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SYNOPSIS

In January 2015, during a 3-week period, 12 captive Tonkean 
macacques at a sanctuary in Italy died. An orthopoxvirus 
infection was suspected because of negative-staining elec-
tron microscopy results. The diagnosis was confirmed by 
histology, virus isolation, and molecular analysis performed 
on different organs from all animals. An epidemiologic in-
vestigation was unable to define the infection source in the 
surrounding area. Trapped rodents were negative by viro-
logic testing, but specific IgG was detected in 27.27% of 
small rodents and 14.28% of rats. An attenuated live vac-
cine was administered to the susceptible monkey popula-
tion, and no adverse reactions were observed; a detectable 
humoral immune response was induced in most of the vac-
cinated animals. We performed molecular characterization 
of the orthopoxvirus isolate by next-generation sequencing. 
According to the phylogenetic analysis of the 9 conserved 
genes, the virus could be part of a novel clade, lying be-
tween cowpox and ectromelia viruses.

Genus Orthopoxvirus virions are brick-shaped and rep-
licate in the cytoplasm of eukaryotic cells (1). Some 

orthopoxviruses have limited host ranges; for example, 
ectromelia virus (ECTV) has only been described infect-
ing captive colonies of laboratory mice (2,3). Other ortho-
poxviruses can infect multiple animal species; for example, 
cowpox virus (CPXV) has been observed on multiple oc-
casions to spill over from its natural reservoir (presumably 

small wild rodents) to a wide variety of accidental hosts, 
including humans (4). The 3 orthopoxviruses raccoonpox, 
skunkpox, and volepox viruses are recognized as endemic 
in North America and are referred to as New World ortho-
poxviruses (5). The 6 orthopoxviruses variola virus, vac-
cinia virus (VACV), camelpox virus, monkeypox virus, 
ECTV, and CPXV are recognized as originating from the 
Eurasian continent and are referred to as Old World or-
thopoxviruses (6). Phylogenetic analyses have determined 
that CPXV is composed of multiple paraphyletic clades: 
VACV–like clade; variola virus–like clade; and CPXV 
clades 1, 2, and 3 (4,7). Moreover, analyses of 2 novel 
orthopoxviruses discovered in the country of Georgia (8) 
and the US state of Alaska (9) indicated they represented 
lineages distantly related from all previously known Old 
World and New World orthopoxviruses.

In Europe, western Russia, and northern and central 
Asia, CPXV is endemic, and in Europe, the numbers of re-
ports are increasing (10). Many studies have explored the 
variable pathogenic potential of CPXV, observing that vir-
ulence and the clinical manifestations of a given strain are 
often correlated with the affected host species (4). In par-
ticular, exotic animals from zoos and circuses are reported 
to be highly susceptible to CPXV infections (11–15).

Among nonhuman primates (NHPs), orthopoxvirus 
infections have been reported in New World monkeys 
(16), Barbary macaques (13), squirrel monkeys (17), 
and tamarins (14), but these infections have not been de-
scribed in the Tonkean macaque (Macaca tonkeana). The 
Tonkean macaque, belonging to the Cercopithecidae fam-
ily, is found in 4 protected areas in central Sulawesi (18); 
a few social groups live in 4 rescue centers in Europe, 
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SYNOPSIS

including in Italy, and in central America. Because of the 
limited number of these animals in sanctuaries, they are 
infrequently observed infected with orthopoxviruses, and 
thus, little information has been published regarding their 
disease signs and symptoms.

A few cases of orthopoxvirus infection have been re-
ported in Italy. In southern Italy, orthopoxvirus infections 
with CPXV have been described in domestic ruminants 
(19). At a farm in the region of Lazio, Italy, a CPXV out-
break occurred involving 7 llamas, which were suspected to 
have been infected via infected mice that were introduced to 
feed the birds of prey at the farm (20). Zoonotic infections 
caused by 2 almost identical orthopoxvirus isolates occurred 
in 2005 and 2007 in 2 veterinarians from northeastern Italy 
who acquired the infections during 2 separate incidents from 
2 different infected cats (21). Although definitive taxonomic 
assignment of these orthopoxviruses was not conclusive, 
hemagglutinin (HA) and crmB sequence analyses suggested 
possible segregation of these virus isolates from other previ-
ously described orthopoxvirus strains.

We describe a severe orthopoxvirus epidemic that oc-
curred in 2015 in a social group of Tonkean macaques host-
ed in a sanctuary for wild and exotic animals in a wooded 
area in central Italy, where 146 NHPs and 240 other wild 
and domestic mammals were maintained. To prevent other 
cases in NHPs, we undertook an immunization protocol and 
conducted epidemiologic investigations to detect orthopox-
virus carriers. We also performed taxonomic characteriza-
tion to determine its relatedness to other orthopoxviruses.

Methods
The colony of Tonkean macaques was introduced to the 
sanctuary in 2007 from the Strasbourg Primate Centre of 
Strasbourg University (Strasbourg, France); the original 
stock had been imported into France from Indonesia in 
1972. The colony hosted in the center at the time of the out-
break comprised 54 animals housed in 4 wide enclosures 
separated from each other at different distances.

In January 2015, twelve of the 18 Tonkean macaques 
housed in an enclosure located in the northern part of the 
natural reserve died within a 3-week period. The social 
group housed in the affected enclosure included both male 
and female animals, 1–20 years of age. Two macaques died 
within 48 hours after disease onset with severe respira-
tory syndrome. In the following weeks, 13 animals from 
the same enclosure displayed signs of depression, nausea, 
respiratory distress, and neurologic disease, and in several 
animals, skin and mucosa lesions developed (Figure 1). 
Ten of these 13 macaques died within 15 days after the 
appearance of signs and symptoms; 2 of 13 recovered af-
ter 6 and 8 days; and the remaining animal, an adult male, 
recovered but experienced long-lasting effects from the 
infection. This macaque had severe lesions limited to the 

right side of the face and the eye. In April, when this animal 
underwent surgery for eye ablation, oral and rectal swabs 
and a peripheral blood sample were acquired to detect virus 
and perform serologic studies.

The remaining 3 macaques in the same enclosure were 
constantly symptomless. Three days after the beginning of 
the outbreak, 2 of these macaques were immediately iso-
lated in a separate area, and the third, a 1-year-old, was left 
with the mother, which recovered from the illness. None 
of the other 9 NHP species, wild ruminants, wild boars, 
donkeys, raccoons, cats, or dogs hosted in the sanctuary 
showed any clinical signs related to orthopoxvirus infec-
tion in the following 12-month observation period.

