
duction areas were analyzed at the same time and were
negative for norovirus (data not shown), correlating well
with the estimated NoV prevalence of less than 10% in
France (10).

Conclusions

This study demonstrates that outbreaks could be prevent-
ed by performing shellfish analysis at times of the year at
which norovirus risk is elevated, such as the winter season,
and following microbial alert events such as sewage over-
flows and heavy rainfall. Application of dPCR to shellfish
implicated in outbreaks will provide accurate quantifica-
tion, which is useful for further risk analysis studies. This
application will help to improve regulations and enhance
the safety of products on the market, keeping in mind that
the sanitary quality of coastal areas is of primary concern.
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Detection and Genotyping of Coxiella burnetii
in Pigs, South Korea, 2014-2015

Min-Goo Seo, In-Ohk Ouh, Seung-Hun Lee,
Dongmi Kwak

We assessed Coxiella burnetii prevalence and genotypes in
pigs in South Korea during 2014-2015. Prevalence was low
among 1,030 samples tested by ELISA and immunofluores-
cent assay and 1,124 samples tested by PCR. Despite this
finding, possible transmission of C. burnetii from pigs to hu-
mans cannot be excluded.

fever is a zoonotic disease caused by the extremely

infectious bacterium Coxiella burnetii. Humans can
be Infected by inhalation of infectious aerosols or contami-
nated dust from infected ruminants or through contact with
infected animal products. Ruminants are known as the pri-
mary reservoirs for the bacterium. Wildlife may also serve
as reservoirs (1). However, epidemiologic data on the oc-
currence of C. burnetii in pigs are limited. Their suscep-
tibility to C. burnetii infection has been confirmed by the
presence of serum antibodies (2), but strong evidence for
pigs serving as reservoirs of C. burnetii is lacking. In addi-
tion, transmission of C. burnetii from pigs to humans has
not been confirmed.

In the veterinary field, commercial immunologic meth-
ods are the easiest to interpret and are used at the herd level
to detect C. burnetii infection or exposure within a popula-
tion of animals (3). In South Korea, there have been several
studies on C. burnetii in ruminants (4,5), but studies evalu-
ating C. burnetii in pigs are lacking. As first step toward
understanding the epidemiology of C. burnetii in pigs, we
evaluated the prevalence and genotypes of this bacterium
in pigs reared in Gyeongsang Province, South Korea.

The Study

During 2015 in South Korea, a total of 10,332,000 pigs
were raised, of which 2,338,521 (22.6%) were raised on
1,134 farms in Gyeongsang Province (6). For this study, we
collected 1,030 blood and 97 tissue samples from pigs (645
breeding and 479 fattening pigs) reared on 209 pig farms in
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Gyeongsang Province during 2014-2015. Sample size was
determined using a formula with an expected disease prev-
alence of 50%, accepted absolute error of 5%, and CI of
99% in a simple random sampling design (online Technical
Appendix, http://wwwnc.cdc.gov/ElD/article/22/12/16-
1236-Techappl.pdf); a minimum of 664 samples were
required. Samples were collected by practicing veterinar-
ians during treatment or regular medical checkups; ethical
approval was not required. The number of samplings was
based on the number of pigs and farms within each of the
Province’s administrative districts (Figure 1).

Whole blood was used for PCR; the serum was sepa-
rated for serologic testing. Lung, lymph node, liver, spleen,
and kidney samples were collected for differential diagno-
sis of diseases in pigs that aborted or had a stillbirth, respi-
ratory symptoms, or weakness.

To detect C. burnetii—positive samples, we used 2 dif-
ferent assays and nested PCR. We used an indirect multispe-
cies ELISA (ID Screen Q Fever Indirect Multi-species Kit;
IDvet, Montpellier, France) according to the manufacturer’s
instructions to detect C. burnetii antibodies in samples; a
sample optical density to positive-control optical density
value of >50% was considered positive. We also performed
an indirect immunofluorescence assay (IFA), using the Cox-
iella burnetii (Q Fever) FA Substrate Slide (VMRD, Pull-
man, WA, USA), as recommended by the manufacturer;
titers >64 to phase-1 or phase-2 antigens were considered
seropositive. We used the DNeasy Blood and Tissue Kit
(QIAGEN, Hilden, Germany) according to the manufac-
turer’s instructions to extract DNA from whole blood and
tissue samples. The Coxiella 16S rRNA gene in extracted
DNA was then amplified using nested PCR and sequencing
primers (online Technical Appendix). We sequenced ampli-
fication products with Macrogen (Seoul, South Korea) and
analyzed results using sequence alignment programs and
statistical methods (online Technical Appendix).

Of the 1,030 sampled pigs, 70 (6.8%) were positive
for C. burnetii by ELISA (Table); these pigs were from 32
(15.3%) of the 209 sampled farms. Two of the 32 farms
had 8 positive pigs each; the other 30 had 1-3 positive pigs
each. Fifty-three (5.2%) sampled pigs had samples iden-
tified as phase-1 or phase-2 antigen seropositive by IFA;
these samples were also seropositive by ELISA. An addi-
tional 17 samples seropositive by ELISA were seronega-
tive by IFA. C. burnetii seroprevalence was significantly
higher (p<0.0001) in breeding than in fattening pigs by
ELISA and IFA.
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Figure 1. Number of pig farms

in the provincial administrative
districts and number of farms

on which pigs were sampled for
the detection and genotyping of
Coxiella burnetii, Gyeongsang
Province, South Korea, 2014—
2015. The number of samplings
was based on the number of
pigs and farms within each of the
province’s administrative districts.

ELISA and IFA results were in agreement for 1,013
(98.4%) of the 1,030 samples; 53 (5.2%) samples were
positive, and 960 (93.2%) were negative. The Cohen «
coefficient was 0.85 (i.e., very good agreement; 95% CI
0.79-0.92).

Three (0.3%) pigs were positive for C. burnetii by
PCR; all were breeding pigs and seronegative for C. bur-
netii. One positive sample was lung tissue from a pig
that appeared to have respiratory signs; other respiratory
pathogens were also detected in the sample. Acute C. bur-
netii infection with organ involvement was confirmed by
PCR. However, the infection status of seropositive pigs
cannot be determined on the basis of a single titer. C. bur-
netii-seronegative pigs can, however, shed the organism
and, thus, might serve as a reservoir for transmission of
the bacterium to humans. 16S rRNA gene sequences for
the 3 C. burnetii PCR-positive samples (GenBank acces-
sion nos. KT945014-16; Figure 2) showed 100% iden-
tity with each other; nucleotide sequences showed high
(96.6%-96.9%) identity with those of other C. burnetii
strains. Phylogenetic analysis showed that the 3 isolates
belong to clade A, clustering with previously published
C. burnetii sequences (Figure 2).

Conclusions
We found that 6.8%, 5.2%, and 0.3% of tested pig samples
in Gyeongsang Province were positive for C. burnetii by
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ELISA, IFA, and PCR, respectively. These rates of sero-
positivity are relatively low compared with the rate found
in astudy in Uruguay, in which 18.4% (83/479) of the blood
samples were seropositive by layer microagglutination (7).
In that study, the innate susceptibility of pigs to C. burnetii
was confirmed during a Q fever epidemic. Seropositivity in
our study was, however, higher than that reported in blood
tested by IFA in Japan (0/396 samples) (8) and by comple-
ment fixation in Bulgaria (0.05%; 1/1,809 samples) (9).

In C. burnetii—positive animals, bacterial burden is
highest in birth products. We did not test such tissues;
however, the positivity rate in our study was similar to
that (0/16) in a previous examination of pig placentas by
real-time PCR in the Netherlands (10). In our study, the
PCR-positive pig samples did not test positive by sero-
logic methods.

Similar to results from a previous study (11), our re-
sults showed that IFA was less sensitive than ELISA at
detecting C. burnetii in serum. However, serologic diag-
nosis of coxiellosis in animals is complicated. Animals can
maintain seropositivity after acute infection has cleared,
and they can seroconvert without shedding (12); thus, sero-
logic methods are not useful for determining which animals
currently pose a risk for transmission.

In our study, seroprevalence among breeding pigs was
significantly high (p<0.05). In addition, only breeding pigs
were positive for C. burnetii by PCR. Because of pregnancy

2193



DISPATCHES

Table. Assay determinations of Coxiella burnetii prevalence among different types of pigs reared in Gyeongsang Province, South

Korea, 2014-2015

Assay No. positive pigs/no. total® % Pigs positive (95% CI)
ELISA
Breeding pigs
Farms 29/101 28.7 (19.9-37.5)
Pigs 66/637 10.4 (8.0-12.7)
Fattening pigs
Farms 3/108 2.8 (0-5.9)
Pigs 4/393 1.0 (0.1-2.0)
Subtotal
Farms 32/209 15.3 (10.4-20.2)
Pigs 70/1,030 6.8 (5.3-8.3)
IFA
Breeding pigs
Phase-1 antigens 46/637 7.2 (5.2-9.2)
Phase-2 antigens 48/637 7.5 (5.5-9.6)
Phase-1 or -2 antigens 49/637 7.7 (5.6-9.8)
Fattening pigs
Phase-1 antigens 4/393 1.0 (0-2.0)
Phase-2 antigens 4/393 1.0 (0-2.0)
Phase-1 or -2 antigens 4/393 1.0 (0.1-2.0)
Subtotal
Phase-1 antigens 50/1,030 4.9 (3.5-6.2)
Phase-2 antigens 52/1,030 5.0 (3.7-6.4)
Phase-1 or -2 antigens 53/1,030 5.2 (3.8-6.5)
PCR
Breed type
Breeding pigs 3/645 0.5 (0-1.0)
Fattening pigs 0/479 0
Sample type
Blood 2/1,030 0.2 (0-0.5)
Tissue 1/94 1.1 (0-3.1)
Subtotal 3/1,124 0.3 (0-0.6)

*Bold indicates significantly different (p<0.05) compared with fattening pigs.

stress, breeding pigs probably experienced a recrudescent
infection, making them more likely to shed the organism. A
study on the epidemiology of Q fever suggested that breed-
ing pigs can cause infection in humans (13).

The genus Coxiella is divided into 4 highly divergent
genetic clades (A-D); C. burnetii belongs to clade A (14).
Phylogenetic analysis showed that the 3 C. burnetii isolates
in our study were closely related to clade A strains from
the United States, Japan, and Greenland, indicating a close
epidemiologic link.

Although the number of C. burnetii—positive pigs
was low in our study, a previous study identified contact
with pigs as a risk factor for C. burnetii seropositivity in
humans (15). Therefore, pigs may serve as potential reser-
voirs for C. burnetii. However, several questions remain
unanswered regarding the epidemiology of C. burnetii in-
fection in pigs and possible transmission to humans. Ad-
ditional investigations of the infection prevalence in other
animals are necessary to understand the epidemiology of
C. burnetii.
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Figure 2. Phylogenetic tree
constructed using the maximum-
likelihood method from Coxiella
burnetii 16S rRNA sequences.
Arrows indicate C. burnetii
sequences from study to detect
and genotype C. burnetii in pigs
in Gyeongsang Province, South
Korea, 2014-2015. Rounded
rectangle indicates C. burnetii
group. The 4 Coxiella clades
(A-D) are indicated at right.
GenBank accession numbers
for other sequences are shown
in parentheses. Numbers on
branches indicate bootstrap
support (1,000 replicates). Scale
bar represents the evolutionary
distance between sequences.
CLB, Coxiella-like bacteria.
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ANOTHER DIMENSION

Flu Days

By Peter Makuck

Shivering, you drag yourself,
as if gun-shot, to the living room,

to the old movie channel,
to a Bogart festival,

your mind fogged over
(like the street on the screen)

edging toward feverish sleep
when Bogey snarls

at Ida Lupino:
“Of all the 14-carat saps...”

Hours later when you wake,
he’s smacking Peter Lorre:

“When you’re slapped,
you’ll take it and like it!”

And as if cuffed, you black out,
head pounding, and come to

upon Ingrid Bergman
and “You must remember this,”

before fading again, then back
to Bogey hacked to death

by Bedoya’s machete,
all that gold dust blown away

with the whole bloody day,
everything gone—gone black

as your living room windows—
those previews of The Big Sleep.

Poem reprinted from Mandatory Evacuation, ©2016, by Peter Makuck,
courtesy of BOA Editions, Ltd., Rochester, NY, USA;
http://www.boaeditions.org.

Peter Makuck is a writer, essayist, and poet and
Distinguished Professor Emeritus at East Carolina University,
Greenville, North Carolina; email: peter@makuck.com
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Virus from Domestic Pigs
and Wild Boars from Corsica
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To the Editor: In Western countries, human infec-
tion with hepatitis E virus (HEV) is mostly autochthonous
and zoonotic through ingestion of contaminated food or
direct contact with infected animals and very occasion-
ally is imported from regions to which it is endemic to
humans (tropical and subtropical areas) (1). Domestic
pigs and wild boars are important zoonotic reservoirs of
HEV worldwide (2).

In continental France, grouped cases of hepatitis E
have been described after ingestion of Corsican specialties
made with raw pig liver known as ficatelli, traditionally
eaten grilled or raw after curing (3,4). A survey of French
food products detected HEV RNA in 30% of ficatelli
samples (5). A recent nationwide study of blood donors
in France showed a high (>60%) HEV seroprevalence in
Corsica, suggesting local hyperendemicity (6). Estimated
prevalences of HEV RNA from wild boars and domestic
pigs in Corsica were 2.3% and 8.3%, respectively (F. Jori,
unpub. data). We aimed to evaluate, at a molecular level,
the role of local wild boars and domestic pigs from Corsica
in human infections or food contaminations.

We retrieved partial sequences of HEV open reading
frame 2 capsid (7) from samples from 8 wild boars hunted
during 2009-2013 and from 2 domestic pigs collected at
a slaughterhouse in 2013 (F. Jori, unpub. data) and com-
pared them with sequences available in GenBank. This ge-
nomic region is used frequently in phylogeny and reflects
the diversity of HEV (8). After alignment with reference
sequences for subtyping (9) and their closest sequences, we
constructed a phylogenetic tree (Figure). All 10 sequences
belonged to HEV genotype 3 and were distributed into 3
distinct clusters.

Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 22, No. 12, December 2016

Cluster 1, subtype 3c, comprised 4 wild boar se-
quences (FR-HEVWB-1-91, FR-HEVWB-3-07, FR-
HEVWB-7-114, FR-HEVWB-8-115) that had 96%-97%
nt identity. These sequences were identified during 3 suc-
cessive hunting seasons (2009, 2010, and 2013) in the same
hunting area, suggesting that HEV sequences can be stable,
with limited genetic variability, during at least 4 years in a
local population of wild boars. These sequences were close
to HEV wild boar sequences from Belgium (GenBank ac-
cession no. KP296177) and Germany (GenBank acces-
sion no. FJ705359; 3c reference sequence). A possible
introduction of wild boars from northeast continental
France into Corsica during the 1990s could explain such
similarity (C. Pietri, pers. comm.). Two human cases
reported in southeastern France (GenBank accession nos.
GQ426997, KJ742841) in 2008 and 2009 also aggregated
within this cluster (94%-95% nt identity), indicating pos-
sible zoonotic transmissions from wild boars to humans.

Cluster 2 comprised 2 wild boar sequences (FR-
HEVWB-2-101 and FR-HEVWB-6-75) with 99.3% nt simi-
larity, collected in 2009 and 2012 from the same geographic
area (Haute Corse, <10 km apart). This cluster is distant from
the subtypes assigned by Smith et al. (9) and shows <86.5%
nt identity with reference sequences (Figure), indicating a
possible local and stable evolution in space and time.

Cluster 3, subtype 3f, comprised sequences isolated from
wild boars and domestic pigs from Corsica, humans from
continental France, and 1 food sample from Corsica. The 2
domestic pig sequences (FR-SHEV-2B-1-182, FR-SHEV-
2B-2-190) were 100% identical and shared 97.5% nt identity
with a wild boar sequence (FR-HEVWB-4-104), suggesting
transmission between domestic and wild pigs. These 2 swine
sequences shared 96% nt identity with a sequence amplified
in 2011 from a ficatellu sample (FR-HEVFIG-3; GenBank ac-
cession no. KJ558438) (5) from the same geographic area of
Corsica (Haute Corse) and 96% nt identity with an isolate from
a patient with acute hepatitis E recorded in France in 2009
(GenBank accession no. JF730424). In addition, the wild boar
sequence in this cluster (FR-HEVWB-4-104) shared 96.4%
nt identity with the same ficatellu sample and 97.1% nt iden-
tity with the same patient in France. This finding suggests that
some locally produced ficatelli could be contaminated with
HEV from local domestic pigs or wild boars. The human in-
fection also suggests that zoonotic transmission might have
occurred through contact with local pig or wild boar reser-
voirs or through ingestion of contaminated food products. No
additional information is available about this human case that
might attribute the contamination to 1 of the sources.

Also in cluster 3, another Corsican wild boar se-
quence (FR-HEVWB-5-117), isolated in 2011, shared
96.2% and 95.7% nt identity with 2 human sequences
identified from continental France in 2013 (GenBank ac-
cession no. KR027083) and 2009 (GenBank accession no.
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Figure. Phylogenetic tree of hepatitis
E virus (HEV) sequences identified

in samples from wild boars and pigs
from Corsica. All 10 HEV sequences
(GenBank accession nos. KT334188—
KT334197) corresponding to the open
reading frame 2 capsid nucleotides
60446334 of the reference sequence
AF082843, were obtained by Sanger
dideoxy sequencing, from wild

boars (WB, black circles) or pigs (S,
triangles). Sequences were aligned
with Muscle (MEGAG, http://www.
megasoftware.net) with the 5 closest
sequences (retrieved by using BLAST,
http://blast.ncbi.nlm.nih.gov/Blast.

cgi) and reference sequences (9).
The closest HEV sequences from
France (gray circles; Hu: human,

FIG: figatellu) are identified with their
GenBank accession number and year
of detection. The tree was constructed
by using the neighbor-joining method
with a bootstrap of 1,000 replicates.
Bootstrap values >70% are indicated
on respective branches. Three distinct
clusters (1-3) are indicated at right.
GenBank reference sequences
suggested by Smith et al. for genotype
subtyping (9): 3a, AF082843; 3b,
AP003430; 3c, FJ705359; 3e,
AB248521; 3f, AB369687; 3g,
AF455784; 3h, JQ013794; 3i,
FJ998008; 3j, AY115488; AB290312,
JQ953664, AB369689, AB290313,
EU360977, KJ873911, EU723513.
Countries of origin of the sequences
used are as follows: CA, Canada;

FR, France; GER, Germany; InJAVA,
Indonesia; IT, Italy; JP, Japan; KY,
Kyrgyzstan; MG, Mongolia; NL, the
Netherlands; NW, Norway; SP, Spain;
SW, Sweden; TH, Thailand; UK, United
Kingdom; USA, United States. Scale
bar represents nucleotide substitutions
per site.

JF730424 FR-HUHEV-09AL38). This finding again sug-
gests a zoonotic origin for these human cases. Cluster 3
illustrates well a possible path of transmission between
wildlife, domestic pigs, food, and human infection and the
potential for dissemination of HEV outside Corsica.

Our results provide evidence suggesting a dynamic
exchange of HEV between domestic and wild swine reser-
voirs and possibly resulting in transmission from those res-
ervoirs to humans through ingestion of infected food prod-
ucts. These animal reservoirs are common and abundant
(http://www.oncfs.gouv.fr/IMG/file/mammiferes/ongules/
ongules_sauvages/TCD/haute_corse_ongules_sauvages_
tableau_departemental.pdf; http://draaf.corse.agriculture.
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gouv.fr/IMG/pdf/Chiffres_cles_Corse-2015 cle825d93.
pdf) and represent a sustainable source of HEV exposure
in Corsica.
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To the Editor: Central Africa is the natural habitat for
most of the world’s gorillas and approximately one third
of all chimpanzees. As a result of poaching, diseases, and
habitat loss, the western lowland gorilla (Gorilla gorilla
gorilla) and the central chimpanzee (Pan troglodytes trog-
lodytes), both referred to as great apes, have been decreas-
ing in numbers since 1970 and are now red-listed by the
International Union for Conservation of Nature (/). Infec-
tious diseases are major threats to apes in Africa. In addi-
tion to Ebola virus disease, a leading cause of death, the
health of great apes is compromised by infections with Ba-
cillus anthracis, Staphylococcus aureus, and Plasmodium
falciparum (1-4). Chimpanzees and gorillas are closely
related to humans and have similar anatomic, physiolog-
ic and immunologic features. Transmission of pathogens
from humans to wildlife has been considered a major con-
cern of tourism (/).

Except 1 report of bacteria of the order Chlamydi-
ales in a fecal sample from a wild-living Congolese P.
troglodytes troglodytes (5), nothing is known about the
prevalence of Chlamydiales in great apes. Members of
this order are obligate intracellular pathogens that have
a unique biphasic life cycle. They infect a wide range of
hosts and have major effects on animal and human health
worldwide. Until 1993, Chlamydiaceae was the only
known chlamydial family. However, the discovery of nu-
merous Chlamydia-related bacteria species indicated a
much broader diversity and host spectrum (6). To learn
more about the prevalence of Chlamydiales in great apes,
we analyzed samples from critically endangered western
lowland gorillas and endangered central chimpanzees
from Gabon.

We screened 25 samples (8 ocular, 4 vaginal, 7 pe-
nile, and 6 rectal swab specimens) obtained noninvasively
during routine health checks from 12 apes in captivity. At
the time of sampling, the animals were anesthetized and
showed no evident signs of disease. All apes were born
and reared in captivity at the Primatology Unit of the
International Centre for Medical Research of Francev-
ille (Franceville, Gabon) and lived in social groups of
~10 animals.

We also analyzed feces from wild-living gorillas and
chimpanzees, 10 samples from each species, collected in
several remote forest arecas of Gabon. All samples were
collected according to international guidelines used at the

"These authors contributed equally to this article.
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International Centre for Medical Research of Franceville.
For fecal samples obtained immediately after defecation,
the outer layer was removed by using a sterile scalpel, and
material from the inner part was frozen to avoid degrada-
tion and surface contamination.

Extracted DNA from swab specimens and feces was
initially screened for Chlamydiaceae by using a 23S rRNA
real-time PCR and primers Ch23S-F and Ch23S-R (7). A
internal control amplification was performed with primers
EGFP-1-F and EGFP-10-R, and Chlamydia abortus DNA
was used to prepare a standard curve.

To detect other Chlamydiales, all samples were ana-
lyzed by using a broad-range, pan-Chlamydiales 16S
rRNA real-time PCR, which had a sensitivity of 94% and
showed no cross-amplification with DNA from other bacte-
rial clades (8). Plasmid pCR2.1-TOPO (Invitrogen, Basel,
Switzerland), which contained a portion of the 16S rRNA
gene targeted by the pan-Chlamydiales 16S rRNA real-
time PCR, was used to produce a standard curve. Samples
with a cycle threshold <35 were sequenced (GATC Bio-
tech AG, Konstanz, Germany), and results were analyzed
by using BLAST (http://blast.ncbi.nlm.nih.gov/Blast.cgi).
Purification, real-time PCR, sequencing PCR, and electro-
phoresis were performed in different laboratories to avoid
DNA contamination.

The 16S rRNA real-time PCR and sequencing identi-
fied Chlamydiales of the non-Chlamydiaceae families in
captive and free-living chimpanzeesand gorillas. However,

we did not identify species in the family Chlamydiaceae
(Table). For captive great apes, BLAST analysis of 1 rec-
tal (gorilla) and 1 penile (chimpanzee) sample showed
100% and 98% sequence identity, respectively, with Wad-
dlia chondrophila. Furthermore, Candidatus Rhabdochla-
mydia sp. cvE88 was found in a vaginal swab specimen
of 1 chimpanzee (99% sequence identity) and was still
detectable in a second sample from the same site 1 month
later. Among free-living apes, 3 of 10 chimpanzee sam-
ples were positive for Chlamydiales and showed 96%-—
99% identity with uncultured Chlamydiales CRG97. One
fecal sample from a gorilla contained W. chondrophila
(100% sequence identity). Chlamydiales detected in uro-
genital samples might have been acquired through smear
infections. For omnivorous chimpanzees, Chlamydiales
in fecal samples might have originated from ingestion of
infected prey.

We detected members of the order Chlamydiales in
great apes from Gabon. Our study not only identified a new
chlamydial host but could also help to gain deeper insights
into the evolution of Chlamydiales. The emerging pathogen
W. chondrophilia has been implicated in human and bovine
miscarriage and reported to be transmitted zoonotically or
after exposure to freshwater amebae infected with Chla-
mydia-related bacteria (9,10). Further studies are required
to determine the prevalence of Chlamydiales in primates
and their potential for causing disease in great apes in Af-
rica threatened with extinction.

Table. Analysis of 7 captive and free-living apes for Chlamydia-related bacteria by using real-time PCR and sequencing, Gabon*

DNA Closest BLASTt match Sequence Fragment
Ape Source Species Mean C;  copies/uL for 16S rRNA gene identity, % size, bp E-value
Colat Rectal swab Gorilla gorilla 33.02 10.57 Waddlia chondrophila 100 230 1x 107"
gorilla WSU 86-1044,
complete sequence
Cabindat Penile swab  Pan troglodytes 33.32 8.58 W. chondrophila WSU 98 241 1x107
troglodytes 86-1044, complete
sequence
Djelat Vaginal swab§  P. troglodytes 29.34 122.41 Candidatus 99 243 8 x 10718
troglodytes Rhabdochlamydia sp.
cvE88, partial
sequence
18821 Feces P. troglodytes 34.29 8.24 Uncultured 98 201 6 x 107
troglodytes Chlamydiales CRG97,
partial sequence
18831 Feces P. troglodytes 31.90 43.55 Uncultured 99 200 1x107%
troglodytes Chlamydiales CRG97,
partial sequence
18851 Feces P. troglodytes 31.16 73.41 Uncultured 96 209 1x10™%°
troglodytes Chlamydiales CRG97,
partial sequence
Gab21301 Feces G. gorilla gorilla 35.30 2.38 W. chondrophila WSU 100 218 5x 10710

86-1044, complete
sequence

*Ct, cycle threshold.
‘thttp://blast.ncbi.nim.nih.gov/Blast.cgi
fCaptive ape.

8A second vaginal swab specimen from the same chimpanzee that was collected 1 mo later still showed a positive result by real-time PCR, and
sequencing indicated the presence of a Candidatus Rhabdochlamydia sp. cvE88.

TFree-living ape.
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To the Editor: Schmallenberg virus (SBV), a new or-
thobunyavirus of the family Bunyaviridae, emerged in Au-
gust 2011 in northwestern Europe (1) and spread to most
parts of Europe by Culicoides vectors (2). Most infections
are asymptomatic in adult ruminants, yet fever, milk drop,
and diarrhea have been reported (1). SBV is responsible
for congenital malformations in newborn calves, lambs,
and goat kids and has also been associated with abortions
and early embryonic losses (3). The virus affects domestic
livestock, but antibodies to SBV have also been found in
free-ranging wild ruminants in several European countries
(3-6) and in wild and exotic ruminants kept in captivity in
the United Kingdom and in Austria (3-5). We carried out a
study to investigate the exposure to SBV of wild and exotic
ruminants born in Europe and kept in 1 zoological park in
France and 1 in the Netherlands.

We tested 42 serum samples (from 39 animals) col-
lected between 2011 and 2014 in the Safaripark Beekse
Bergen (SPBB, Hilvarenbeek, the Netherlands) and 18
serum samples (from 15 animals) collected between 2013
and 2015 in the Ménagerie du Jardin des Plantes, Muséum
National d’Histoire Naturelle (MJP, Paris, France). First,
we determined the presence of SBV-specific antibodies in
the samples by ELISA (ELISA ID Screen SBV Competi-
tion; 1D Vet, Grabels, France) and by virus neutralization
test (VNT) according to a protocol previously described
(7). The 2 methods gave identical results except for 5 sam-
ples found negative by ELISA and positive by VNT. Thirty
(55.6%) of 54 animals were found to be seropositive by
VNT, which is regarded as the standard for SBV detection
(Table). Antibodies to SBV were found in 11 (73.3%) of
15 animals from MJP and 19 (48.7%) of 39 animals from
SPBB. Positive results were found in samples collected ev-
ery year during 2011-2015; the earliest positive result was
found in a sample collected in September 2011 (SPBB).

Several seropositive ruminants from MJP were either
born in Paris or transferred to Paris from another park in
Europe before 2010, which suggests that they were ex-
posed to SBV in Paris. SBV antibodies were found in 3
consecutive samples collected in October 2011, September
2012, and March 2013 from a sable antelope (Hippotra-
gus niger niger) in SPBB but also in 3 consecutive samples
collected in October 2013, February 2014, and September
2014 in a bharal (Pseudois nayaur) from MJP. These data
suggest that SBV antibodies can persist for >1 year in these
2 species.

We then performed SBV-specific quantitative reverse
transcription PCR targeting the small segment (8) of the vi-
rus on every sample. One sample from an SBV seronegative
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Table. Results of virus neutralization testing for Schmallenberg virus among exotic and wild ruminants from 2 zoological parks in

France and the Netherlands, 2011-2015*

No. positive/no. Year(s) of Animal ages at sampling Zoological
Common name (species) tested sampling Seropositive Seronegative park
African buffalo (Syncerus caffer caffer) 11 2013 3y SPBB
Arkal urial sheep (Ovis aries arkal) 11 2014 5y MJP
Axis deer (Cervus axis) 0/2 2011-2014 ND, ND SPBB
Bharal (Pseudois nayaur) 2/4 2013, 2014 1d,7y, T8yt 10d,2y MJP
Blackbuck (Antilope cervicapra) 0/6 2014 7mo,7y,15y, SPBB
ND, ND, ND
Blue wildebeest (Connochaetes taurinus 3/5 2011 1y,6y,13y 1y,13y SPBB
taurinus)
Common eland (Taurotragus oryx) 0/1 2014 1y SPBB
Gaur (Bos gaurus) 11 2015 3y MJP
Gemsbok (Oryx gazella gazella) 11 2011 17y SPBB
Markhor (Capra falconeri) 2/3 2014 1y,10y 1y MJP
Nyala (Tragelaphus angasii) 1/2 2012 5y ND SPBB
Pére David's deer (Elaphurus davidianus) 11 2011 15y SPBB
Persian fallow deer (Dama mesopotamica) 11 2013 8y SPBB
Pygmy goat (Capra aegagrus hircus) oM 2014 2y MJP
Red forest duiker (Cephalophus natalensis) 01 2011, 2012 7y, t8yt SPBB
Rocky mountain goat (Oreamnus americanus) 11 2014 17y MJP
Sable antelope (Hippotragus niger niger) 3/3 2011,2012, 4y, 5y, T6y,t SPBB
2013 7y,t10y
Springbok (Antidorcas marsupialis) 3/5 2011, 2014 5y, 14y, ND 4y,5y SPBB
Vietnamese sika deer (Cervus nippon 11 2014 12y SPBB
pseudaxis)
Vigogna (Vicugna vicugna) 11 2013 4y MJP
Waterbuck (Kobus ellipsiprymnus 1/4 2011, 2014 7y 6mo, 4y, SPBB
ellipsiprymnus) ND
Watusi (Bos taurus taurus watusi) 0/1 2011 1y SPBB
West Caucasian tur (Capra caucasica 2/2 2014 10y, 14y MJP
caucasica)
Yak (Bos grunniens grunniens) 4/5 2012, 2013, 2y,3y, 11y, 1y SPBB (4),
2014 ND MJP (1)

*MJP, Ménagerie du Jardin des Plantes (Muséum National d’Histoire Naturelle, Paris, France); ND, not determined; SPBB, Safaripark Beekse Bergen

(Hilvarenbeek, the Netherlands).
T Animals sampled more than once.

blue wildebeest (Connochaetes taurinus taurinus) collected
in September 2011 in SPBB was positive (quantitation cycle
value = 30), whereas the other samples were negative. We
also performed several in-house conventional reverse tran-
scription PCR targeting the small, large, and medium seg-
ments on the positive sample, which enabled us to retrieve
a 2,866-bp partial sequence from the medium segment (de-
posited in GenBank under accession no. KR828816) and a
1,374-bp partial sequence from the L segment (deposited in
GenBank under accession no. KR828815). Genetic analy-
ses based on BLAST (http://blast.ncbi.nlm.nih.gov/Blast.
cgi) revealed that the large and medium partial sequences
had 100% and 99.79% identity, respectively, with SBV se-
quences from cows (GenBank accession nos. KM047418
and KP731872, respectively).