At postmortem examination, major organs and skin le-
sions were collected from all dead Tonkean macaques and 
processed for routine histologic (hematoxylin and eosin) 
staining. Virus detection by negative-staining electron micros-
copy (EM) was conducted with skin lesion samples from 10 
animals (22). We extracted nucleic acid from homogenates of 
skin and lungs taken from 4 of the macaques and performed 
a molecular diagnostics investigation by using orthopoxvirus-
specific PCR assays. We performed an orthopoxvirus-specific 
SYBR Green (ThermoFisher Scientific, Waltham, MA, USA) 
real-time PCR targeting crmB (23), and to confirm the first 
result, we tested all samples with an additional endpoint PCR 
targeting the orthopoxvirus HA gene. We tested 1 tissue sam-
ple for the genes encoding acidophilic-type inclusion body 
(ATI) protein, chemokine-binding protein (K2R), 602-kDa 
protein, and 14-kDa fusion protein (A27L).

Using tissue homogenates of the skin and tongue mu-
cosa, brain, lungs, liver, spleen, heart, mesenteric lymph 
nodes, and intestines of the 12 dead animals (a total of 70 
samples), we conducted an additional SYBR Green real-
time PCR to confirm the presence of orthopoxvirus in all 
affected animals (Table 1). We performed virus culture by 

1942 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 12, December 2017

Figure 1. Crater-shaped skin lesions at inguinal region of Tonkean 
macaque (Macaca tonkeana) housed at animal sanctuary, Italy, 
January 2015.
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taking tissue homogenates from up to 3 dead animals and 
inoculating them on Vero cells (CCL-81; American Tissue 
Culture Collection, Manassas, VA, USA). We sequenced 
the whole genome of the virus isolate by using the metage-
nomic approach with the Ion Torrent Personal Genome Ma-
chine platform for next general sequencing (ThermoFisher 
Scientific, Waltham, MA, USA). In brief, we grew the vi-
rus to passage 4 (titer 1 × 106.9 50% tissue culture infectious 
dose/mL) and concentrated it by ultracentrifugation. Then, 
we extracted pellet-associated DNA with E-Gel SizeSelect 
Agarose Gels (ThermoFisher Scientific) and quantified with 
Qubit dsDNA HS Assay Kit (ThermoFisher Scientific). We 
prepared DNA libraries with the Ion Xpress Plus gDNA 
Fragment Library Kit (ThermoFisher Scientific). We filtered 
sequence reads with the VirFind tool (http://virfind.org/j/) 
and de novo assembled sequences with Newbler version 
2.5.3 (454 Life Sciences, Branford, CT, USA). We aligned 
the 5 major contigs (length 13,743–108,913 nt) to CPXV-
Germany1998–2 (GenBank accession no. HQ420897.1) 
with MAUVE software (24) and concatenated the se-
quences. Inverted terminal repeats were excluded from the  
genome reconstruction.

We conducted epidemiologic investigations to ex-
amine virus transmission between working personnel and 
other animal species maintained in the reserve and to iden-
tify possible orthopoxvirus carriers (13). During February 
2015–April 2016, the following animals in the same sanc-
tuary died without specific symptoms: 9 NHPs, 2 foxes, 
and 1 cat. We conducted a virologic investigation for  

orthopoxvirus infection with the lungs, livers, spleens, and 
intestines of these dead animals.

After the outbreak, we initiated a 1-year rodent con-
trol program inside and in proximity to the enclosures. We 
captured 11 live mice (4 Apodemus flavicollis and 7 Mi-
crotus spp.) and 93 dead wild gray rats (Rattus rattus) by 
using multicapture live traps (Ugglan Special Mouse Trap 
2; Grahnab, Hillerstorp, Sweden) (25) and electromechani-
cal equipment. Lungs, liver, spleen, and small intestines of 
these animals were stored at –80°C until virologic analysis.

The sanctuary owner reported that 1 Japanese macaque 
(M. fuscata) had similar skin lesions (Figure 2) in 2003, and 
at that time, infection with a herpes zoster virus had been 
ruled out. This animal was still alive and was sampled for 
serologic investigations at the time of the 2015 outbreak.

We performed a serologic investigation with blood 
samples (stored at –20°C after collection) taken from 30 
various mammals (Table 2) and 62 NHPs (Table 3) housed 
at the sanctuary, as well as 11 mice and 56 dead rats. Detec-
tion of orthopoxvirus antibodies from NHPs and small ro-
dents was performed by indirect immunofluorescence anti-
body (IFA) assay with homemade slides that were seeded 
with Vero-E6 cells and infected with the smallpox vaccine 
virus Lancy-Vaxina (21). To detect orthopoxvirus-specific 
antibodies in other mammals, we used a virus neutraliza-
tion assay (20). We also conducted an epidemiologic and 
serologic investigation with the sanctuary staff (N = 11; 
group included veterinarians, researchers, and maintenance 
personnel) by performing a site visit and interviews and 
collecting blood samples.

Results
At necropsy, the 2 animals that died within 48 hours af-
ter symptom onset showed severe lung congestion (Figure 
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Table 1. Virologic examination of samples collected from 12 dead Tonkean macaques, Italy, January 2015* 
Method Skin Tongue mucosa Brain Lungs Liver Spleen Myocardium Lymph node Intestine Total 
Negative-staining EM 10/10 1/1 NA NA NA NA NA NA 0/12 11/23 
SYBR Green real-time PCR 10/10 1/1 3/3 12/12 10/12 12/12 3/3 5/5 3/12 59/70 
Cell culture 3/3 1/1 3/3 3/3 2/2 2/2 3/3 NA 0/3 17/20 
*Values are no. positive/no. total. EM, electron microscopy; NA, not analyzed. 

 

Figure 2. Crater-shaped skin lesions on face of Japanese 
macaque (Macaca fuscata), Italy, 2003.

 
Table 2. Serologic analysis of serum samples collected from 
various mammal species housed at animal sanctuary, Italy, 
January 2015 

Species 
Virus neutralization test, 

no. positive/no. total Antibody titer* 
Wolf 0/1 Negative 
Llama 0/8 Negative 
Roe deer 0/1 Negative 
Mouflon 0/1 Negative 
Goat 0/4 Negative 
Badger 0/1 Negative 
Donkey 0/2 Negative 
Cat 0/12 Negative 
Total 0/30  
*Threshold dilution was 1:4. 
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3, panel A) and hepatosplenomegaly. The 10 animals that 
died 5–15 days after onset of clinical signs had erythema-
tous papular and pustular lesions on the face, in the oral 
cavity, on the tongue mucosa (Figure 3, panel B), and at the 
inguinal region. All cutaneous lesions were characterized 
by focal epidermal necrosis and early vesiculation with 
eosinophilic intracytoplasmic inclusion bodies in enlarged 
degenerated cells (Figure 4, panel A). The liver showed 
scattered foci of necrosis and moderate steatosis. Foci of 
necrosis at the lymphoid follicles and histiocytosis associ-
ated with hemorrhages were observed in the spleen and at 
the lymph nodes. In some cases, mild interstitial pneumonia 
was associated with focal necrosis of bronchial epithelium.

Negative-staining EM revealed the presence of brick-
shaped particles morphologically consistent with ortho-
poxvirus in the skin lesions of 10 dead macaques (Figure 
4, panel B). Vero cell cultures inoculated with skin lesion 
materials from infected monkeys showed the previously 
described cytopathic effect (20) 3 days after inoculation. A 
viable transmissible agent, which we named orthopoxvirus 
Abatino, was consistently isolated and confirmed to be an 
orthopoxvirus by negative-staining EM.