Subcutaneous inoculation of serum to adult IFNAR™"
mice, which have been reported to be susceptible to SBV
infection (9,10), did not trigger any clinical sign or serocon-
version. No genome could be amplified from their blood.

According to the medical records of SPBB, no clinical
signs possibly related to an SBV infection were observed
in the ruminants during the period studied. Abortions were
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reported in MJP in 2 bharals in 2011 and 2012 and in 1
West Caucasian tur (Capra caucasica caucasica) in 2013,
but no correlation could be drawn between these abortions
and the SBV serologic results.

This study demonstrates the circulation of SBV in 18
wild and exotic ruminant species kept in captivity in the
Netherlands and in France during 2011-2015. Exposure to
the virus may occur even in an urban area (such as central
Paris). We report evidence of SBV viremia in a blue wil-
debeest that was seronegative by ELISA and VNT when
the serum was collected. SBV RNA has previously been
found in an elk (6), but the duration of viremia was not de-
termined. Further investigations are required to determine
whether zoo ruminants may play a role in dissemination
of SBV.
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To the Editor: West Nile virus (WNV) is a mosqui-
toborne flavivirus. Approximately 80% of human infec-
tions are asymptomatic, 10%—20% are characterized by
an acute febrile illness, and <1% by involvement of the
central nervous system (West Nile neuroinvasive disease)
(1). Sporadic human cases and small outbreaks of West
Nile fever were reported in Europe until the mid-1990s
(2), when the first large outbreak occurred in Romania
in 1996 (3).

Since then, and especially in recent years, sporadic hu-
man cases and outbreaks have been reported in other coun-
tries in Europe and neighboring countries on the Balkan
Peninsula (2). A large outbreak of WNV lineage 2 infection
occurred in Greece in 2010 (4). Outbreaks have also been
reported in other countries in Europe, which showed spread
of WNV lineage 2 (5-8). Some probable cases of West Nile
fever were reported to the Bulgarian Ministry of Health on
the basic of serologic test results.

We report a case of fatal West Nile neuroinvasive dis-
case in a man in Bulgaria. This case was confirmed by de-
tection of specific antibodies against WNV and sequencing
of the full virus genome.

A 69-year-old man was admitted to the Emergency
Center, Military Medical Academy (Sofia, Bulgaria), on
August 27, 2015, because of fever, headache, hand tremor,
muscle weakness and disability of lower extremities, nau-
sea, and vomiting. These signs and symptoms developed 3
days before hospitalization. The patient reported being bit-
ten by insects through the summer. He also had concomi-
tant cardiovascular disease. In the 24-hour period after hos-
pitalization, a consciousness disorder and deterioration of
the extremities” weakness developed, and the patient had a
Glasgow come score <8.

The patient was transferred to Department of Intensive
Care. Neurologic examination showed neck stiffness, posi-
tive bilateral symptoms of Kernig and Brudzinski, right fa-
cial paralysis, and areflexia of the lower extremities. The
patient underwent intubation, and despite complex medi-
cal therapy, a cardiopulmonary disorder developed, and he
died 14 days after admission.

Laboratory test results at admission were within ref-
erence ranges. Lumbar puncture was performed, and ce-
rebrospinal fluid (CSF) testing showed a clear color, leu-
kocytes 39 x10° cells/L (reference range 0-5 x10° cells/L),
polymorphonucleocytes 2% (0%-6%), lymphocytes 93%
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(40%-80%), monocytes 5% (15%-45%), protein 0.57 g/L
(0.2-0.45 g/L), glucose 4.3 mmol/L (2.2-3.9 mmol/L), and
chloride 127.9 mmol/L (98-106 mmol/L).

Microbiological investigations of blood, CSF, urine,
and throat swab specimens showed no bacterial growth.
Immunoserologic test results for neurotropic infectious and
parasitologic agents were negative, except for a positive re-
sult for [gM against WNV. On the basis of these findings,
CSF and urine samples were sent to Bulgarian Reference
Laboratory of Vector-Borne Pathogens (Sofia, Bulgaria)
for confirmation.

Results of serum and CSF tests (WNV ELISA; EU-
ROIMMUN, Lubeck, Germany) were positive for WNV
IgM and negative for WNV IgG. A second serum sample
obtained 7 days later showed a marked increase in WNV
IgM titer and positive results for WNV 1gG. WNV RNA
was detected by using real-time reverse transcription PCR
(Sacace Biotechnologies, Como, lItaly) (cycle threshold
21.9) with a urine sample. Blood samples showed negative
results for WNV RNA.

Sequencing of the complete genome of WNV ob-
tained from a urine sample (9) was performed (GenBank
accession no. KU206781). Phylogenetic analysis showed
that the virus belonged to the Central/Southern-European
WNV lineage 2 clade and the Greek cluster (6). Sequence
showed high similarity with Greece Nea Santa 2010 and
Hungary/578 strains (99.66% and 99.57% nt identity, re-
spectively), which suggested that the virus probably had a
common ancestor with Greek strains.

Accordingly, analysis of the polyprotein identified
amino acid substitutions that are typically found in WNV
strains from Greece (i.e., NS2B V1191, NS3 H249P, NS4B
S14G/T49A/V113M) (6) and unique mutations not present
in other strains (i.e., E 1159M, T436A, NS1 K92N, NS4B
N220D, NS5 D141G). These results indicate that the virus
might have evolved independently before its emergence
in Bulgaria.

European lineage 2 of WNV was detected in Hungary
in 2004 (10). After its introduction into central Europe, this
lineage has spread to neighboring countries (2), where it
has been responsible for several human outbreaks of neu-
roinvasive disease associated with a high mortality rate,
especially in persons with concurrent illnesses (8), such as
the patient in this study.

This case of WNV infection provides evidence of
WNV lineage 2 circulation in Bulgaria and confirms spread
of this lineage in Europe. Sequencing of the complete WNV
genome enables us to obtain evidence for the possible ori-
gin of the Bulgarian strain from WNV strains circulating
in Central Europe, from which the Greek strain has also
evolved (4,6). On the basis of this evidence of WNV circu-
lation in Bulgaria, public health institutions should increase
WNV surveillance and control programs in the country.
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Physicians should also actively search for West Nile fever
in patients with acute febrile syndrome during the season
of mosquito activity.
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To the Editor: Borrelia miyamotoi causes a recently
recognized tickborne zoonosis in Eurasia and North Amer-
ica (1). The species has been detected in Ixodes persulcatus
ticks in Asia and Russia, I. ricinus ticks in Europe, and I.
scapularis and 1. pacificus ticks in North America. In most
of these regions, B. miyamotoi is sympatric with Lyme dis-
ease agents, such as B. burgdorferi, and both pathogens are
transmitted locally by the same species of Ixodes ticks. B.
miyamotoi generally is less prevalent than B. burgdorferi in
nymphs and adults in North America (2), except in Califor-
nia, where the prevalences of the 2 species in populations
of nymphal and adult /. pacificus ticks are similar (3-6).

Genomes of isolates of B. miyamotoi from I. persul-
catus and I. scapularis ticks have been sequenced (7).
Comparatively less was known about B. miyamotoi in I.
pacificus ticks. Limited sequence data of 16S ribosomal
RNA and flagellin genes and the 16S-23S intergenic spacer
(IGS) were sufficient to identify the /. pacificus—borne spi-
rochete as a sister taxon to B. miyamotoi from elsewhere
(3,4). Until B. miyamotoi is isolated from I. pacificus ticks,
determination of additional sequences from I. pacficus ticks
from California addresses 2 issues of phylogeographic and
potential epidemiologic importance: Is the California pop-
ulation of B. miyamotoi more akin to the strain across the
Pacific Rim or to the strain thousands of kilometers to the
east in North America? Will the noted pattern of exclusive
association between the genotype of B. miyamotoi and the
species of Ixodes vector continue to hold (1)?

We evaluated DNA extracts of B. miyamotoi—infected
L. pacificus ticks collected by and stored at 2 laboratories in
the San Francisco Bay area of California. Ticks had been
collected while questing either on low vegetation or in
leaf litter. To confirm B. miyamotoi in candidate extracts
and to exclude extracts that also contained B. burgdorferi
sensu lato, we used a quantitative PCR, which differenti-
ates relapsing fever and Lyme disease group species (2).
Two extracts that met these criteria were Sonom53 from
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a nymph in Sonoma County, California (38.328758,
—-122.625286), and SMA107 from an adult male tick in San
Mateo County, California (37.466999, —122.283532). We
amplified DNA by PCR for 1,307 bp of the 16S ribosomal
RNA gene (8) and variable lengths of the 1GS (9). In addi-
tion, we performed PCR amplification and sequencing of
partial sequences of 8 chromosomal genes used for mul-
tilocus sequence typing (MLST): clpA, clpX, nifS, pepX,
pyrG, recG, rplB, and uvrA (10). The primers (and an-
nealing temperatures for 35 cycles) were as given (http://
pubmlst.org/borrelia), except for these modifications: CIpA
(53°C); clpX forward 5'-CCGTTGCTATTTGTTTTGAAT-
GCTCT-3" (55°C); pepX forward 5-TTAAAACTTGAT-
GATAAATGGTCATTA-3' and reverse 5-TTAAAACTT-
GATGATAAATGGTCATTA-3" (52°C); pyrG forward
5'-CTTTTAGTAATTGAGATTGGTGGT-3' and reverse
5'-CAGCATCAAGTATTCCACAAAC-3" (55°C); recG
forward 5'-CTAGCATTCCTTTAGTTGAGGC-3' and re-
verse 5-TTSTGTTAAAGGTTCCTTATAAAG-3' (52°C);
rplB forward 5'-ATTAAAACTTATAGGCCAAAAAC-3'
and reverse 5-GGCTGACCCCAAGGAGAT-3" (55°C);
and uvrA forward 5-GCTTAAATTTTTAATTGAT-
GTTGGA-3' and reverse 5'-CAAGGAACAAAAATRT-
CAGGC-3'" (52°C). On a Bio-Rad T100 thermal cycler
(Hercules, CA, USA) and with Apex Master mix (Genesee
Scientific, San Diego, CA, USA), PCR extension at 72°C
was 1.5 min for clpX and 1.0 min for others; final elongation
was for 5 min at 72°C. Products were sequenced over both
strands at GENEWIZ (San Diego, CA, USA) by the Sanger
method either directly or after cloning into a plasmid vec-
tor. Resultant sequences were aligned with homologous se-
quences (Figure). Alignments and distance neighbor-join-
ing and maximum-likelihood phylograms were generated
with Seaview4 (http://doua.prabi.fr/software/seaview). The
equal length MLST sequences, as specified (10), for each
locus were concatenated.

We determined a rooted neighbor-joining phylogram
of 16S ribosomal RNA gene sequences of B. miyamotoi
from different Ixodes species and that of Amblyomma
americanum tickborne B. lonestari (Figure, panel A).
Other species of the relapsing fever group served as an
outgroup. B. miyamotoi sequences from 7. pacificus ticks
in 2 San Francisco Bay area counties clustered with se-
quences from 1. scapularis—borne organisms rather than
with I. persulcatus—-borne organisms in Asia or an I. rici-
nus—borne isolate in Europe. This analysis confirmed that
the organism in 7. pacificus was B. miyamotoi. An unrooted
phylogram of 4,776 nt of concatenated MLST sequences
originating in I pacificus, 1. scapularis, I. persulcatus,
or I. ricinus ticks had similar topology and differentiated
the different strains (Figure, panel B). The B. miyamotoi
organisms from 2 counties differed at 1 position, a syn-
onymous transition in pyrG, among the MLST loci. IGS

2205



LETTERS

Figure. Phylograms of 16S ribosomal RNA sequences (A) and of multilocus sequence typing (MLST) genes (B) of Borrelia miyamotoi
strains from Ixodes ticks collected in California, USA, and selected other Borrelia species. A) Rooted neighbor-joining distance
phylogram of observed differences. Percentage support for clades was evaluated by 1,000 bootstrap replications, and values are
indicated along branches. The GenBank accession number for the partial 16S ribosomal RNA gene of Sonom53 is KU196080. GenBank
accession numbers for 16S ribosomal RNA genes of other B. miyamotoi strains are NR_121757 (LB-2001), and KJ847049 (543), and
AY604976 (FR64b). GenBank accession numbers for corresponding sequences of designated strains of other species are AY166715
for B. lonestari and, for the 4 species constituting the outgroup, AF210134 for B. coriaceae, GU350713 for B. crocidurae, NR_102958
for B. turicatae, and NR_102957 for B. hermsii. The tick species sources of the B. miyamotoi organisms are indicated. B) Unrooted
maximum-likelihood phylogram for 8 concatenated, codon-aligned MLST genes. The model of nucleotide substitution was HKY85 and
the empirically estimated y shape parameter was 0.01. Percentage support for clades was evaluated by 100 bootstrap replications by
using full-heuristic search, and values are indicated along branches. GenBank accession numbers for Sonom53 partial sequences of
clpA, clpX, nifS, pepX, pyrG, recG, rplB, and uvrA genes are KU23498-KU234405. The partial sequence of SMA107 pyrG is KU307254.
The corresponding sequences for FR64b, LB-2001, and CT14D4 were obtained from the complete chromosomes (GenBank accession
nos. CP004217, CP006647, and CP010308, respectively). The MLST sequences for strains EU-TO1 and HT31 were obtained from the
Borrelia MLST Database (http:/pubmist.org/borrelia/), where they have identification numbers of 1279 and 1275, respectively. Scale bar
indicates nucleotide substitutions per site.
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To the Editor: Plague is a life-threatening infec-
tious disease caused by the gram-negative bacterium
Yersinia pestis (1). Y. pestis primarily infects rodents but
can also cause outbreaks of plague in humans. The in-
fection is usually transmitted within murine populations
and then to humans by bites from infected fleas. The ori-
ental rat flea, Xenopsylla cheopis, is considered the most
efficient plague vector (1). Plague remains a major pub-
lic health threat, causing annual epidemics, especially
in Madagascar.

From November 2013 through January 2014, Mad-
agascar reported 427 suspected cases and 45 confirmed
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cases of plague (both bubonic and pneumonic) in 4 dis-
tricts. We report here on the flea species associated with
rodents and those collected from human dwellings in
the Mandritsara District where plague occurred (online
Technical Appendix Figure, http://wwwnc.cdc.gov/EID/
article/22/10/16-0318-Techappl.pdf). Four villages in the
district were investigated 1 month after the end of the hu-
man plague epidemic and after an insecticide-based vec-
tor control intervention had taken place. Fleas were col-
lected, either from rats or by using candle traps set inside
houses, and preserved in 70% ethanol (online Technical
Appendix Table). Rats were trapped alive inside houses
and in the cultivated lands.

During the survey, 180 rodents were trapped; they
belonged to species Rattus rattus (93.3%, n = 168), Mus
musculus (5.6%, n = 10), and Suncus murinus (1.1%, n =
2). A total of 50 fleas were collected from these rodents.
The fleas belonged to 4 species: Sinopsyllus fonquerniei
(n = 26), Xenopsylla brasiliensis (n = 14), X. cheopis (n
= 9), and Echidnophaga gallinacea (n = 1) (Table). The
first 3 are known to be Y. pestis vectors. Of fleas caught
in candle traps placed inside houses, ~98% were the hu-
man flea Pulex irritans, whose role in plague outbreaks is
unknown (2,3).