Confirming the negative-staining EM results, SYBR 
Green real-time PCR detected an orthopoxvirus genome in 
all organs from the 12 dead macaques (Table 1); the melt-
ing temperature of the amplicons (80.8°C ± 1°C; Figure 4, 
panel C) was identical for all tested samples and consistent 
with that of orthopoxvirus genomes (23). The presence of 
the HA sequence in tissues confirmed infection with an or-
thopoxvirus and ruled out the presence of monkeypox.

Oral and rectal swabs collected 3 months after the epi-
demic from the recovered male macaque were negative by 
all virologic analyses. Retrospective examination of the 
sanctuary records of the past 2 years excluded the possibil-
ity of introduction of this orthopoxvirus through contacts 
with other mammal species maintained in captivity.

All tissue samples from the 104 small rodents trapped 
during February 2015–June 2016 were negative for ortho-
poxvirus by PCR. The animals that died in the sanctuary 
after the epidemic were negative for orthopoxvirus by all 
virologic tests performed.

The Japanese macaque that had orthopoxvirus-like 
skin lesions in 2003 showed an orthopoxvirus-specific IgG 
(but not IgM) titer of 1:80 by IFA assay. The IFA assay 
showed orthopoxvirus-specific IgG in 8 (14.28%) of 56 rats 
and in 3 (27.27%) Apodemus flavicollis mice of 11 small 
rodents (mice and voles). Orthopoxvirus-specific IgM was 
never detected (Table 4).

Among the NHPs outside of the affected enclosure, we 
detected orthopoxvirus IgG in 18 NHPs, 6 of which were 
asymptomatic Tonkean macaques maintained in an enclo-
sure near the affected one. Orthopoxvirus IgM was detected 
at low titer only in 2 Barbary macaques that never showed 
clinical signs of orthopoxvirus infection (Table 3).

Animal Vaccination
To prevent further infections, 96 NHPs of 8 species (M. 
tonkeana, M. fascicularis, M. sylvanus, M. fuscata, M. 
mulatta, Sapajus apella, Chlorocebus aethiops, and Papio 
hamadryas) were vaccinated during October–December 

1944 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 12, December 2017

 
Table 3. Serologic analysis of serum samples from nonhuman primate species housed at animal sanctuary, Italy, January 2015* 

Species 
IFA IgM test, no. 

positive/no. total (%) IgM titer† 
IFA IgG test, no. 

positive/no. total (%) IgG titer,† range 
Tonkean macaque (Macaca tonkeana) 0/30 Negative 8/30 1:401: 640 
Cynomolgus macaque (M. fascicularis) 0/11 Negative 3/11 1:201:160 
Barbary macaque (M. sylvanus) 2/12 1:20 2/12 1:20 
Rhesus macaque (M. mulatta) 0/1 Negative 1/1 1:80 
Japanese macaque (M. fuscata) 0/2 Negative 2/2 1:80 
Tufted capuchin (Sapajus apella) 0/4 Negative 2/4 1:20 
Grivet (Cercopithecus aethiops) 0/1 Negative 0/1 Negative 
Hamadryas baboon (Papio hamadryas) 0/1 Negative 0/1 Negative 
Total 2/62 (3.22)  18/62 (29.03)  
*IFA, immunofluorescence antibody. 
†Threshold dilution was 1:20. 

 

Figure 3. Results from necropsy 
of Tonkean macaque (Macaca 
tonkeana) from animal sanctuary, 
Italy, January 2015, showing 
severe congestion in the lungs 
(A) and erythematous papules 
and pustular lesions on the 
buccal and tongue mucosae (B).
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2015. Each animal received 2 doses of modified vaccinia 
virus Ankara (MVA) vaccine (Bavarian Nordic, Kvist-
gaard, Denmark) given 1 month apart, according to the 
producer’s immunization protocol. To assess possible vac-
cine-related adverse reactions, we monitored the NHPs for 
up to 10 days after dose administration and did not observe 
lesions at the vaccine inoculation site or general symptoms.

The immune responses to the vaccine were evaluated 
in a group of 10 animals (4 M. tonkeana, 5 M. fascicularis, 
and 1 M. sylvanus). Seven animals were negative for an-
tibodies before vaccination, and 3 had a barely detectable 
baseline IgG titer. After vaccination, all monkeys showed a 
2–5-fold increase of IgG titer. IgM were observed in the se-
rum of 4 animals at or near the minimum threshold dilution 
(1:20) on the day of vaccine booster administration (Table 
5). We did not detect viable virus or viral DNA shedding.

Molecular Characterization of Virus Isolate
After the positive results of the first diagnostic molecular 
analysis, we performed additional genus-specific PCRs tar-
geting HA, ATI, K2R, 602 kDa, and A27L with samples 
to better characterize the virus (26,27). We compared the 
complete nucleotide sequences of most amplicons with all 
orthopoxvirus full-genome sequences available in Gen-
Bank by using blastx+ version 2.2.28 (http://www.ncbi.
nlm.nih.gov/books/NBK279690). The HA gene sequence 
was closely related to that of CPXV-Germany_1998_2 
(GenBank accession no. HQ420897), with a 96% identity. 
K2R and 602-kDa protein gene sequences were closely 
related to those of ECTV-Moscow (GenBank accession 
no. AF012825), with a 96% identity for K2R (96% of 
gene sequence compared) and a 99% identity for 602-kDa 
protein. The A27L gene was closely related to those of  
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Figure 4. Results from 
necropsy of Tonkean macaque 
(Macaca tonkeana) from animal 
sanctuary, Italy, January 2015. 
A) Hematoxylin and eosin stain 
of cutaneous lesion. Focal 
epidermal necrosis, acanthosis 
ballooning degeneration, and 
acantholysis of keratinocytes 
were observed. Staining 
shows early vesiculation with 
eosinophilic intracytoplasmic 
inclusion bodies (arrows) in 
enlarged degenerated cells. 
Original magnificaton ×20. 
B) Electron micrograph of 
skin lesion sample showing 
negatively stained brick-shaped 
viral particle of ≈160–220 nm, 
consistent with orthopoxvirus. 
Scale bar = 100 nm. C) SYBR 
Green (ThermoFisher Scientific, 
Waltham, MA, USA) real-time 
PCR melting curve of all tested 
samples. The y-axis shows 
the ratio of the change in 
fluorescence over the change 
in temperature. The average 
melting temperature (80.8°C ± 
1°C) was consistent with that for 
the orthopoxvirus genome.