Although X. cheopis and S. fonquerniei fleas are
common Y. pestis vectors in Madagascar (1), the major
finding of this study was the discovery of X. brasiliensis
fleas, which may be involved in plague transmission in
Madagascar. Fleas were identified to the species under
binocular magnification by using systematic keys (4,5).
Each flea specimen was identified independently by 2
different technicians. The morphologic identification
of X. brasiliensis (Baker, 1904) was also confirmed by
Jean-Claude Beaucournu (6). Specimens of X. brasilien-
sis fleas identified in this study exhibit the morphologic
characteristics of the species, which distinguish it from
X. cheopis fleas, as follows: antepygidial bristle of male
is marginal, inserted on the long pedestal, process 1 of
the clasper with 8 or 9 bristles (which are stout, straight,
spiniform, and 1 angled) and the process 2 of the clasper
with the tip turned up (5). Compared with females of
other Xenopsylla spp., X. brasiliensis females have a
distinct spermathecal shape with a very swollen bulga,
which is larger than the base of the hilla (4). Moreover,
DNA of X. brasiliensis, P. irritans, and X. cheopis fleas
collected during this study was extracted and amplified
by using primers targeting the D3 segment of the 28S
ribosomal RNA-encoding gene (7) and sequenced. X.
brasiliensis sequences isolated showed 100% nucleo-
tide similarity with those from Mauritius (4) and were
different from X. cheopis and P. irritans sequences. All
sequences are available in GenBank (accession nos.
KU759935-KU759954).
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Table. Number of fleas collected from rodents and by candle traps per species and per study site, Madagascar, 2013-2014

Source Flea species Beranimbo Ambiamamy Sahakondro Antsiatsiaka*
Rattus rattus rat Synopsyllus fonquerniei 21 1 4 0
Xenopsylla cheopis 1 0 0 8
Xenopsylla brasiliensis 0 0 7 7
Echidnophaga gallinacea 0 1 0 0
Candle trap Tunga penetrans 2 0 3 1
Pulex irritans 0 0 0 138
Synopsyllus fonguerniei 0 0 0 1
*Control village where no plague cases and no insecticide treatment occurred.
Given the vital maritime exchange between Mada- References

gascar, the countries of East Africa, and the islands of
the Indian Ocean, the presence of X. brasiliensis fleas
in Madagascar was almost predictable. X. brasiliensis
fleas originated in sub-Saharan Africa and have spread
to other parts of the world, notably Brazil and India (8).
This species is among the most common flea species
found on rodents in southern and eastern Africa, where
it is considered a key Y. pestis vector, especially in ru-
ral environments (9). This species has been described on
the Comoros archipelago and Mauritius since the early
20th century (5) and, more recently, on Reunion Island
(10). However, to our knowledge, X. brasiliensis fleas
had not previously been found in Madagascar, although
>40 species of fleas have been identified in this country
since the 1930s. In this study, we found that X. brasil-
iensis fleas were parasitizing R. rattus rats caught inside
human dwellings. R. rattus rats are considered the main
plague reservoir in Madagascar (1).

This study’s key finding is the discovery of a third
vector species that may be involved in Y. pestis trans-
mission in Madagascar. Further genetic studies are
necessary to clarify when X. brasiliensis fleas arrived
in Madagascar and where they originated. Additional
studies are also needed to determine the distribution
of X. brasiliensis fleas on the island and their role in
plague transmission.
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To the Editor: Outbreaks of highly pathogenic avian
influenza (HPAI) A(H5N1) virus among poultry were first
reported in Africa in 2006, with initial reports from Nigeria
(1). The virus then spread to several countries (e.g., Egypt,
Cote d’Ivoire, Burkina Faso, Niger) in Africa, leading to
large economic losses (1,2). In 2007, Ghana reported the first
HPAI H5N1 cases among poultry in 3 regions: Greater Accra,
\olta, and Brong Ahafo (3,4). The outbreak was contained by
measures such as destruction of all birds on affected farms,
disinfection of affected farms, and restricted movement of
poultry and poultry products. Soon after containment, active
influenza surveillance was initiated among birds, domestic
poultry, and the human population throughout the country
(5). Until 2015, no influenza-positive samples among birds
had been detected in Ghana since the 2006—-2007 outbreak.
In January 2015, Nigeria resumed reporting HPAI H5N1-
positive samples among poultry (6). One month later, HPAI
H5NI1-positive samples among chickens were confirmed in
Burkina Faso (7). Then, in April 2015, chicken farmers in the
Greater Accra region in Ghana reported a large number of
deaths among domestic chicken flocks. Tracheal swabs col-
lected from dead chickens and tested at the laboratories of the
Veterinary Services Directorate in Accra, Ghana, confirmed
the presence of HPAI H5N1 virus infection. By June 2015,
the poultry populations in 5 of Ghana’s 10 regions were af-
fected, leading to the death or culling of 100,000 poultry
(7). Affected farms in Ghana (in the Greater Accra, \olta,
and Ashanti regions) included medium-scale commercial
farms with ~30,000 chickens (broilers and layers) ranging
from day-old chicks to layers >21 weeks of age; small-scale
commercial bird farms with 200-1,000 chickens; and free-
range local poultry of mixed species raised with low levels
of biosafety. The death rate for chickens during the period
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of sample collection (April 13-June 11, 2015) was 17.6%
(6,919 of 39,281 poultry died) (7). No direct links among
farms were evident at this time. However, further spread in
the Greater Accra region has been attributed to movement of
live poultry. Outbreaks have been documented in live bird
markets and backyard poultry, leading to a ban on move-
ment of live poultry, feed, and equipment from affected re-
gions. These counter-measures resulted in reduced incidence
among poultry. For a lower-middle—income country like
Ghana, such outbreaks are a major threat to food security
and human health. We describe the outbreak strain found in
Ghana during 2015 and its zoonotic potential.

We obtained and analyzed sequences for the major
viral genes involved in viral pathogenicity, such as the
hemagglutinin (HA), polymerase basic protein 2 (PB2), nu-
cleoprotein, and neuraminidase (NA) genes (online Techni-
cal Appendix, http://wwwnc.cdc.gov/EID/article/22/12/16-
0639-Techappl.pdf). Sequence analysis of HA revealed
that the 2015 Ghana outbreak strain possessed a multiba-
sic cleavage site (RERRRKR/GLF), which is common for
the HPAI H5N1 virus (8). Substitutions (D94N, S133A,
S155N, T156A [H5 numbering]) associated with increased
virus binding to human-type a2-6-linked sialic acids were
detected. Phylogenetic analysis confirmed that the Ghana
outbreak strain belonged to clade 2.3.2.1c (Figure, panel A),
as reported by the World Organisation for Animal Health in
May 2015 (7). The strain clustered with contemporary vi-
ruses from Europe, Asia, the Middle East, and other West
Africa countries (i.e., Burkina Faso, Cote d’lvoire, Niger,
and Nigeria). HA sequences of viruses isolated from 3 re-
gions (Greater Accra, Volta, Ashanti) in Ghana were highly
homologous, comparable to other Ghana viruses isolated
in 2015 deposited in the Global Initiative on Sharing Avian
Influenza Data (http://platform.gisaid.org) and GenBank
databases (Figure, panel A). In total, 9 aa substitutions were
detected in the Ghana strains as compared with the HPAI
H5N1 virus that caused the 2015 outbreak in Nigeria (on-
line Technical Appendix Table). Genetic analysis of PB2
showed that the Ghana viruses lacked the known human
adaptive signatures E627K or D701N, which enable in-
creased replication and virulence in the human host (9,10).
Phylogenetic analysis revealed that PB2 of this virus clus-
tered with HON2 viruses isolated in Asia during 2007-2013
(Figure, panel B). Nucleoprotein sequences of the Ghana
2015 outbreak strain show 99% homology with the Nigeria
2015 outbreak strain. NA mutations known to reduce sus-
ceptibility to oseltamivir in NA H254Y were not observed.

Our phylogenetic analysis suggests that the Ghana
HPAI H5N1 strains belong to clade 2.3.2.1c, as was re-
ported for the 2015 Nigeria outbreak. Because of the
high homology (>90%) between the Ghana and Nige-
ria strains, the HPAI H5N1 Ghana outbreak strain likely
originated in Nigeria (Figure, panel A). Migratory bird
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Figure. Phylogenetic analysis of highly pathogenic avian influenza A(HS5N1) viruses isolated from poultry in Ghana in 2015: A)
hemagglutinin; B) polymerase basic protein 2. Viruses sequenced for this study are underlined and reference viruses are in bold;
other sequences were downloaded from the Global Initiative on Sharing Avian Influenza Data (http://platform.gisaid.org) and GenBank
databases. Evolutionary analyses were conducted with MEGAG (http://www.megasoftware.net/). Bootstrap values >70% of 500
replicates are shown at the nodes. Scale bars indicate number of nucleotide substitutions per site.

movements and human activities have been implicated
in the virus’s introduction to the Africa continent. How-
ever, intercountry borders in West Africa are known to
be porous because of frequent trading activities, possi-
bly accounting for the spread of the virus in the subre-
gion of West Africa.

Because the HPAI H5N1 virus of clade 2.3.2.1c has
previously caused deaths in humans, the potential risk for
transmission from infected poultry to humans is a major
concern. Increased vigilance and rapid implementation of
countermeasures are required to mitigate further virus ad-
aptation and potential outbreaks among humans.
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To the Editor: Hepatitis E, caused by hepatitis E vi-
rus (HEV), is recognized as a zoonosis (1). HEV has been
identified in a wide range of animals, and swine is the pri-
mary reservoir (2). In cattle, HEV strains have been re-
cently described in yak (3), Holstein cows and their milk
(4), and dairy cows in Xinjiang Province, China (5), but
not in other cattle. Yellow cattle (Bos taurus), the predomi-
nant breed (=80%) in China (6), widely distributed over the
country, and commonly used for meat and milk production
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or as a draft animal, could act as a potential HEV reservoir.
The objective of this study was to determine whether HEV
strains are circulating among yellow cattle in Shandong
Province of eastern China.

During April-November 2011, a total of 842 blood
samples from yellow cattle of local breeds were collected
monthly as part of a severe fever with thrombocytopenia
syndrome virus study. These samples were obtained from
Laizhou and Penglai Counties (=100 km apart) of Yantai
Prefecture in Shandong Province.

Because the prevalent seasons for human HEV in this
region were winter and spring, 254 samples (Laizhou = 131;
Penglai = 123) collected only in April and November were
selected for detection of HEV. All 254 cattle appeared to be
healthy. Sixteen were <1 year of age, 108 were 1-3 years
of age, and 130 were >3 years of age. The cattle came from
20 villages (10 villages per county) and were raised by the
local peasants, who owned an average of 2 cattle (range
1-8). The animals were bred mainly to produce meat and
seldom to produce milk.

Additional serum samples from domestic sheep, dogs,
and chickens were also collected in this region simultane-
ously (online Technical Appendix Table 1, http://wwwnc.
cdc.gov/ElD/article/22/12/16-0641-Techappl.pdf). All
blood samples were centrifuged, and the separated serum
was stored at -70°C until use. The protocol for animal sam-
pling was approved by the Animal Care Committee of the
Chinese Center for Disease Control and Prevention.

We tested serum samples for total antibodies against
HEV by using a double-antigen sandwich ELISA kit
(Wantai Biological, Beijing, China) that uses a recombi-
nant peptide of HEV open reading frame 2 (aa 394-606)
from the virus as the antigen (7). Overall, the proportion
seropositive for antibodies against HEV in yellow cattle
was 47% (120/254; 95% CI 41%-54%), in line with the
28.2% positivity ratio previously reported in cattle from 26
provinces of China (8), suggesting that a high proportion
of yellow cattle were exposed to HEV in this region. The
proportions seropositive among sheep, dogs, and chickens
were 32% (70/222), 41% (80/194), and 8% (41/484), re-
spectively (online Technical Appendix Table 1).

We used nested reverse transcription PCR to amplify
644 nt within HEV open reading frame 2 region, as de-
scribed previously (9). We detected HEV RNA in 8 of 254
cattle samples; the overall proportion seropositive was 3%.
Positive yellow cattle included one <1 year of age, three
1-3 years of age, and four >3 years of age. The 8 sequences
obtained in this study (GenBank accession nos. KU904271,
KU904273, KU904274, KU904278-KU904282) were
subjected to phylogenetic analysis along with reference se-
quences for subtyping (10).

1These authors contributed equally to this article.
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Using MEGA 7.0 software (http://www.megasoftware.
net) with the maximum-likelihood algorithm and a boot-
strap of 1,000 replicates, we constructed a phylogenetic
tree (online Technical Appendix Figure). All 8 sequences
clustered within subtype 4d of HEV. The sequences were
similar to each other (95.5%-99.8% similarity in nucleotide
sequence) and similar to sequences reported for other cattle
(83.3%-85.3%); online Technical Appendix Figure). More-
over, these sequences shared 96.1%-96.6% similarity with
a human HEV strain (GenBank accession no. KC163335)
from the Yantai Prefecture in 2012 and 95.7%-97.9%
similarity with a swine strain (GenBank accession no.
KF176351) isolated in Shandong Province the same year.

Our data strongly indicate that HEV infection occurs
in yellow cattle and that they could also play a role as a
reservoir of HEV. Because these animals serve mainly as
a source of food, consumption of undercooked meat from
yellow cattle, similar to pork, might also contribute to the
transmission of HEV to humans. Additionally, we also de-
tected HEV RNA in 8 of 70 sheep (online Technical Ap-
pendix Table 2). Eight sequences from yellow cattle had
95.1%-99.8% nt homology with 8 sheep-derived HEV
strains, possibly because mixed raising of domestic live-
stock is popular in this region. Our finding of high sequence
similarity between yellow cattle, sheep, swine, and human
populations suggests a complicated interspecies transmis-
sion of HEV occurred in this province. Further studies are
required to evaluate the contribution of the yellow cattle
reservoir to human HEV infection.
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To the Editor: Schistosomiasis, a disease caused by
infection with parasitic worms (schistosomes), is a ne-
glected tropical disease across many parts of the world.
Numbers of infected livestock are unknown, but >250
million persons are infected; the greatest number of cases
are in sub-Saharan Africa (1). Schistosome eggs are ex-
creted through urine or feces, depending on the species,
and hatch into miracidia upon contact with freshwater.
Larvae are transmitted to the mammalian host indirectly
through a molluscan intermediate host. Goals to eliminate
schistosomiasis by 2020 in select countries in Africa have
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been proposed by the World Health Organization (http://
www.who.int/neglected_diseases/NTD_RoadMap_ 2012
Fullversion.pdf) and a coalition of partners combating ne-
glected tropical diseases (2).

Selective pressures imposed by natural phenomena
and human activities affect the dynamics and distribution
of schistosomiasis. For example, ongoing changes in ag-
ricultural practices in some regions are creating new water
bodies shared by humans and domestic livestock. These
anthropogenic changes increase opportunities for mix-
ing of and subsequent exposure to different Schistosoma
species, especially those that infect humans and livestock.
Such mixing could increase the potential for novel zoonotic
hybrid parasites to emerge and become established (3,4).

Since the 1940s, researchers have suspected that natu-
ral hybridization within and between human and animal
schistosome species occurs in definitive and intermediate
hosts. In western Africa, hybrids, predominantly between
S. haematobium (human schistosome) and S. bovis or S. cu-
rassoni (livestock schistosomes), have been isolated from
children and snails (5,6). Hybrids between these livestock-
only Schistosoma species have also been reported in cattle
and sheep but not in other hosts (7). As demonstrated in the
field and under experimental laboratory conditions, neither
S. bovis nor S. curassoni, as single species, can fully de-
velop in humans or nonhuman primates (8,9).

We report evidence of a child in Niger who was infected
by livestock-specific schistosomes through the hybridiza-
tion and introgression of S. bovis with S. curassoni. Sam-
ples were collected from a 10-year-old girl in Kokourou,
Tillaberi region, Niger (14°20'61.50"N, 0°91'94.0"E), as
part of longitudinal monitoring and evaluation of national
disease control interventions in the area. Tillaberi has an
ongoing high prevalence and infection intensity of schis-
tosomiasis, despite more than a decade of high-coverage
mass treatment with praziquantel.

Schistosoma eggs were recovered from the child’s
urine. Miracidia that hatched from the eggs were stored on a
Whatman FTA card (Sigma-Aldrich, St. Louis, MO, USA),
providing the opportunity to perform noninvasive molecular
characterization on schistosome larvae without any necessi-
ty for laboratory passage. Multilocus analyses of mitochon-
drial and nuclear DNA regions (6) on all 42 larvae collected
from the child identified 2 individual miracidia with a live-
stock S. bovis x S. curassoni hybrid profile with no genetic
signal from human-specific S. haematobium. Although no
species-specific markers exist for determining parental lin-
eages, internal transcribed spacer (ITS), a powerful marker
for detecting introgression, has been used successfully to
detect hybridization events across the Schistosoma genus. A
partial mitochondrial cox1 sequence for miracidia was iden-
tical to that for S. bovis, and the nuclear ITS and partial 18S
rDNA sequences were identified as S. curassoni.
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One miracidium from the child had a pure S. haema-
tobium profile, 13 had S. bovis (cox1) x S. haematobium
(ITS) profiles, and 5 had S. bovis (cox1) x S. haematobium
x S. curassoni (ITS) profiles, suggesting the potential for
repeated interactions and cross-pairings among these 3 spe-
cies. No S. curassoni mitochondrial DNA was found in mi-
racidia. The molecular data suggest that these hybrids were
not first generation, but a result of parental and/or hybrid
backcrosses. The data confirm the occurrence of bidirec-
tional introgression between Schistosoma species that in-
fect livestock and those that infect humans in Niger. Our
data also show that hybrid livestock:livestock schistosomes
can directly infect humans without combining with a Schis-
tosoma species that infects humans.

Hybridization of parasites is an emerging public health
concern at the interface of infectious disease biology and
evolution (3). Our results raise several critical questions
regarding the evolution, epidemiology, health effects, and
ultimate control of schistosomiasis. Hybrid schistosomes,
and, in particular, hybridized livestock:livestock schisto-
somes infecting humans, could potentially extend interme-
diate and definitive host ranges; confer altered infectivity,
virulence, and drug efficacy; or even potentially replace
existing single species (3,4). Hybrid vigor has been ob-
served experimentally for schistosomes, and similar evi-
dence is gathering from experiments with other parasites.
Our results strongly indicate that hybrid livestock:livestock
schistosomes can infect a human definitive host, even when
neither of its single parental livestock species appears com-
patible. Such novel livestock schistosome hybrids infecting
humans could be predicted to spread to wherever suitable
intermediate snail hosts are endemic, as has recently been
reported for zoonotic Schistosoma hybrids in Corsica (10).

It is imperative to identify and understand the trans-
mission dynamics of introgressed Schistosoma species
combinations. The detection of multiple introgressed hy-
brids with mixed ancestry in a single child suggests that
Schistosoma species may be adapting to recent anthropo-
genic changes. If novel zoonotic hybrid species are playing
a role in maintaining and exacerbating schistosome trans-
mission, illness caused by infection, or both, treatments for
humans and livestock may have to be adjusted accordingly
within a One Health framework (4).
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To the Editor: The Chernobyl Exclusion Zone (CEZ)
surrounds the center of the 1986 Chernobyl nuclear power
plant disaster. Preliminary study shows predominance of Der-
macentor reticulatus ticks in the CEZ; ticks of other species,
such as Ixodes ricinus, are surprisingly rare, even in habitats
where they should be relatively common (1). A few reports
document presence of Ix. trianguliceps ticks (2,3). Preva-
lence of pathogens (Anaplasma phagocytophilum, Borrelia
burgdorferi s.l., Babesia spp.) in these ticks is higher in the
CEZ than in other regions (3,4). One pathogen transmitted by
Dermacentor spp. ticks is Rickettsia raoultii, which has been
isolated from species of Dermacentor ticks found in Asia (5,6)
and since 1999 has also been detected in Europe.

In our study, D. reticulatus ticks were collected by use
of the flagging method (1) in the CEZ in September 2010.
Ticks were collected from areas where they were known to
occur, around the former villages of Korohod (51°16'02"'N;
30°01'04"E) and Cherevach (51°12'44"N; 30°07'45"E)
and around Chernobyl city (51°17'04"'N; 30°13'25"E). The
habitats investigated included open areas and the remnants
of farmlands. A total of 201 D. reticulatus ticks, 87 males
and 114 females, were collected and investigated (Table).

DNA was extracted by use of the ammonium hydroxide
method (7). Isolated DNA was examined for the presence of
the Rickettsia sp. citrate synthase gene (gltA) by use of PCR
with RpCS.409d and RpCS.1258n primers (8). Positive am-
plicons were sequenced, and sequences were edited by using
AutoAssembler software (Applied Biosystems, Foster City,
CA, USA) and compared with GenBank entries by using
blastn version 2.2.13 (http://www.nchi.nlm.nih.gov/blast/
download.shtml). All obtained sequences were submitted to
GenBank (accession nos. KX056493 and KX056494).
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Table. Prevalence of Rickettsia raoultii infection among Dermacentor reticulatus ticks, Chernobyl Exclusion Zone, Ukraine, 2010

No. ticks infected/no. ticks examined (prevalence, %)

Area of tick collection Male

Female Total

Korohod 40/48 (83.33)
Cherevach 21/28 (75.00)
Chernobyl 9/11 (81.82)
All 3 areas 70/87 (80.46)

40/60 (66.66)
32/46 (69.56)
4/8 (50.00)
76/114 (66.66)

80/108 (74.07)
53/74 (71.62)
13/19 (68.42)

146/201 (72.64)

Infection with Rickettsia spp. was detected in 72.64%
of ticks (Table). A higher proportion of males (80.46%)
than females (66.66%) were infected. Sequence analysis
showed 100% identity with R. raoultii isolated from D.
marginatus ticks from China (GenBank accession nos.
KU171018.1 and KT261764.1) and D. reticulatus ticks
from Poland (KT277489) and Hungary (LC060714.1). In
the CEZ, the predominant tick species is D. reticulatus; no
D. marginatus ticks have been found in the CEZ (1). Thus,
in this area, the R. raoultii vector is D. reticulatus ticks.

The prevalence of R. raoultii infection among D. re-
ticulatus ticks (68.42%—74.07%) is significantly higher
in the CEZ than in other regions. A previous study found
prevalence of A. phagocytophilum infection in the CEZ to
be high, mainly associated with Ixodes ticks (9) and rarely
associated with D. reticulatus ticks. The prevalence of Ba-
besia canis infection, also vectored by this tick, was within
the usual range (4). The reason for prevalence of at least 2
vectored pathogens being higher in D. reticulatus ticks in
the CEZ than in other region is not known and needs more
study. The prevalence of these pathogens among mammals
that inhabit the CEZ is also not known; the influence of ra-
diation on pathogen level has not been studied. The nucleo-
tide sequences of R. raoultii detected in ticks in the CEZ
are identical to sequences originating from other regions
and deposited in GenBank; the sequences of A. phagocy-
tophilum and B. canis from the CEZ were also similar to
those described elsewhere (4). If the reason for the higher
R. raoultii infection prevalence is radiation, then radiation
also influences the ticks—some morphologic abnormalities
have been noted on D. reticulatus ticks collected from the
CEZ (10).

This study confirms presence of R. raoultii in D. re-
ticulatus ticks in the CEZ. The structure of zoonotic foci in
the CEZ seems to differ from that in other regions. Con-
firmation of this hypothesis needs follow-up study of tick-
borne pathogens in wild mammals that might serve as a
source of infection for ticks in the CEZ.
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To the Editor: Eastern equine encephalitis virus
(EEEV) is an arbovirus (family Togaviridae, genus Alpha-
virus) transmitted to humans primarily from Aedes, Coquil-
lettidia, and Culex mosquitoes. EEEV is maintained in a
transmission cycle between Culiseta melanura mosquitoes
and birds in freshwater hardwood swamps (1). Affected hu-
mans and horses are considered to be dead-end hosts; that
is, they usually do not develop sufficient levels of viremia
to infect mosquitoes. Although human EEEV disease is
rare, it has a case-fatality rate of >30% and >50% of survi-
vors may have permanent neurologic sequelae (2-5). Cases
occur sporadically each year, primarily along the eastern
and Gulf coasts of North America, but no cases have been
previously reported in Arkansas (1). We report a locally ac-
quired case of human EEEV disease in Arkansas.

In October 2013, a male teenager from southwestern
Arkansas sought care at a local hospital after 3 days of
headache and 3 new-onset focal seizures. He had a history
of recent multiple mosquito bites and no history of recent
travel. Initial laboratory studies on postsymptom onset day
(PSOD) 3 showed normal peripheral leukocyte count, elec-
trolytes, and liver function tests. Cerebrospinal fluid (CSF)
exam showed 5 leukocytes/mm? (reference 0-5), 7 erythro-
cytes/mm?3 (reference 0), 55 mg/dL glucose (reference 45—
80), and 36 mg/dL protein (reference 15-40). Noncontrast
computed tomography (CT) of the head was normal. He
was transferred to a regional academic pediatric hospital
on PSOD 3.

On PSOD 4, the patient became increasingly lethargic,
febrile (39.2°C), tachycardic, and hypotensive. He received
intravenous fluids and broad-spectrum antimicrobial drugs
(e.g., vancomycin, ceftriaxone, acyclovir, and doxycy-
cline). Magnetic resonance imaging of the brain on PSOD
4 revealed left frontal lobe edema and multiple T2 signal
abnormalities in the basal ganglia and midbrain. Repeat

2216

CSF examination on PSOD 4 showed 1,170 leukocytes/
mm? (74% neutrophils), 137 erythrocytes/mm?, 204 mg/dL
protein, 66 mg/dL glucose, and a negative Gram stain. CSF
bacterial cultures, CSF herpes simplex virus PCR, and CSF
enterovirus reverse transcription PCR tests were negative.

Repeat CT scan of the brain on PSOD 6 showed frontal
and temporal lobe edema. Physicians initiated measures to
monitor and control elevated intracranial pressure, includ-
ing placement of an external ventricular drain, hyperosmo-
lar therapy with mannitol and 3% sodium chloride, cooling
to 34°C, chemical paralysis, and a pentobarbital-induced
coma. Pressors were subsequently added to maintain ce-
rebral perfusion pressures >60 mm Hg (i.e., minimum for
adequate brain perfusion). Despite these measures, elevat-
ed intracranial pressure (from low 20s mm Hg to mid-30s
mm Hg) continued for 2 weeks. On PSOD 19, the patient’s
intracranial pressure increased to 71 mm Hg. A repeat CT
scan of the brain showed widespread cerebral edema, uncal
herniation, intraparenchymal hemorrhages, and obstruc-
tive hydrocephalus. Given clinical worsening, the family
elected to withdraw care and the patient died.

Serologic testing from PSOD day 4 for immunoglobu-
lin (Ig) M and G antibodies against St. Louis encephalitis,
West Nile, and California serogroup viruses was negative.
A commercial EEEV IgM antibody immunofluorescence
assay (IFA) performed on CSF collected on PSOD 4 was
positive (titer 8). Confirmatory testing was performed at
the Centers for Disease Control and Prevention’s Arboviral
Diseases Branch (Fort Collins, CO, USA). Serum collect-
ed on PSOD 12 tested positive for EEEV IgM antibodies
by microsphere immunoassay and for EEEV neutralizing
antibodies by plaque reduction neutralization testing (titer
>20,480) (6). Additional CSF collected on PSOD 12 also
tested positive for EEEV IgM antibodies by microsphere
immunoassay and for EEEV neutralizing antibodies by
plaque reduction neutralization testing (titer 32).

Although human EEEV disease cases had been re-
ported in neighboring Louisiana, Mississippi, and Texas,
no cases had previously been reported in Arkansas (1).
However, EEEV was identified in horses in Arkansas be-
fore 2013 and in the patient’s county of residence in 2013,
indicating that the virus was already present in the area
(7). Several freshwater swamps, which are known to be
important ecologic environments in the EEEV transmis-
sion cycle, were within a 6-mile radius of the patient’s
residence (8). This case shows that human EEEV disease
can occur in areas where EEEV is circulating in the envi-
ronment, highlighting the need for continued surveillance
for EEEV and other arboviruses. Furthermore, the lack of
a specific antiviral therapy for EEEV disease indicates the
importance of mosquito-bite prevention strategies (e.g.,
using insect repellent and wearing long-sleeved shirts and
pants outdoors).
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For those who develop EEEV disease, supportive care
is currently the only treatment option. Elevated intracranial
pressure should be watched for, monitored, and aggres-
sively managed. Hyperosmolar therapy, external ventricu-
lar drain placement, cooling, sedation, and paralysis have
been used in the management of elevated intracranial pres-
sure for other conditions and have been used with varying
degrees of success in treating EEEV disease (9,10). Fur-
ther research regarding the management of EEEV disease
is needed.
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To the Editor: Surveillance data indicate that tick-
borne diseases are substantial and increasing global public
health problems (1). Various pathogens, including viruses,
bacteria, protozoa, and helminthes, are transmitted from
ticks to vertebrates (2). Tick-borne relapsing fever (TBRF)
is a zoonosis that is enzootic in many countries (3). This
illness is caused by >10 Borrelia species and is transmit-
ted to humans through the bite of soft ticks of the genus
Ornithodoros (3).

Currently, TBRF is endemic in various foci around
the world. However, few TBRF cases are reported in the
United States, and in most western European countries,
such as Spain, TBRF occurs sporadically, usually after
opportunistic infections in persons exposed to ticks (3,4).
Many authors consider TBRF to be underrecognized and
underreported (5). Although molecular tools such as PCR
can dramatically improve diagnosis of this illness, methods
used to diagnose TBRF have changed little since the dis-
covery of the spirochete.

To evaluate the prevalence and clinical features of
TBRF in a rural area of southern Spain, we retrospective-
ly reviewed clinical data for all patients >14 years of age
who sought care for TBRF during January 2004—-December
2015 at Hospital de la Merced, a county hospital in Seville,
Spain. We defined a case of TBRF as detection of spiro-
chetes on thin- or thick-blood smears or in cerebrospinal
fluid (CSF) samples by using conventional microscopy af-
ter Giemsa or Wright staining (Figure).

Of 75 patients, 42 (56%) were male and 33 (44%) were
female. Mean age was 33 (range 14-72) years. Nine (12%)

These authors contributed equally to this article.
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Figure. Spirochetes on a thick peripheral blood smear from a
patient with tick-borne relapsing fever, southern Spain, 2004—2015.
Original magnification x1,000.

patients reported tick bites. The most common symptoms
were fever (64 [85.3%] patients), headache (41 [54.6%]),
vomiting (26 [34.6%]), muscle ache (22 [29.3%]), and ab-
dominal pain (21 [28%]). At the time of the hospital visit,
9 (12%) patients had signs and symptoms suggesting men-
ingeal involvement; 3 (4%) others had clear meningeal
signs. These 12 patients underwent lumbar puncture, and
CSF abnormalities were found in the 3 (4%) patients with
meningismus. Spirochetes were found in the CSF sample
of 1 patient. Of the total 75 patients, this patient was the
only 1 with spirochetes, and no patient had facial palsy or
other neurologic manifestation. The main laboratory find-
ings were elevated C-reactive protein, found in 74 (98.6%)
patients; thrombocytopenia, found in 67 (89.3%); and ane-
mia, found in 37 (49.3%).