 
Table 4. Immunofluorescence antibody testing of serum samples from small wild rodents trapped at animal sanctuary, Italy,  
January 2015 

 IgM  IgG 
Species No. positive/no. total (%) Titer*  No. positive/no. total (%) Titer* 
Gray rat (Rattus rattus) 0/56 (0) Negative  1/56 1:20 
    4/56 1:40 
    3/56 1:80 
Total 0/56 (0)   8/56 (14.28)  
Voles (Microtus spp.) 0/7 Negative  0/7 Negative 
Yellow-necked mouse (Apodemus flavicollis) 0/4 Negative  3/4 1:40 
Total 0/11 (0)   3/11 (27.27)  
*Threshold dilution was 1:20. 
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ECTV-Naval and CPXV-Finland, with a 98% identity with 
both strains. Finally, the ATI gene sequence was most close-
ly related to that of the cowpox virus CPXV-Norway1994-
MAN (GenBank no. HQ420899.1), with a 98% identity.

Because of the discordant identity scores obtained 
with the preliminary molecular analyses, we sequenced the 
whole genome of the virus isolate by using next-generation 
sequencing. The sequence obtained was 202,990-nt long 
with a median coverage of 507 (range 28–817) nt. We iden-
tified 10 complete coding sequences and corrected inser-
tions and deletions manually.

The first coding sequence identified was the HA gene, 
which had a median coverage of 485 (range 255–586) nt 
(GenBank accession no. KY100116). We used this gene to 
check the sequence identity with PCR results and to compare 
the homology with all available orthopoxvirus strains. Ortho-
poxvirus Abatino shared 99% nucleotide identity and 98% 
amino acid identity with ECTV-Moscow and 96% nucleotide 
identity and 94% amino acid identity with CPXV-Germa-
ny1998–2. Furthermore, we observed that Abatino had HA 
identity scores of 97% for the nucleotide sequence and 96% 
for the amino acid sequence with FelinePoxITA1 (GenBank 
accession no. EF612709.1), an orthopoxvirus isolate previ-
ously obtained in 2007 from a zoonotic case in northeastern It-
aly that does not have a definitive taxonomic assignment (21).

Because phylogenetic relationships based on HA are 
not considered reliable for assigning orthopoxvirus taxo-
nomic relationships (7), we performed a more detailed 
analysis. Following a previously established pipeline 
(28,29), we performed core-genome selection, identity 
clustering, and phylogenetic reconstruction. Using blastx+, 
we identified the coding sequences of 9 conserved poxvirus 
genes (D1R, E6R, D5R, E9L, A7L, A10L, J6R, H4L, and 
A24R; VACV strain Copenhagen nomenclature; GenBank 
accession nos. KY100107–KY100115) uniformly distrib-
uted along the central region of the genome. The median 
coverage of the selected genes was 528 (range 80–743) nt. 
We aligned the concatenated sequences with homologous 
genes from available whole-sequence orthopoxvirus strains 
(4–7,9) by using MUSCLE version 3.8.31 (30).

The identity score matrix (Figure 5) identified the 11 
orthopoxvirus clusters described in previous reports (4,9). 
The identity score of orthopoxvirus Abatino with other or-
thopoxviruses ranged 93.26%–98.16%; the viruses with 
the highest identity scores to Abatino (98.14%, 98.15%, 
and 98.16%) were the 3 available ECTV sequences.

Using the Bayesian Markov chain Monte Carlo model 
(31) and the maximum-likelihood model (32), we per-
formed a phylogenetic analysis including a representative 
genome for each orthopoxvirus clade (Figure 6). The posi-
tion of orthopoxvirus Abatino was consistent with the re-
sults of the identity heat map.

Discussion
This epidemic indicated that Tonkean macaques are highly 
susceptible to infection with the isolated orthopoxvirus 
strain and might develop severe, fatal disease. Pathologic 
findings observed in dead animals were similar to those 
described in New World monkeys (16). Viable virus and 
viral DNA were detected not only in the cutaneous tissue 
and oral mucosa but also in many different organs, such as 
the liver and heart. Unfortunately, we could not detect vi-
able virus in the intestinal tissues, and therefore, we cannot 
hypothesize regarding the possibility of viral transmission 
through feces among living animals.

The severe disease was limited to a single Tonkean 
macaque social group, and the results of SYBR Green PCR 
suggested the involvement of the same viral agent, even if 
not all isolates were genetically characterized. The high IgG 
titers in 6 macaques from the neighboring enclosure, how-
ever, indicated they became infected during the outbreak. 
Orthopoxvirus IgM and IgG detected in some NHPs in other 
enclosures support the hypothesis that the virus circulated 
in the natural reserve, but no orthopoxvirus symptoms were 
observed in these animals, and no viral DNA or viable virus 
was isolated from them. Also, no other mammals hosted in 
the sanctuary appeared to have been exposed to the virus.

The illness observed years before in the Japanese ma-
caque that had orthopoxvirus-specific IgG suggests the pos-
sibility that an orthopoxvirus could have been circulating in 
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Table 5. Immunofluorescence antibody testing of vaccinated nonhuman primates after outbreak at animal sanctuary, Italy, January 
2015* 
Species No. animals IgM, T0/T30/T90 IgG, T0/T30/T90 No. (%) with IgG increase  
Tonkean macaque (Macaca tonkeana) 4 Neg/1:20/neg Neg/1:20/1:320 4 (100) 
  Neg/neg/neg Neg/1:20/1:80  
  Neg/neg/neg Neg/neg/1:80  
  Neg/neg/neg Neg/neg/1:40  
Cynomolgus macaque (M. fascicularis) 5 Neg/1:20/1:20 1:20/1:320/1:320 5 (100) 
  Neg/1:80/1:80 1:20/1:80/1:80  
  Neg/neg/neg Neg/1:20/1:80  
  Neg/1:20/1:20 Neg/1:20/1:80  
  Neg/neg/neg Neg/1:80/1:160  
Barbary macaque (M. sylvanus) 1 Neg/neg/neg 1:20/1:20/1:80 1 (100) 
*Threshold dilution for antibody titers was 1:20. Neg, negative; T0, first immunization; T30, booster dose administration; T90, blood collection 60 d  
after T30. 
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the area since at least 2003, although no evidence was avail-
able to indicate whether that remote episode was caused by 
the same virus strain identified in the 2015 outbreak. Sero-
logic evidence of orthopoxvirus infection in mice and rats 
confirms that mice and rats are susceptible to orthopoxvi-
ruses but does not definitively prove that they were infected 
with the virus responsible for the outbreak or establish their 
role as reservoirs, as has been described for rodents with 
other orthopoxvirus strains in previous studies (10,13).

The preliminary characterization of the isolated ortho-
poxvirus strain that was based on HA similarity analysis 
suggested that orthopoxvirus Abatino might be related to 
ECTV, CPXV clade 3, and a previous orthopoxvirus iso-
late that caused 2 zoonotic infections in northeastern Italy 
in 2005 and 2007 (21). On the other hand, the extended 
molecular characterization that was based on 9 conserved 
orthopoxvirus genes suggested that orthopoxvirus Abatino 
is in a distinct position with respect to all 11 orthopoxvi-
rus clades, being more related to ECTV than to all other 
orthopoxvirus clades. ECTV occasionally infects labora-
tory mice populations (2) and is suspected to naturally 
spread among wild rodents, although ECTV has never been  

isolated from these animals (3). Host range differences be-
tween all previously described ECTVs and orthopoxvirus 
Abatino strongly suggest that Abatino does not belong to the 
ECTV lineage. We hypothesize that orthopoxvirus Abatino 
might be part of a novel, paraphyletic ECTV-like clade. A 
recombination event that affected the host range could also 
be considered as a possible origin for this virus, but a more 
extensive characterization is necessary.