Preferred treatment was oral doxycycline, which was
used for a mean duration of 10 (range 7.3-14) days in 55
patients (73.3%). Among 3 TBRF patients with neurolog-
ic involvement, 1 was treated with penicillin G (3 million
units/4 h), and 2 were treated with ceftriaxone (2 g/d for
4 d). Jarisch-Herxheimer reaction occurred in 7 (9.3%)
patients, none of whom had meningitis. All patients re-
covered completely.

Currently, TBRF is widely distributed in various foci
around the world. In much of sub-Saharan Africa, TBRF is
associated with a high number of illnesses and deaths. Indeed,
it is reportedly the most common bacterial infection from
Senegal and is listed among the 10 leading causes of death
in children <5 years of age in Tanzania (6). Elsewhere in the
world, this infection is regarded as rare. Although TBRF bor-
reliosis occurs infrequently in developed countries, our study
highlights TBRF endemicity in an area of southern Spain.

Reports on TBRF in Spain are scarce. The only pre-
vious study involving numerous cases of TBRF in Spain
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(7) described 230 cases and was published in the early
20th century. That research showed that, although dis-
ease caused by B. hispanica is less severe than that of
other TBRFs, ~5% of patients had neurologic complica-
tions. In our study, 3 (4%) patients had meningitis caused
by TBRF borreliosis, a finding that accords with the
previous report.

A recent study conducted among children in southern
Spain (8) identified 9 cases of TBRF during a 10-year pe-
riod. Two children, 3 and 5 years of age, had meningeal
involvement but no other neurologic complication. Similar
to observations in our study, Jarisch-Herxheimer reaction
was infrequent, occurring in only 1 of the 9 children.

Neurologic complications are well known features of
infection with 2 spirochetes, B. burgdorferi and Treponema
pallidum (9). Nevertheless, little is published and known
about the predilection of TBRF borreliosis to infect the ner-
vous system. One of the few studies reviewing neurologic
involvement of TBRF borreliosis reported that B. turica-
tae and B. duttonii, the agents of TBRF in southwestern
North America and sub-Saharan Africa, respectively, cause
neurologic involvement as often as B. burgdorferi causes
Lyme disease (10).

Our study confirms that TBRF is an endemic, underre-
ported disease in many countries and is common in south-
ern Spain. Although the disease caused by B. hispanica
is among the less severe illnesses caused by the relapsing
fever group, serious neurologic complications can occur.
With increasing globalization, physicians will likely see in-
creased numbers of travel-related infections and will face
imported and emerging TBRF cases.
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To the Editor: Hepatitis E virus (HEV) is a member
of the family Hepeviridae, genus Orthohepevirus, which
comprises 4 species, Orthohepevirus A-D. Orthohepevirus
A contains 7 genotypes (HEV1-7) (1,2). HEV1 and HEV?2
infect humans only; HEV3, HEV4, and HEV7 can infect
humans and other mammals; and HEV5 and HEV6 have
been detected in animals only.

Worldwide, HEV is the most common cause of acute
viral hepatitis in humans. The disease is generally self-
limiting, but high death rates have been observed among
HEV-infected pregnant women. Chronic HEV infection is
a problem in immunocompromised patients, such as solid
organ transplant recipients (3). Human HEV3 and HEV4
infections have been associated with consumption of un-
dercooked pork or game meat (4).

In 2014, we described the discovery of a novel geno-
type of HEV in dromedaries (Camelus dromedarius or
1-humped camels), suggesting another possible source of
human HEV infection (5). This dromedary HEV was sub-
sequently classified as a novel Orthohepevirus A genotype,
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HEV7 (1,2). Recently, this HEV7 genotype was also iso-
lated from a liver transplant recipient from the Middle East
with chronic HEV infection (6). The patient regularly con-
sumed dromedary camel meat and milk, implying camel-
to-human transmission of the virus (6).

Like the dromedary, the Bactrian camel (Camelus bac-
trianus or 2-humped camels) is an Old World camelid spe-
cies. Thus, we hypothesize that Bactrian camels may also
be reservoirs of HEV. To test this hypothesis and increase
our understanding of the epidemiology of HEV in camels,
we performed a molecular epidemiology study using feces
samples from camels in China.

During November 2012—May 2013, we collected and
tested 1 feces sample each from 205 Bactrian camels on
a farm in Xinjiang, China. We performed RNA extraction
and reverse transcription PCR (RT-PCR) as previously
described (7). We screened for HEV by PCR amplifica-
tion of a 251-bp fragment of open-reading frame (ORF)
2, using primers 5-GTTGTCTCAGCCAATGGCGA-3’
and 5-GTAGTTTGGTCATACTCAGCAGC-3'. PCR
was performed, using previously described conditions (7),
with the annealing temperature set at 50°C. DNA sequenc-
ing and quantitative real-time RT-PCR were performed as
previously described (7). Three samples were positive for
HEV; we performed complete genome sequencing of these
samples as described (online Technical Appendix, http:/
wwwnc.cdc.gov/ElD/article/22/12/16-0979-Techappl.pdf)
(5,7). We also performed comparative genomic analysis as
previously described (1,2,8). We constructed a phylogenet-
ic tree using the maximume-likelihood method and MEGA7
(9); bootstrap values were calculated from 1,000 trees. The
optimal substitution model for each ORF was selected by
MEGAT7 (Figure).

RT-PCR for a 251-bp fragment in ORF2 of HEV was
positive for 3 (1.5%) of the 205 fecal samples; virus loads
were 1.6 x 103, 2.1 x 10% and 1.8 x 10* copies/mg, re-
spectively. Whole-genome sequencing of the 3 Bactrian
camel HEV (BcHEV) strains (GenBank accession nos.
KX387865-7) showed genome sizes of 7,212-7,223 bp
and a G + C content of 52.7%-53.1%. Overall, nucleo-
tides in the BcHEV genome differed by >20% compared
with those in all other HEVs. Genomes of the 3 BcCHEV
isolates contained 3 major ORFs; genome organization
was typical of and characteristics were similar to those
of HEVs from other Orthohepevirus A species. Phyloge-
netic trees constructed using ORF1, ORF2, ORF3, and
concatenated ORF1/ORF2, excluding the hypervariable
region, showed that these 3 BCHEV isolates clustered
with the 2 dromedary camel HEV7 strains and the HEV7
strain from the liver-transplant recipient with chronic
hepatitis (Figure; online Technical Appendix Figure 1)

These authors contributed equally to this article.
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Figure. Phylogenetic analyses
of the proteins of concatenated
ORF1/ORF2, excluding the
hypervariable region, of Bactrian
camel hepatitis E virus (HEV)
and other HEV genotypes
(HEV1-HEV7) within the
species Orthohepevirus A (family
Hepeviridae). The tree was
constructed using the maximum-
likelihood method using

the Jones—Taylor—Thornton
substitution model with invariant
sites and gamma distributed rate
variation. The analysis included
2,282 amino acid positions (aa
residues 1-706 and 789-2409,
numbered with reference to
GenBank sequence M73218).
Bold indicates the 3 strains of
BcHEV with complete genomes
sequenced in this study.
GenBank accession numbers
are shown in parentheses. Scale
bar indicates the estimated
number of substitutions per 20
aa. ORF, open-reading frame.

(5,6). However, amino acid distances based on the con-
catenated ORF1/ORF2, excluding the hypervariable re-
gion of the 3 BcHEV isolates and the existing genotypes,
ranged from 0.095 to 0.148, which was greater than the
threshold (p-distance = 0.088) to demarcate intergeno-
type distance (1,2). Using this criterion, we propose that
the 3 BcHEV isolates should constitute a new HEV gen-
otype, HEVS.

A recent study in Dubai, United Arab Emirates,
showed that HEV accounted for 40% of acute hepatitis
cases (10). Even though HEV is an emerging pathogen
in the Middle East, limited sequence data exist regarding
the virus on the Arabian Peninsula. Recently, we discov-
ered the HEV7 genotype in 1.5% of 203 feces samples
from dromedaries in Dubai (5). In the current study, we
detected a new HEV genotype in 1.5% of 205 Bactrian
camels on a farm in Xinjiang. Comparative genomic and
phylogenetic analyses showed that BcHEV represents
a previously unrecognized HEV genotype. It has been
shown that HEV7 from dromedaries can be transmitted
to humans; thus, meat and milk from Bactrian camels
might pose a similar risk to humans. The increasing
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discoveries of camel viruses and of their transmission
to humans highlight the need for caution when handling
these mammals and processing food products derived
from them.
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To the Editor: Previous studies have reported avian in-
fluenza virus (AIV)—positive serum samples obtained from
Adélie (Pygoscelis adeliae), chinstrap (Pygoscelis antarct-
icus), and gentoo (Pygoscelis papua) penguins (1-4). Only
recently was an H11N2 subtype virus isolated from Adélie
penguins in Antarctica (5). We performed AlV surveillance
in the Antarctic Peninsula to identify the strains currently
circulating in different penguins species in this area.

During 2015-2016, we sampled penguin colonies
from 9 locations on the Antarctic Peninsula. We collected
138 blood samples from Adélie penguins at Ardley Island
(62°13'S, 58°56'W), Arctowski Base (62°9'S, 58°28'W),
and Bernardo O’Higgins Base (63°19’'S, 57°53'W) and
identified 5 serum samples positive for influenza. We also
collected 513 cloacal swabs from Adélie, chinstrap (online
Technical Appendix Figure 1, panel A; http://wwwnc.cdc.
gov/ElD/article/22/12/16-1076-Techappl.pdf), and gen-
too penguins from Mikkelsen Harbor (63°54'S, 60°47'W),
Dorian Bay and Port Lockroy (64°48'S, 63°30'W), Ple-
neau Island (65°06'S, 64°04'W), Brown Base (64°53'S,
62°52'W), Orne Harbor (64°37'S, 62°32'W), and Aitcho
Island (62°23'S, 59°46'W) during January—March of 2
consecutive seasons (2015 and 2016; online Technical
Appendix Figure 1, panel B; http://wwwnc.cdc.gov/EID/
article/22/12/16-1076-Techappl.pdf). Quantitative reverse
transcription PCR (RT-PCR) analysis of the matrix seg-
ment (6) identified 21 positive AIV samples from penguins
(8 chinstrap, 13 gentoo) on Aitcho Island, demonstrating
the presence of AIV in 2 additional penguin species in a
new location in Antarctica.

Using multisegment RT-PCR performed with influen-
za-specific universal primers, we amplified all 8 virus seg-
ments from a chinstrap penguin specimen, which yielded
cDNA products suitable for next-generation sequencing
with a HiSeq 2500 System (Illumina, San Diego, CA, USA).
This virus was subtyped as an H5N5 and named A/chin-
strap_penguin/Antarctica/B04/2015 (H5N5). Analysis of its
cleavage site confirmed this was a typical low pathogenicity
AIlV (LPAIV) containing cleavage motif PQRETRGLF (7).

To trace the origin of this H5N5 virus, we performed
phylogenetic analyses of its hemagglutinin and neuramini-
dase genes (Figure, panels A, B; online Technical Appendix
Figures 2, 3, http://wwwnc.cdc.gov/EID/article/22/12/16-
1076-Techappl.pdf). The hemagglutinin gene was placed
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Figure. Low pathogenicity avian influenza virus (AlV) (H5N5) found in Antarctic penguin. A) Phylogenetic analysis of the HA gene showing
its relationship to H5 low pathogenicity North American lineage viruses. B) Phylogenic analysis of the NA gene showing its relationship to
N5 viruses from Eurasia. Antarctic strains: red lines, stars; Eurasian strains: green lines, squares; North American strains: dark blue lines,
circles; South American strains: light blue lines, diamonds. Sequences were selected from public databases to cover a wide diversity of AlV
strains from different years and geographic locations and aligned with MUSCLE (http://www.drive5.com/muscle/). The maximum-likelihood
trees of 325 HA and 319 NA nucleotide sequences were constructed with MEGAGB (http://www.megasoftware.net) and IQ-TREE on the 1Q-
TREE web server (http://www.cibiv.at/software/igtree/) by using the maximum-likelihood method with 1,000 ultrafast bootstrap replicates.
Summarized trees are shown for the H5 and N5 clusters. Further details are provided in online Technical Appendix Figures 2, 3 (http://
wwwnc.cdc.gov/ElD/article/22/12/16-1076-Techapp1.pdf). The best-fit model of substitution was found by using the auto function on the
IQ-TREE web server and Akaike information criterion. Scale bars indicate nucleotide substitutions per site. AlV, avian influenza virus; HA,

hemagglutinin; NA, neuraminidase.

into a clade within the H5 American LPAIV lineage, clus-
tering with AlVs isolated from ducks in the United States
during 2007-2014 and blue-winged teals from Guatemala
in 2010 (online Technical Appendix Figure 2). This find-
ing suggests a possible introduction of this H5 AIV into
Antarctica via the Pacific or the Mississippi—~American fly-
ways, although we cannot rule out that this H5 strain is
endemic to other South America locations.

The timing of arrival of migratory birds that breed in
Antarctica (e.g., skua, shags, petrel, and gulls) overlaps
with that of the penguins as they return to colonies for
breeding and nesting during the summer in the Southern
Hemisphere. These birds share a habitat, enabling close
contact (5,8) and introducing the possibility of AlV spill-
over from flying birds to penguins. The chinstrap penguin
H5 strain also clustered near the H5 strain isolated in 2008
from a kelp gull (Larus dominicanus) in Chile (9), indi-
cating a potential route of transmission and introduction
of AIV into Antarctic penguins (Figure, panel A). Kelp
gull colonies are found in the Antarctic, the sub-Antarctic
territory, and along the coastline of Chile and Argentina.
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Hence, gulls and other intermediate vector hosts, such as
the south polar skua (Stercorarius maccormicki), might
represent natural reservoirs that play a role in the intro-
duction and maintenance of AlVs into Antarctica.

The chinstrap penguin neuraminidase segment clus-
tered within a Eurasian N5 clade that includes sequences
from 2001-2010 (Figure, panel B; online Technical Ap-
pendix Figure 3). The closest sequences were isolated from
wild ducks from South Korea in 2008 (GenBank accession
no. JX679163) and Vietnam in 2009 (GenBank acces-
sion no. AB593481). Eurasian N5s have sporadically been
found in ruddy turnstones (Arenaria interpres) and an un-
identified shore bird at Delaware Bay (GenBank accession
nos. CY144466.1, CY144458.1, and CY102738.1). This
finding suggests a plausible entryway of this gene into Ant-
arctica from South America through the Atlantic or Pacific-
American flyway, which are common routes used by shore
birds, such as the ruddy turnstone, white-rumped sandpiper
(Calidris fuscicollis), and red knot (Calidris canutus) (10).

As previously suggested for H11N2 viruses from
Antarctica, our data supports the idea that these AlVs are
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evolutionarily distinct from other AlVs (5). This H5N5
strain is a contemporary reassortant virus related to North
American and Eurasian strains.

The positive animals we identified originated from a
single location on the Antarctic Peninsula, which suggests re-
cent introduction of this AIV H5NS5 in the colonies sampled.
Antarctica is refuge for most penguin colonies, including the
near-threatened emperor penguins. Previous reports suggested
that AIV could have caused Adélie penguin chick death (3).
Four positive samples (including the sequenced virus) were
obtained from juvenile chinstrap penguins that were weak,
depressed, and possibly ill (i.e., they had ruffled feathers, leth-
argy, and impaired movement). Thus, additional studies are
warranted to assess the health and conservation status of resi-
dent bird species and potential pathologic effects of AlV.

These data provide novel insights on the ecology of
AIV in Antarctica. Our findings also highlight the need for
increased surveillance to understand virus diversity on this
continent and its potential contribution to the genetic con-
stellation of AIV in the Americas.
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To the Editor: Colistin is a last-line drug for treat-
ment of multidrug-resistant, gram-negative bacterial infec-
tions, including those caused by Escherichia coli. We re-
port colistin-resistant E. coli isolates from Japan, including
a global-spreading pathogenic lineage, serotype O25h:H4,
sequence type (ST) 131, and subclone H30-R (O25b:H4-
ST131-H30R).

We tested 514 E. coli isolates obtained from clinical
specimens taken at Sapporo Clinical Laboratory Inc. (Sap-
poro, Japan) and Sapporo Medical University Hospital in Ja-
pan during 2008-2009 (1) and 2015, respectively. Samples
were processed according to Clinical and Laboratory Stan-
dards Institute guidelines (2). Identification of O25b:H4-
ST131, O25b, H4, and ST131 were determined as described
previously (1). For identification of the H30Rx subclone
of 025h:H4-ST131, H30 was determined by PCR using a
specific primer set (3), R was determined according to cip-
rofloxacin MIC, and x was determined by detecting 2 single-
nucleotide polymorphisms, as previously described (4).

Four E. coli isolates exceeded the colistin resistance
breakpoint (>2 mg/mL) (Table). None of the patients from
whom the E. coli isolates were derived had a history of
colistin treatment. Three of the 4 colistin-resistant isolates
belonged to a pandemic lineage, O25b:H4-ST131-H30R,
which has been isolated from urinary tract and bloodstream
infections (3,4). The frequency of colistin-resistant ST131
E. coli isolates among O25h:H4-ST131 was 2.2%. This lin-
eage is fluoroquinolone resistant and is frequently resistant
to B-lactams because it possesses CTX-M—type extended-
spectrum B-lactamase genes (1,3,4).

The colistin-resistant isolates reported were resis-
tant to fluoroquinolones, and 1 (SME296) was resistant
to cephalosporins (due to expression of bla_., . .,). An-
other colistin-resistant E. coli isolate (SME222) belonged
to 018-ST416, which is also known as an extraintestinal
pathogenic E. coli (5), although this lineage has not previ-
ously been reported to exhibit colistin resistance.

The colistin-resistant E. coli isolates we identified
were sensitive to carbapenems and aminoglycosides, in-
cluding amikacin, whereas previously it was reported that
some E. coli ST131 isolates exhibited resistance to car-
bapenems by possessing carbapenemases, such as NDM-
1 and KPC-2; the NDM-1-possessing ST131 isolate also
exhibited resistance to amikacin (6,7). Thus, these find-
ings may affect future antimicrobial choices because of the
clonal dominance, multidrug resistance, and pathogenicity
of the isolates.

Recent studies reported a plasmid-mediated colistin
resistance gene, mcr-1, in various countries (8). In addi-
tion, a novel plasmid-mediated colistin resistance gene,
mcr-2 (76.7% nucleotide identity to mcr-1), was found
in E. coli isolates in Belgium (9). These genes encode a
phosphoethanolamine transferase family protein, which
modifies the lipid A component of lipopolysaccharide
(8,9). The colistin-resistant E. coli isolates we identified
did not possess mcr-1or mcr-2, although the MICs for co-
listin were the same as or higher than that of the transcon-
jugant of a mer-1-harboring plasmid in an E. coli ST131
isolate (4 mg/L) reported by Liu et al. (8). Thus, these co-
listin-resistant isolates may have other colistin resistance
mechanisms. For example, modification of lipid A with
4-amino-4-deoxy-L-arabinose or phosphoethanolamine,
caused by chromosomal mutations in mgrB, phoPQ, and
pmrAB genes, might occur and could be responsible for
the resistance. This polymyxin-resistance mechanism is
seen in Enterobacteriaceae; however, other novel mecha-
nisms are also conceivable.

In conclusion, we report colistin resistance in a ma-
jor global-spreading extraintestinal pathogenic E. coli
strain, O25b:H4-ST131-H30R, in Japan. This strain
acquired colistin resistance without carrying a plas-
mid bearing the mcr gene. Clarifying the colistin-resis-
tance mechanisms in these isolates is necessary if we
are to forestall the emergence of multidrug (including

Table. Characterization of colistin-resistant Escherichia coli isolates, Japan, 2008—2105*

Patient MIC, mg/Lt
Specimen  age,
Strain type y/sex Year Serotype ST PIP CAZ CPD FEP IPM GEN AMK CIP CST PMB
SRE34 Urine UNK/F 2008 O25b:H4 131- 128 1 1 0.06 012 05 2 32 16 (R), 8,
catheter H30Rx (R) (S) (S) (S) 5(S) (S) (S) (R) 1s(R)t 8%
SRE44 Urine UNK/M 2008 O25b:H4  131- 64 2 1 013 025 05 1 64 16 (R), 16,
catheter H30Rx (R) (S) () (S) (S8 (8 (8 (R 1s(R 8%
SME222  Indwelling 76/M 2015 018 416 2 05 05 <00 013 05 2 003 4(R), 8,
pericardial S) (8) (S) 3(8) (8) (5 (5 (5 4Rt 4%
drain
SME296 Urine 67/M 2015 0O25b:H4 131- >128 32 >128 16 0.13 0.5 2 64 4 (R), 1,
H3OR (R) (R) R) (R () () () (R 8R}M 4%

*All isolates were phylogentic group B2. AMK, amikacin; CAZ, ceftazidime; CIP, ciprofloxacin; CPD, cefpodoxime; FEP, cefepime; CST, colistin; GEN,
gentamicin; IPM, imipenem; PIP, piperacillin; PMB, polymyxin B; R, resistant; S, susceptible; ST, sequence type; UNK, unknown.

TEUCAST (http://www.eucast.org/) breakpoints were used for resistance determination because the colistin breakpoint for E. coli was undetermined by
the Clinical and Laboratory Standards Institute. MICs were determined by the agar dilution method unless otherwise stated. Breakpoints: PIP, >16; CAZ,

>16; CPD, >1; FEP, >4; IPM, >8; GEN, >4; AMK, >16; CIP, >1; CST, >2.
$Broth microdilution method.
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colistin)-resistant O25b:H4-ST131-H30R. The worst-
case scenario is the global spread of this isolate, which
has acquired resistance to the last-line antimicrobial
drug, colistin.
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To the Editor: Usutu virus (USUV) is a mosquito-
borne flavivirus amplified in an enzootic cycle involv-
ing passeriform and strigiform birds as reservoir hosts
and Culex mosquitos as vectors (1). Although originat-
ing from Africa, USUV has been introduced at least twice
into central and western Europe, leading to substantial
bird fatalities in central Europe (particularly in Austria,
Hungary, Italy, Germany, and Switzerland) since 1996
(2). Its zoonotic potential has been recently highlighted in
Italy in immunosuppressed patients who sought treatment
for encephalitis (3).

Even though every country bordering France, apart
from Luxembourg, has reported USUV in mosquitoes or
wild birds recently, USUV outbreaks had not been report-
ed in France, and only indirect evidence indicated circu-
lation of USUV-like viruses in Eurasian magpies (Pica
pica) in southeastern France (4). In 2015, the French
event-based surveillance network SAGIR (5) reported
increased fatalities of common blackbirds (Turdus mer-
ula) in 2 departments in eastern France, Haut-Rhin near
the German border and Rhéne (Figure). Five birds, 2 in
Haut-Rhin and 3 in Rhdne, were subjected to molecular
detection for flaviviruses. During necropsy, their brains,
hearts, livers, and kidneys (from 2 birds only) were
sampled for RNA extraction and virus isolation. Tissues
were homogenized in DMEM with ceramic beads (Qbio-
gen) and FastPrep ribolyzer (ThermoSavant). Total RNA
was extracted with RNeasy kit (Qiagen) and flavivirus
genomic RNA was amplified by conventional reverse
transcription PCR with all of the tissues from 2 birds in
Haut-Rhin that were found dead on August 5-10, 2015,
and from 1 bird sampled on September 23 in Rhéne (6).
USUYV was systematically identified in blackbird tissues
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Figure. Phylogeny of Usutu virus (USUV) Haut-Rhin strains (black circles) and Rhéne strain (black triangle), isolated in 2015 in
eastern France compared with reference strains. Inset map shows locations where isolates were obtained. The strains from France
are genetically distinct, with a homology of 95.7% at the nucleotide level and 98.8% (3,392-3 aa/3,434 aa) at the amino acid level. The
evolutionary history was inferred by using the neighbor-joining method. The optimal tree with the sum of branch length 0.60224968 is
shown. The percentage of replicate trees in which the associated taxa clustered together in the bootstrap test (1,000 replicates) are
shown at the nodes. Evolutionary analyses were conducted in MEGAG (http://www.megasoftware.net), and the evolutionary distances
were computed by using the Jukes-Cantor method. The resulting tree is drawn to scale, with branch lengths in the units of number of
base substitutions per site. The analysis involved 22 strains, including West Nile virus (WNV) as the root; GenBank accession nhumbers
are indicated. All positions containing gaps and missing data were not included; 10,684 positions were included in the final dataset. An
outline of the organism from which the virus was isolated (bat, bird, mosquito, or human) is placed next to the strain name. Scale bar

indicates substitutions per site.

by Sanger sequencing of the 1085-nt PCR fragment and
BLAST analysis (https://blast.ncbi.nlm.nih.gov). Three
USUV isolates were obtained after 2—3 passages in \Vero
cells, and whole-genome sequencing of every isolate
was performed as previously described (7). Postmortem
examination revealed hepatomegaly and splenomegaly
in a USUV-infected blackbird and marked emaciation
and kidney hemorrhages in another infected animal. A
subset of samples was submitted for histologic analy-
sis, but no microscopic lesions were found in any of the
3 USUV-positive blackbirds, suggesting that infection
was hyperacute.

2226

Phylogenetic analysis of the whole genome for the
3 USUV isolates demonstrated close genetic relatedness
between USUV isolates from Haut-Rhin, France, and
Germany (99.8% nucleotide identity with USUV-5684/
Germany/2011, GenBank accession no. KJ438716) and
between strains from Rhone, France, and Spain (99.2%
identity with USUV-MB11906/Spain/2006, GenBank ac-
cession no. KF573410). Results showed that French USUV
strains from Haut-Rhin and Rhone departments were clear-
ly distinct from each other (95.7% nucleotide identity) and
arose from >2 independent introduction events. In total,
41-42 nonsynonymous mutations were identified along
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the 3,434-aa long polyprotein, with capsid, nonstructural
protein 2A, and nonstructural protein 4B having the high-
est nonsynonymous substitution rates of 96.0% (121/126),
97.4% (221/227), and 97.8% (311/318), respectively.

Symptomatic USUV infections were discovered in
wild birds in France, indicating the emergence of USUV
in counties in eastern France. Unusual and grouped bird
fatalities observed in August and September 2015 in com-
mon blackbirds in Haut-Rhin and Rhéne did not seem to
alter blackbird population dynamics (data not shown).
The viral strain recovered in Haut-Rhin, which borders
Germany, is genetically similar to USUV strains isolated
in central Europe, in particular in southwestern Germany
in 2011. Such a finding further exemplifies the continu-
ing and gradual diffusion of the Vienna USUV strain
since 2001 (Austria in 2001, Hungary in 2005, Italy and
Switzerland in 2006, Germany and Czech Republic in
2011, and Belgium in 2012) (1). The USUV strain iso-
lated from the 1 blackbird in Rhéne shared the highest ge-
netic homology with USUV strains identified on 2 occa-
sions in Spain: once in 2006 in Catalonia from C. pipiens
mosquitoes and once in 2009 in Andalusia from C. perex-
iguus mosquitoes (8).

Our findings indicate that the USUV/Spain strain
can be pathogenic in birds. Symptomatic USUV infec-
tions in wild avifauna are difficult to quantify (because
of low reporting rates and quick removal of dead birds by
scavengers), and dynamic modeling of USUV in Austria
indicated that a low proportion (0.2%) of USUV-killed
birds had been effectively detected by USUV-specific
surveillance programs (9). Mutations between USUV-
Rhone2705/France/2015 and USUV-MB11906/Spain
could also account for differential virulence in birds.
These 2 strains differed by 14 nonsynonymous mutations
(online Technical Appendix Table, http://wwwnc.cdc.
gov/ElD/article/22/12/16-1272-Techappl.pdf). Although
little is known about molecular determinants of USUV
virulence, one can try to infer the importance of these mu-
tations from data gained from studies on a closely related
flavivirus, West Nile virus. In this respect, none of the 14
mutations observed have been found to be critical in fla-
vivirus virulence.

Concomitantly with USUV emergence in France,
another Culex-borne flavivirus, West Nile virus, has re-
emerged in southeastern France (10). Climatic and environ-
mental conditions during the summer of 2015 seem to have
promoted the spread of Culex-borne pathogens. However,
risk factors for flavivirus emergence in France in 2015 have
not been comprehensively analyzed.
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To the Editor: On April 9, 2016, a 32-year-old woman
from Italy traveled to Santo Domingo in the Dominican Re-
public. She worked as a volunteer nurse in the outpatient
clinic of a primary school of a nongovernmental organiza-
tion based in Italy. She returned to Italy on April 17. She
did not have sexual intercourse during her stay abroad.

Usutu [oo-so00'too] virus

curred in an Italian woman in 2009.

Sources

1. Ashraf U, Ye J, Ruan X, Wan S, Zhu B, Cao S. Usutu virus:
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2. 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.

etymologia

sutu virus, named for the Usutu River in Swaziland, is a mosquito-

borne flavivirus closely related to Japanese encephalitis virus, West
Nile virus, Murray Valley encephalitis virus, and St. Louis encephalitis
virus. Usutu virus was first isolated in 1959 from Culex neavei mosqui-
toes in South Africa. The first recognized infection in a human was in an
African man with fever and rash in 1959 but was not reported until 1981.

In 2001, Usutu virus emerged in Europe, when it was identified as
the etiologic agent of bird—mainly blackbird—mortality. Retrospective
analysis of archived tissue samples from wild bird deaths in the Tuscany
region of Italy in 1996, however, revealed an earlier introduction of the
virus to Europe. It was not thought to be associated with severe or fatal
disease in humans until a neuroinvasive infection was reported to have oc-

On April 26, she was referred to the travel clinic of the
National Institute for Infectious Diseases Lazzaro Spallan-
zani in Rome for a febrile syndrome with rash, generalized
headache, and weakness, which started on April 21. Ap-
proximately 24 hours later, she was admitted to the insti-
tute’s medical facility for a suspected neurologic involve-
ment. At admission, she had abnormal gait, strong asthenia,
and a disseminated pruritic rash on her face, abdomen,
chest, and arms, but she did not have a fever.

During physical examination, the patient was alert
and fully oriented. Temperature was 36.9°C, pulse rate
90 beats/min, blood pressure 100/60 mm Hg, and respi-
ratory rate 20 breaths/min. She had a diffuse erythema-
tous macular rash and bilateral nonpurulent conjunctival
hyperemia without meningeal signs. Findings of a neu-
rologic examination of the upper limbs were within ref-
erence ranges.. Muscular strength was reduced in both
legs (left > right), whereas tendon reflexes and all sen-
sory modalities were within reference ranges. Results of
a contrast-enhanced magnetic resonance imaging of the
brain and spinal cord (on day 7), nerve conduction studies

Immunohistochemical staining for Usutu
virus antigen in a Purkinje cell of the
cerebellum of a song thrush that died of
encephalitis. Original magnification x400.

3. Weissenbdck 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

4. Weissenbdck 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
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and electromyography (on day 8), and an electroen-
cephalogram (on day 16) were within reference ranges.
A lumbar puncture (on day 7) showed normal cell counts
(<10 cells/mL), a normal glycorrachia/glycemia ratio
(>0.5), and a slight increase in protein concentration
(0.48 g/L [reference range 0.32-0.80 g/L]) in cerebro-
spinal fluid. Complete neuropsychologic examinations
(on days 9 and 10) showed mild deficits in attention and
mental processing speed and mental flexibility and mod-
erate deficits in verbal and nonverbal memory tasks (on-
line Technical Appendix, http://wwwnc.cdc.gov/EID/
article/22/12/16-1280- Techappl.pdf).

Real-time reverse transcription PCR (rRT-PCR) re-
sults for dengue viruses 1-4 and chikungunya virus were
negative in serum and cerebrospinal fluid (CSF), whereas
Zika virus RNA was detected in serum (day 6), urine (up
to day 27), CSF (day 7), saliva (up to day 13), and vaginal
swab (up to day 13) (online Technical Appendix). Specific
dengue and chikungunya IgG and IgM were not detected
in serum and CSF. Zika virus IgM was detected in serum
starting on day 6. Zika virus—specific antibodies in serum
were confirmed by microneutralization assay (Table).