MVA vaccine follow-up showed a detectable humoral 
immune response. Data on the antibody classes elicited by 
live-modified VACV administration in humans and NHPs 
are scarce or unavailable (33). However, the observations 
of Silva-Fernandes et al. (34) describing outbreaks in hu-
mans together with our data in vaccinated monkeys sug-
gest that orthopoxvirus infections induce a limited IgM re-
sponse. On the other hand, the low antibody titers detected 
could have been caused by a poor sensitivity of the IFA test 
adopted. Finally, the MVA vaccine was safe in the monkey 
populations vaccinated; we observed no adverse reactions.

The serologic surveillance conducted among sanctuary 
staff workers showed 1 staff member who did not previously 
receive orthopoxvirus vaccine and had close contacts with the 
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Figure 5. Identity between OPV 
Abatino, obtained from skin lesion of 
Tonkean macaque during outbreak 
at animal sanctuary, Italy, January 
2015, and available OPV genomes 
on the basis of 9 concatenated 
conserved genes: A7L, A10L, A24R, 
D1R, D5R, H4L, E6R, E9L, and 
J6R. Red indicates more similarity, 
green less similarity. Sequences 
shown (GenBank accession 
nos.): 1) OPV Tena Dona AK2015 
(KX914668–76); 2) OPV GCP2013 
Akhmeta (KM046934–42); 4–6) 
ECTV-Moscow (AF012825.2), 
ECTV-Naval (KJ563295.1), ECTV-
VR-1431 (JQ410350.1); 7) VARV-
Bangladesh-1975 (L22579.1); 8–14) 
CPXV-HumLue09–1 (KC813494.1), 
CPXV-Germany1990–2 
(HQ420896.1), CPXV-Francy2001-
Nancy (HQ420894.1), CPXV-
MarLei07–1 (KC813499.1), CPXV-
Norway1994-MAN (HQ420899.1), 
CPXV-UK2000-K2984 
(HQ420900.1), CPXV-BrightonRed (AF482758.2); 15–16) MPXV-Congo2003–358 (DQ011154.1), MPXV-Liberia-1970–184 (DQ011156.1); 
17–18) VACV-IOC-B141 (KT184690.1), VACV-Lister (KX061501.1); 19–22) CPXV-Austria1999 (HQ407377.1), CPXV-HumLit08–1 
(KC813493.1), CPXV-GRI90 (X94355.2), CPXV-Finland2000 (HQ420893.1); 23) TATV-Dahomey-1968 (DQ437594.1); 24–25) CMLV-
0408151v (KP768318.1), CMLV-M96 (AF438165.1); 26‒31) CPXV-HumGra07–1 (KC813510.1), CPXV-RatKre08–2 (KC813505.1), CPXV-
RatGer09–1 (KC813503.1), CPXV-RatAac09–1 (KC813501.1), CPXV-HumAac09–1 (KC813508.1), CPXV-HumKre08–1 (KC813512.1); 
32) CPXV-Germany1998–2 (HQ420897.1); and 33–46) CPXV-Germany1980-EP4 (HQ420895.1), CPXV-HumPad07–1 (KC813496.1), 
CPXV-HumLan08–1 (KC813492.1), CPXV-RatHei09–1 (KC813504.1), CPXV-MonKre08–4 (KC813500.1), CPXV-JagKre08–1 
(KC813497.1), CPXV-JagKre08–2 (KC813498.1), CPXV-Germany2002-MKY (HQ420898.1), CPXV-HumGri07–1 (KC813511.1), CPXV-
HumMag07–1 (KC813495.1), CPXV-CatBer07–1 (KC813502.1), CPXV-HumBer07–1 (KC813509.1), CPXV-CatPox07–1 (KC813506.1), 
CPXV-BeaBer04–1 (KC813491.1). CMLV, camelpox virus; CPXV, cowpox virus; ECTV, ectromelia virus; MPXV, monkeypox virus; OPV, 
orthopoxvirus; TATV, taterapox virus; VACV, vaccinia virus; VARV, variola virus.
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affected Tonkean macaque group seroconverted without clin-
ical signs, suggestive of an asymptomatic infection. However, 
alternative explanations for this seroconversion (e.g., previ-
ous exposure to a closely related virus) could not be ruled out.

This study might be considered alarming because ortho-
poxvirus vaccination has been discontinued globally since 
the late 1970s, which has resulted in the reduction of pro-
tective immunity over time not only against smallpox virus 
but also against a variety of other orthopoxviruses, raising 
the chances of orthopoxvirus infections occurring in humans. 
Orthopoxvirus infection in humans is not a notifiable disease 
in Italy, and because virologic diagnosis relies on specialized 
laboratories, orthopoxvirus infection is often not included 
among the differential diagnosis. Increased public awareness 
and linkage between human and veterinary health authorities 
is necessary to improve public health measures for the con-
trol of zoonotic orthopoxviruses.
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Figure 6. Phylogenetic analysis of 
OPV Abatino obtained from skin 
lesion of Tonkean macaque during 
outbreak at animal sanctuary, Italy, 
January 2015. Nine conserved 
genes (GenBank accession nos. 
KY100107–KY100115) obtained 
with next-generation sequencing 
were concatenated and aligned 
with the homologous concatenated 
sequences from representative 
OPV strains (GenBank accession 
no.): TATV-Dahomey-1968 
(DQ437594.1), VARV-
Bangladesh-1975 (L22579.1), 
CMLV-M96 (AF438165.1), CPXV-
HumAac09–1 (KC813508.1), 
CPXV-Germany2002-MKY 
(HQ420898.1), CPXV-
Germany1998–2 (HQ420897.1), 
CPXV-MarLei07–1 (KC813499.1), 
MPXV-Congo2003–358 
(DQ011154.1), CPXV-Finland2000 
(HQ420893.1), VACV-Lister 
(KX061501.1), ECTV-Moscow 
(AF012825.2), OPV GCP2013 
Akhmeta (KM046934–42), 
and OPV Tena Dona AK2015 
(KX914668–76). New World 
strain RACV-MD19 (GenBank 
accession no. FJ807746–54) was added to the analysis as an outgroup. We generated multiple alignments with MUSCLE version 3.8.31 
(30) and built the phylogenetic tree by using the Bayesian Markov chain Monte Carlo model with MRBAYES version 3.2.5 (31) using the 
general time-reversible plus gamma model with 1 million generations, retaining a minimum of 10,000 posterior probabilities, and maximum-
likelihood model RAxML version 8.1.24 (32) using the general time-reversible plus gamma with 1,000 pseudoreplicates. Numbers represent 
the reliability of the nodes with the minimum probability of 75% and minimum bootstrap value of 75. Scale bar indicates nucleotide 
substitutions per site. CMLV, camelpox virus; CPXV, cowpox virus; ECTV, ectromelia virus; MPXV, monkeypox virus; OPV, orthopoxvirus; 
RACV, raccoonpox virus; TATV, taterapox virus; VACV, vaccinia virus; VARV, variola virus.
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A canine influenza A(H3N2) virus emerged in the United 
States in February–March 2015, causing respiratory dis-
ease in dogs. The virus had previously been circulating 
among dogs in Asia, where it originated through the transfer 
of an avian-origin influenza virus around 2005 and contin-
ues to circulate. Sequence analysis suggests the US out-
break was initiated by a single introduction, in Chicago, of 
an H3N2 canine influenza virus circulating among dogs in 
South Korea in 2015. Despite local control measures, the 
virus has continued circulating among dogs in and around 
Chicago and has spread to several other areas of the coun-
try, particularly Georgia and North Carolina, although these 
secondary outbreaks appear to have ended within a few 
months. Some genetic variation has accumulated among 
the US viruses, with the appearance of regional-temporal 
lineages. The potential for interspecies transmission and 
zoonotic events involving this newly emerged influenza A 
virus is currently unknown.