Starting on day 7, intravenous polyvalent immuno-
globulins were administered (0.4 g/kg/day for 5 days); no
adverse events were observed. A second neuropsychologic
examination was performed on day 16 and indicated persis-
tent impairment in memory performances and an improve-
ment in mental concentration and flexibility tasks (online
Technical Appendix).

LETTERS

A second lumbar puncture (on day 17) showed an in-
creased cell count (70 cells/mL, mostly lymphocytes), and
CSF was negative for Zika virus RNA by rRT-PCR. The
patient was discharged on day 20; she showed a progres-
sive neurologic recovery starting on day 16. At 60-days
follow-up visit, no neurologic deficits were reported.

During the 2013-2014 outbreak of Zika virus in
French Polynesia and in the context of the 2015-2016
Zika virus circulation (1), an apparent increase in Guil-
lain-Barré syndrome incidence was reported. Few anec-
dotal cases of encephalopathy in patients with Zika virus
infection have been recently described in affected coun-
tries: 1 case in a man on a 4-week cruise through an area
in the South Pacific that included New Caledonia, Vanu-
atu, the Solomon Islands, and New Zealand in 2015 (2);
and 2 cases in Martinique (3) in February 2016. Recently,
Zika virus has been detected in the genital tract of a virus-
infected woman after Zika virus had disappeared from
blood and urine (4), and a suspected case of Zika virus
by sexual transmission from a woman to a man has been
reported in New York City (5).

In our patient, Zika virus RNA was found in different
systems, including the central nervous system and the geni-
tal tract. Recently, a mouse model of Zika virus infection by
vaginal exposure demonstrated that Zika virus replicated
within the genital mucosa, persisted postinfection, and was
detected in the fetal brain of the mice (6). In our case, the
patient reported early neurologic symptoms and moderate
memory impairment in neuropsychologic examinations, all

Table. Virologic test results during Zika virus infection in a 32-year-old woman after she returned from the Dominican Repubilic to Italy,

April-June 2016*

1st sample, 2nd sample, 3rdsample, 4thsample, 5th sample, 6th sample,
Test/specimen type day 61 day 7t day 10t day 13t day 17t day 28t
Zika virus
rRT-PCR¥ serum Positive Negative Negative Negative Negative Negative
(32.9)
rRT-PCR# urine Positive Positive Positive Positive Positive Positive
(34.2) (31.8) (32.4) (29.8) (32.1) (32.2)
rRT-PCRf saliva ND Positive Positive Positive Negative Negative
(29.9) (33.5) (34.1)
rRT-PCR%f CSF ND Positive ND ND Negative ND
(37.0)
rRT-PCRZ cervical swab sample ND Positive Negative Positive Negative Negative
(31.1) (34.3)
IFA§ IgM titer <1:20 1:40 1:160 1:80 1:320 1:1,280
IFAS 1gG titer <1:20 <1:20 1:40 1:320 1:320 1:320
MNTY Ab titer ND ND 1:40 ND 1:160 >1:640
Dengue virus IFA§ IgM titer <1:20 <1:20 <1:20 <1:20 <1:20 <1:20
Dengue virus IFA§ IgG titer <1:20 <1:20 <1:20 <1:20 <1:20 <1:20
Chikungunya virus IFA§ IgM titer <1:20 <1:20 <1:20 <1:20 <1:20 <1:20
Chikungunya virus IFA§ IgG titer <1:20 <1:20 <1:20 <1:20 <1:20 <1:20

*Ab, antibody; CSF, cerebrospinal fluid; IFA, immunofluorescence assay; MNT, microneutralization test; ND, not done; rRT-PCR, real-time reverse

transcription PCR.
tDays from symptom onset.

$Zika virus—specific rRT-PCR (RealStar Zika Virus RT-PCR Kit 1.0; Altona Diagnostics GmbH; Hamburg, Germany). Numbers in parentheses indicate
cycle threshold values (online Technical Appendix, http://wwwnc.cdc.gov/EID/article/22/12/16-1280-Techapp1.pdf).
§lgG and IgM IFA (Arbovirus Mosaic 2; Euroimmun AG; Luebeck, Germany). Reference values (titer) serum: <1:20 = negative; >1:20 = positive (online

Technical Appendix).
TIMNT titers <1:20 were considered negative (online Technical Appendix).
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features consistent with the diagnosis of Zika virus-related
encephalitis, which represents a rare atypical presentation,
particularly in areas to which Zika virus infection is not
endemic. A recent article shows that Zika virus can infect
adult murine neural stem cells, leading to cell death and
reduced proliferation (7). It raises the possibility that Zika
is not simply a transient infection in adult humans and that
exposure in the adult brain could have an effect on long-
term memory or the risk for depression (7).

Our case highlights the potential for Zika virus neurot-
ropism and the need for early identification of Zika virus—
related neurologic symptoms. Moreover, the presence of
Zika virus in the genital tract supports the recommendation
of safe sex practice for women returning home from areas
with ongoing Zika virus transmission.

The study was funded by Ricerca Corrente of the Italian
Ministry of Health.
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Jenny Hammond, The Natural History of Influenza A Viruses (1990). Stained Glass, 21 in x 56 in / 53.3 cm x 142.2 cm.
Commissioned by Robert and Marjorie Webster, Memphis, TN, USA. Digital image courtesy of Robert Webster.

Illustrating the Natural History
of Influenza A Viruses through Art

Robert G. Webster

On a rainy and misty day in late 1989, my wife (Mar-
jorie) and | were walking the path along the remnants
of Hadrian’s Wall, a UNESCO world heritage site near the
border between England and Scotland. The Romans began
building this wall—which extends from the banks of the
river Tyne on the west coast to Solvay Firth on the east
coast of England—ostensibly to keep the “barbarian” Scots
from plundering their English territory.

Author affiliation: St. Jude Children’s Research Hospital, Memphis,
Tennessee, USA
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During lunch in a local pub, we discovered in a local
publication a picture of a wonderful stained glass win-
dow depicting a dragon. We arranged to visit the artist,
Jenny Hammond, at her nearby farm in Highgreenley-
cleugh, Northumberland, England, where we viewed her
stained glass works firsthand and commissioned her to
create a unique stained glass window that would detail
the natural history of influenza. After we returned to our
home in Memphis, Tennessee, we sent Hammond several
review articles and electron micrographs to provide her
some background on influenza A viruses. Hammond, in
turn, shared her ideas through penciled sketches and over
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the next year completed the version that appears on this
month’s EID journal cover.!

After its transport by air, Marjorie and | installed the
stained glass window into the premeasured window frame
near the front door of our home. Visiting students and col-
leagues from around the world invariably ask to photo-
graph the window. This stained glass window offers view-
ers a concise introduction to influenza in a One Health
system in which viruses emerge from wild bird reservoirs
and periodically cause pandemic diseases (such as influ-
enza) in humans.

Although the term “One Health” was recently coined,
it describes an ancient concept recognized by Hippocrates
in his text “On Airs, Waters, and Places.” Scientists have
noted the similarity in disease processes between animals
and humans since the 1800s. Rudolf Virchow, a 19th cen-
tury German pathologist and anthropologist, devised the
term “zoonosis” to indicate web of the infectious diseases
links between animals and humans, saying that “... between
animal and human medicine there are no dividing lines—
nor should there be.” In the 20th century, the One Health
concept coalesced and gained momentum in the public
health and animal health communities. The work of art

*A different perspective of this stained glass window has also
appeared on the cover of the book Microbial Threats to Health:
Emergence, Detection, and Response (2003), by the Committee
on Emerging Microbial Threats to Health in the 21st Century,
Board on Global Health, Institute of Medicine, National Academies
Press; another appears on the cover of a series of workshop
summaries also published by the Institute of Medicine, National
Academies Press.
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depicted on this month’s cover depicts that interrelation-
ship of human, animal, and environmental health.

The dark blue glass prominently positioned in the up-
per right signifies the global problem of influenza A viruses,
which are associated with yearly epidemics and intermit-
tent pandemics. The came strips, which provide structure
for the window, also depict the spread of virus, which has a
large reservoir and vast gene pool in wild migratory aquatic
birds—including ducks and gulls represented in the win-
dow as well as shorebirds, geese, and terns. The influenza
viruses can spread to pigs, considered the intermediate
host, and to humans. The red background depicts the high
fever in pigs and humans infected with the influenza virus.

Hammond also incorporated microscopic details es-
sential to natural history of influenza A. Her depiction of
the influenza virus particles show the spiky surface made
up of the hemagglutinin that attaches the virus to the respi-
ratory tract of the host and the neuraminidase that releases
the virus from infected cells so that the virus can spread.
She has depicted the RNA genome of 8 segments as sepa-
rate threads. The particles with multiple threads illustrate
how reassortment between influenza viruses gives rise to
new pandemic strains.

Stained-glass windows have been appreciated for
their utility and splendor for more than 1,000 years, and
this engaging work of art reminds us that influenza A
viruses—which can be easily spread between animals
and human, use various host species, and exist in many
different environments—remain an enduring and global
health concern.
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Upcoming Issue

¢ Epidemiology of Hospitalizations for Invasive Candidiasis,
United States, 2002-2012

e Epidemiology of Human Anthrax in China, 1955-2014

e Oral Cholera Vaccine Coverage during an Outbreak and
Humanitarian Crisis, Iraq, 2015

e Cost-effectiveness of Increasing Access to Contraception during
the Zika Virus Outbreak, Puerto Rico, 2016

e Reconstruction of Zika Virus Introduction in Brazil
e Upsurge of Enterovirus D68, the Netherlands, 2016

e Haemophilus influenzae Type B Invasive Disease in Amish
Children, Missouri, USA, 2014

¢ Prolonged Detection of Zika Virus in Vaginal Secretions and
Whole Blood

e Acute Respiratory Disease in US Army Trainees 3 Years after
Reintroduction of Adenovirus Vaccine

e Persistent Zika Virus Detection in Semen in a Traveler Returning
to the United Kingdom from Brazil, 2016

¢ Increased Invasive Pneumococcal Disease, North East England,
2015-2016

¢ Travel-Related Tick-Borne Encephalitis, Israel, 2006-2014

¢ Guillain-Barré Syndrome and Healthcare Needs during Zika
Virus Transmission, Puerto Rico, 2016

e Streptococcal Toxic Shock Syndrome Caused by Group G
Streptococcus, United Kingdom

e Multidrug-Resistant Pathogens in Hospitalized Syrian Children
e Puumala Virus in Bank Voles (Myodes glareolus), Lithuania
¢ Chikungunya Fever in Traveler from Angola to Japan, 2016

e Loiasis in US Traveler Returning from Bioko Island, Equatorial
Guinea, 2016

e Human Tick-Borne Encephalitis, the Netherlands

Complete list of articles in the January issue at
http://www.cdc.gov/eid/upcoming.htm

Upcoming Infectious
Disease Activities

December 3-8, 2016
ASLM

African Society for
Laboratory Medicine
Cape Town, South Africa
http://aslm2016.org/

March 29-31, 2017

SHEA

Society for Healthcare
Epidiemiology of America

St Louis, MO, USA
http://www.shea-online.org/

April 22-27, 2017
ECCMID

European Congress of
Clinical Microbiology and
Infectious Diseases
Vienna, Austria
http://www.eccmid.org/

February 13-16, 2017

CROI

Conference on Retroviruses

and Opportunistic Infections
Seattle, WA, USA
http://www.croiconference.org/

June 1-5, 2017

ASM

American Society for
Microbiology

New Orleans, LA, USA
http://www.showsbee.com/fairs/
25161-ASM-Microbe-2017.html

Announcements

To submit an announcement, send an
email message to EIDEditor (eideditor@
cdc.gov). Include the date of the

event, the location, the sponsoring
organization(s), and a website that
readers may visit or a telephone number
or email address that readers may
contact for more information.

Announcements may be posted on the
journal Web page only, depending on the
event date.
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questions online, print the certificate and present it to your national medical association for review.

Article Title

Investigation of and Response to 2 Plague Cases,
Yosemite National Park, California, USA, 2015

CME Questions

1. You are advising the National Parks Service about C. Plague antibodies were detected in all 8 rodent
detection and prevention of plague. According to the species live-trapped in Yosemite

public health report by Danforth and colleagues, which D. The findings contrast with a previous single-

of the following statements about the laboratory and nucleotide polymorphism (SNP)-based study showing
epidemiologic findings regarding 2 human cases of widespread plague epizootics caused by multiple
patients with plague in 2015 with recent travel history Y. pestis clones arising independently at small

to Yosemite National Park is correct? geographic scales

A. Both patients had bubonic plague

B. Both patients had similar travel itineraries and were
diagnosed at the same time

C. Distinct Yersinia pestis strains were isolated from
the patients, with different whole-genome multilocus
sequence typing (wgMLST)

D. Both patients had fed squirrels and had seen A. Rapid interagency investigation and public health
dead rodents response to these patients lowered the risk for plague

transmission to Yosemite visitors and staff

3. According to the public health report by Danforth
and colleagues, which of the following statements
about critical risk reduction measures used to help
prevent plague transmission to Yosemite visitors and
staff is correct?

2. According to the public health report by Danforth B. The investigation was limited to recreational sites
and colleagues, which of the following statements visited by the patients

about the environmental findings regarding 2 human C. Insecticides were widely dispersed throughout
cases of patients with plague in 2015 with recent travel the park

history to Yosemite is correct? D. Educational efforts targeted only Yosemite staff

A. Environmental samples indicated that the patients
were exposed in the same location

B. Isolates from rodent serum, fleas, and rodent
carcasses showed at least 2 distinct Y. pestis strains
circulating among vector-host populations in the area

Activity Evaluation

1. The activity supported the learning objectives.

Strongly Disagree Strongly Agree
1 2 3 4 5
2. The material was organized clearly for learning to occur.
Strongly Disagree Strongly Agree
1 2 3 4 5
3. The content learned from this activity will impact my practice.
Strongly Disagree Strongly Agree
1 2 3 4 5
4. The activity was presented objectively and free of commercial bias.
Strongly Disagree Strongly Agree
1 2 3 4 5
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Article Title

Electrolyte and Metabolic Disturbances in Ebola Patients
during a Clinical Trial, Guinea, 2015

CME Questions

1. You are evaluating a febrile, tachycardic 26-year-old 3. What else regarding the risk algorithm for mortality

woman who was living with 2 family members who in the current study is most accurate?
were rece_ntly dlagnosec_j with E_bola virus ol_lsease. A ltincluded the patient's pulse level
She is quickly ushered into an isolation unit and

It included the patient’s blood pressure level

Most patients fell in the low- or high-risk groups

for mortality

Adding age and baseline polymerase chain reaction
(PCR) cycle threshold value made the algorithm

current study by van Griensven and colleagues,
what was the most common laboratory abnormality

gy . B.

undergoes an initial laboratory evaluation. In the c

; . - ; D
associated with Ebola virus disease?

A. Hypokalemia less precise

B. Hyperkalemia

C. Hyponatremia 4. According to the results of the current study, what is
D. High anion gap the best advice regarding treatment of this patient?

A. Aggressive correction of hypocalcemia
B. Aggressive treatment of anemia

C. Aggressive fluid replacement

D. Careful supportive care

2. Which electrolyte was included in the current
study's algorithm to determine the risk for mortality
associated with Ebola virus disease?

A. Sodium

B. Potassium
C. Calcium

D. Magnesium

Activity Evaluation

1. The activity supported the learning objectives.

Strongly Disagree Strongly Agree
1 2 3 4 5
2. The material was organized clearly for learning to occur.
Strongly Disagree Strongly Agree
1 2 3 4 5
3. The content learned from this activity will impact my practice.
Strongly Disagree Strongly Agree
1 2 3 4 5
4. The activity was presented objectively and free of commercial bias.
Strongly Disagree Strongly Agree
1 2 3 4 5
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