Influenza A viruses (IAVs) periodically spill over to cause 
single infections or outbreaks in new host animals. In 

many cases, these events begin with the transfer of a vi-
rus from an avian reservoir host to mammals or domes-
tic poultry, whereas other events result from the transfer 
of a virus infecting mammals into a new mammalian 
host. Here we describe the epidemic of an avian-origin 
canine influenza A(H3N2) virus (H3N2 CIV) in the Unit-
ed States that began by late February 2015 with an out-
break of respiratory disease in dogs in Chicago, Illinois, 
and nearby areas. Since this time, the virus has circulated  

continuously among dogs in these areas and has caused 
sporadic outbreaks nationwide.

H3N2 CIV belongs to the the family Orthomyxoviridae, 
genus Influenza virus A. Currently, 18 hemagglutinin (HA) 
and 11 neuraminidase (NA) subtypes are known to exist. In 
addition to their reservoir hosts among waterfowl and sea-
birds, IAVs have infected several other animals in nature to 
cause epidemics of disease, including repeated outbreaks 
among humans, swine, horses, terrestrial and domesticated 
birds, marine mammals, and, more recently, cats and dogs 
(1,2). Dogs were not thought to sustain natural IAV infec-
tions before the recognition of H3N8 CIV in 2004.

The H3N8 CIV subtype was first detected in 2004 
among racing greyhounds in Florida (3) and was later shown 
by serologic testing to have emerged in dogs around 1999 
(4) through the transfer of an H3N8 equine influenza virus 
from the Florida clade 1 sublineage of equine influenza virus 
(5). Despite maintaining a relatively low basic reproductive 
number (R0) of ≈1.0 in the general dog population, H3N8 
CIV caused outbreaks in many regions of the United States 
soon after it emerged (6). Interconnected networks of dense 
susceptible host populations found in dog shelters and ken-
nels probably enabled the long-term maintenance of the vi-
rus (6,7). In recent years, however, this virus has been con-
fined to a small area in the northeastern United States (6). 
The reasons for the recent limited circulation of the H3N8 
CIV have not been defined, but probably include the appar-
ent inability of the virus to evolve increased transmissibility 
in the general dog population, increased use of vaccinations 
in dogs in shelters and kennels, and intensification of control 
measures in shelters where infections are occurring.

The precise time and place of origin of the H3N2 CIV 
is still not clear. The virus was first reported in South Ko-
rea in 2007, although a virus circulating among dogs in 
China in 2006 was subsequently reported and sequenced 
(8). Although that virus (A/canine/Guangdong/1/2006 
[H3N2]) remains the earliest known H3N2 CIV, serologic 
evidence shows that H3N2 CIVs were present in South Ko-
rea by 2005 (9). This timeline agrees with that determined 
by analysis of sequenced H3N2 CIV isolates from Asia, 
which points to a single common ancestral virus present 
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in dogs during 1999–2006 (95% highest posterior density) 
(10). Although the timing of the initial H3N2 CIV emer-
gence in dogs is well-supported by serologic surveys and 
sequence data, the events surrounding the initial emergence 
are largely unknown. In Asia, the virus appears to be most 
widespread among dogs in kennels and in meat dog farms 
and markets (11,12). Given that live poultry markets in 
Asia have been identified as a major source of IAVs that 
spill over to infect new hosts (13), close physical contact 
between birds and dogs in these host-dense environments 
might have facilitated the emergence of the virus in dogs.

H3N2 CIV Disease, Host Range, and  
Zoonotic Potential
Similar to H3N8 CIV infections, H3N2 CIV infections 
in dogs are associated with mild upper respiratory tract 
disease, including frequent coughing and fever, although 
infection of the lungs and more severe disease and death 
occur on occasion and are probably associated with mixed 
infections by other viruses or bacteria (14). Although CIV 
epidemics pose a clear threat to canine health, the risks to 
other animals and humans are largely unknown. Unlike 
H3N8 CIV, H3N2 CIV appears to have a relatively broad 
host range, infecting ferrets, guinea pigs, and cats after ex-
perimental challenge (15,16). Nevertheless, experimental 
inoculation of strains of H3N2 CIV from South Korea and 
the United States (17) into swine resulted in poor replica-
tion, suggesting that sustained transmission of the virus 
after a canine–swine transfer is unlikely, despite swine 
being a common host of other H3N2 IAVs. Natural spill-
over of the virus from dogs to cats has been documented 
in South Korea and the United States, but those outbreaks 
were largely confined to the shelter populations where they 
emerged, and the viruses do not appear to undergo pro-
longed transmission in household cats, despite high levels 
of viral shedding (18,19).

To our knowledge, no transfers of either CIV sub-
type to humans have been documented. However, human 
pandemic IAVs, including the H1N1 (both seasonal and 
the 2009 pandemic) (20) and the H3N2 (21) subtypes, ap-
pear able to occasionally infect dogs based on results of 
serologic testing or isolation of the virus. Although none 
of these infections is known to have resulted in major on-
ward transmission among dogs, this might provide the op-
portunity for human IAVs to reassort with CIVs through 
natural co-infections in dogs. In 2010, a novel H3N1 CIV 
resulting from the reassortment of an H3N2 CIV (HA seg-
ment) and pandemic H1N1/09 virus (the other 7 genomic 
segments) was isolated in a dog from South Korea (22), 
and in 2012 an H3N2 carrying only the pandemic H1N1/09 
matrix segment was isolated from a dog in South Korea 
(23,24). In 2015, a novel reassortant H3N2 CIV contain-
ing the polymerase acidic (PA) genomic segment from an 

H9N2 pandemic avian IAV was also isolated from a dog in 
South Korea (25). Additionally, dogs and humans express a 
similar diversity of sialic acid variants and linkages, which 
have been demonstrated to be important determinants of 
IAV infection and host range (26), including N-acetyl neur-
aminic acid and both the α2–3 and α2–6 linkages (27,28). 
Given these key biologic and physiologic features and the 
close contact that exists between human and dog popula-
tions, the potential for dogs to act as virus “mixing vessels” 
or as sources of zoonotic infections by IAVs should not  
be overlooked.

The US H3N2 CIV Outbreak
The H3N2 CIV outbreak likely started in February 2015 
and spread rapidly through dog training classes, animal 
shelters, boarding kennels, and veterinary clinics in the 
Chicago area by early March, at which time initial reports 
of an unusual respiratory disease in dogs were received (K. 
Toohey-Kurth and S. Newbury, pers. comm.). We identi-
fied clinical samples from infected dogs as IAV-positive 
in mid-March 2015 by using a type A influenza–specific 
PCR for the conserved viral matrix segment sequences 
(29) and an amplification protocol approved for use by the 
National Animal Health Laboratories (Ames, IA, USA). 
We identified the virus as the H3N2 subtype on April 10, 
2015, by using Sanger sequencing of partial HA and ma-
trix genomic segments (performed at Cornell University, 
Ithaca, NY, USA) and partial NA genomic segments (per-
formed at University of Wisconsin, Madison, WI, USA) 
that had been amplified as previously described (29). Se-
quences searched in the nucleotide database using blastn 
(http://blast.ncbi.nlm.nih.gov/Blast.cgi) (30) had the high-
est identity to H3N2 viruses from South Korea. The iden-
tification of the virus as the H3N2 subtype and its relation 
to H3N2 CIV in Asia was announced on April 12 (31), 
and a probable origin in South Korea of the US H3N2 CIV 
outbreak was confirmed by whole-genome sequencing 
performed at the National Veterinary Service Laboratories 
(Ames, IA, USA) on strain A/canine/Illinois/12191/2015, 
in which all 8 genome segments (GenBank accession nos. 
KT002533–40) showed highest similarity to H3N2 CIV in 
South Korea.

During the last weeks of March and into April 2015, 
H3N2 CIV was detected in many animal shelters in Chi-
cago and in the neighboring areas of Illinois, Indiana, and 
Wisconsin but was absent from other regions of the United 
States (Figure 1). The virus spread through affected re-
gions with a wavelike introduction and with case numbers 
growing rapidly over periods of 2–4 days after introduc-
tion into new dog populations (Figures 1, 2). The infection 
presented as a mild to moderate respiratory disease, often 
with a characteristic honking cough, with some progression 
to pneumonia but, generally, with few or no deaths. Some 
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dogs, particularly those in animal shelters, were coinfected 
with other respiratory pathogens, including canine pneu-
movirus, canine parainfluenza virus, and canine respiratory 
coronavirus (32). Analyzing the viral loads in shelter dogs 
during the outbreak showed that the virus peaked in the 
swabs 2–3 days after the probable time of infection and 
that in some cases low levels of RNA along with low levels 
of infectious virus could be detected 2–3 weeks later (33) 
(Table 1), suggesting that prolonged isolation of infected 
dogs would be necessary to completely prevent transmis-
sion. The highest RNA levels detected by real-time reverse 
transcription PCR were found in nasal swab specimens col-
lected 2–4 days after infection, with lower levels found in 
other tissues (Table 2) (32).

Within a few months after its introduction into the Chi-
cago-area dog population, the disease ended in some shel-
ters or kennels, probably because all the resident dogs had 
become immune. This hypothesis is supported by intensive 
sampling of the dogs in some shelters, which showed that 
once the virus entered a closed population of susceptible 
dogs, most or all dogs would be infected within a few days 

(Figure 2), thereafter producing a high level of immuno-
logic resistance in that population.

By May 2015, H3N2 CIV infections were being de-
tected outside of the midwestern United States, and with-
in a year of its introduction, the virus caused substantial 
outbreaks of disease in several eastern and southeastern 
states (Table 3, Figure 3). Smaller outbreaks also occurred 
in Colorado, California, and Washington State, indicating 
that national spread of the virus occurred. However, none 
of these secondary outbreaks was sustained or widespread.

Viral RNA Extraction, Full-Genome Sequencing,  
and Sequence Analysis
We extracted viral RNA by using the QIAamp Viral RNA 
Kit (QIAGEN, Valencia, CA, USA) from original clini-
cal sample material obtained from IDEXX Laboratories 
(West Sacramento, CA, USA) or from the New York 
State Animal Health and Diagnostic Laboratory at Cornell 
University (Ithaca, NY, USA), and we adapted to CIV an 
IAV multisegment real-time reverse transcription PCR 
amplification approach (34). We used amplified genomes 
to prepare sequencing libraries, which we sequenced on 
the Illumina MiSeq platform (Illumina, San Diego, CA, 
USA) with 150 nt paired-end reads, and assembled reads 
de novo as described in Mena et al. (34). We generated 
12 CIV full-genome sequences for this study, all of which 
were submitted to GenBank and assigned accession num-
bers (online Technical Appendix, https://wwwnc.cdc.gov/
EID/article/23/12/17-0246-Techapp1.pdf). We obtained 
additional H3N2 CIV genomes from the National Center 
for Biotechnology Information Influenza Virus Resource 
(http://www.ncbi.nlm.nih.gov/genomes/FLU/Database/
nph-select.cgi?go = database).

We performed consensus sequence editing, align-
ment, and phylogenetic analyses by using Geneious 9.0.5 
and various modules contained in that package (35). We 
trimmed each gene segment to contain only its major open 
reading frame and aligned the segments by using MAFFT 
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Figure 1. Incidence of canine influenza A(H3N2) virus RNA–positive dogs in the Chicago, Illinois, area, USA, March 14–April 27, 2015. 
A) Weekly testing summary of samples collected within Illinois. B) Weekly testing summary of samples collected in all other states.  
C) Presence of virus in the Midwest region, by US postal code.

Figure 2. Spread of canine influenza A(H3N2) virus in an animal 
shelter in the Chicago, Illinois, area, USA, April 2015. The first 
virus-positive result was obtained on April 17; by April 23, the virus 
had infected all dogs tested.
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7.222 (36). We then analyzed the segments separately or 
concatenated with all other genome segment sequences 
from the same virus. In 39 of the genomes analyzed, we 
excluded individual segment phylogenies (Figure 4, panel 
A) and segments from incomplete genomes and intersub-
type reassortant viruses. For concatenated full-genome 
phylogenies (Figure 4, panel B), we excluded intersub-
type and intrasubtype reassortant viruses, for a total of 
32 genomes analyzed. Total sequence alignment lengths 
were as follows: polymerase basic 2, 2,277 nt; poly-
merase basic 1, 2,268–2,271 nt; PA, 2,148 nt; HA, 1,698 
nt; nucleocapsid protein, 1,494 nt; NA, 1,407–1,413 nt; 
matrix 1, 756 nt; and nonstructural 1, 690 nt. Concatena-
tion of the 8 segments yielded a total consensus align-
ment length of 12,741–12,747 nt. We determined phylo-
genetic relationships among the sequences by using the 
maximum-likelihood method available in PhyML (37), 
employing a general time-reversible substitution model, 
gamma-distributed rate variation among sites, and boot-
strap resampling (1,000×). We rooted all trees with the 
earliest and most basal H3N2 CIV isolate available (A/
canine/Guangdong/1/2006 [H3N2]).

Evolutionary Analysis
As observed previously (10), our phylogenetic analysis 
suggests that H3N2 CIV originated in dogs by the direct 

transfer of an avian virus in late 2005 or early 2006, with 
the first virus isolated being in southern China; this virus 
spread rapidly between different regions of China, to or 
from South Korea, and to Thailand (no complete full ge-
nomes from Thailand are available in the database). Al-
though a single ancestral virus is thought to have given 
rise to all H3N2 CIVs (10), a directly comparable avian 
virus sequence is not available in the database. How-
ever, individual genome segment phylogenies of H3N2 
CIV point toward multiple ancestors of the original IAV 
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Table 1. Persistence of virus or viral RNA in dogs in 2 separate Chicago-area animal shelters that were infected with canine influenza 
A(H3N2) virus, United States, April 2015* 
Shelter and 
no. days 

Ct value, by dog no. 
1 2 3 4 5 6 7 8 9 10 

Shelter 1 
 1 20.8† 34.7 Neg 29.1 Neg 16.7† 19.0† 34.5 25.2† 25.1† 
 13 39.3 38.1 31.3 35.1 33.9 31.4 31.9 Neg 29.6 37.3 
 14 Neg Neg 32.1 Neg 32 35.3 35.4 38.1 32.3 Neg 
 15 Neg Neg 36.2 37.1† Neg 39.1 Neg Neg 38.5 Neg 
 17 Neg Neg 37.2 Neg Neg 31.1 Neg Neg Neg Neg 
 19 Neg NT Neg Neg Neg Neg Neg Neg Neg Neg 
 20 Neg NT Neg NT Neg Neg Neg 38.2 37.9 37.8† 
 22 Neg NT Neg NT Neg Neg 36.5 39.2 Neg Neg 
 24 Neg NT Neg NT Neg 39.3 Neg Neg Neg 37.3 
 29 Neg NT Neg NT Neg Neg Neg Neg Neg Neg 
 31 Neg NT Neg NT Neg Neg Neg Neg Neg Neg  

1 2 3 4 5 16 
Shelter 2 
 1 Neg 37.4 25.1 37.9 26 29.5† 
 5 NT NT 22.7 24.6† NT NT 
 6 24.6† 23.7† NT NT NT NT 
 10 36.2 39.5 NT NT NT NT 
 11 NT NT NT NT 37.1 NT 
 15 NT NT 38.6† 35.9 38.2† 36 
 19 NT NT Neg NT NT NT 
 20 37.3 37.2 NT NT NT NT 
 23 NT NT Neg NT NT Neg 
 24 Neg Neg NT NT NT NT 
 28 Neg Neg NT NT NT NT 
*Data from Newbury et al. (33) Table 1, used with permission. Data shown as rRT-PCR Ct values. Values <36 are considered positive results (black 
cells), and values >37 but <40 are considered weak positive results (dark gray cells). Light gray cells indicate negative rRT-PCR assay results for 
influenza A virus shedding. Ct, cycle threshold; Neg, negative; NT, not tested; rRT-PCR, real-time reverse transcription PCR. 
†Samples for which virus was successfully isolated. 

 

 
Table 2. Results of the rRT-PCR analysis of a necropsied dog in 
a Chicago-area animal shelter that died after being infected with 
canine influenza A(H3N2) virus, United States, February 2015* 
Type of specimen Ct value 
Nasal swab 20.0 
Oral swab 34.3 
Tracheal swab 36.4 
Bronchial swab 28.1 
Cranial lung 31.8 
Tracheobronchial lymph node 39.6 
Liver Neg 
Pancreas Neg 
Ileum Neg 
Kidney Neg 
*Data from Watson et al. (32), used with permission. Data shown as rRT-
PCR Ct values. Values <36 are considered positive results (black cells), 
and values >37 but <40 are considered weak positive results (dark gray 
cells). Light gray cells indicate negative rRT-PCR assay results for 
influenza A virus shedding. Ct, cycle threshold; Neg, negative; rRT-PCR, 
real-time reverse transcription PCR. 
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that gave rise to the canine virus, with lineage sequences 
from the Americas being observed in the PA segment 
and lineages from Eurasia being observed in all other 
segments. Once established in dogs, a handful of hetero- 
and homo-subtypic reassortment events occurred among 
the H3N2 CIVs in Asia (10). In contrast, our analysis 
shows that all US H3N2 CIV genome segments exhibit 

approximately the same tree topology (Figure 4, panel 
A), suggesting that no large-scale viral reassortment has 
occurred since its introduction, a conclusion also sup-
ported by analysis using the Recombination Detection 
Program (38) (data not shown). Phylogenetic analysis of 
the concatenated full-genome sequences of viruses from 
the US epidemic show that a single virus from South Ko-
rea was introduced into the Chicago area and that the de-
scendants of that virus continue to circulate in that area 
and have been dispersed widely across the United States 
(Figures 1 and 2). The PA, HA, and NA segment phy-
logenies did not distinguish US viruses from those most 
recently isolated from South Korea (Figure 4, panel A), 
confirming the close relationship to the viruses from 
South Korea and also suggesting that the viral transfer 
occurred shortly before the virus was recognized in the 
United States. Despite the short timescale of H3N2 CIV 
evolution in the United States, some geographic structur-
ing might be present in the data, as indicated by distinct 
and statistically supported clades (bootstrap proportion 
>98). For example, a 2015 clade consisting of viruses 
from Florida, North Carolina, and Georgia probably rep-
resents a single introduction of virus to the southeastern 
United States and a subsequent regional outbreak (Fig-
ure 4, panel B).

The US H3N2 CIV and closely related viruses in 
South Korea show some changes in the sequence adjacent 
to the receptor binding and antigenic sites of the HA seg-
ment. Most notably, a single Gly146Ser amino acid substi-
tution in the HA globular head antigenic site is present in 
all the US H3N2 CIVs and the most recent CIV in Korea. 
Because the United States contains a large and naive new 
host population, with low levels of H3N8 and H3N2 CIV 
infection or vaccination in most places, it is probably not 
under selection from antibody immunity during this initial 
disease emergence, except perhaps among kennel and shel-
ter dogs in the Chicago area.

The exact route of introduction of H3N2 CIV into 
the United States is unknown. However, whereas an in-
fected dog might shed virus for up to 3 weeks, virus prob-
ably remains infectious on fomites for only 12–48 hours. 
Thus, similar to other IAVs, close host–host contact or 
direct aerosol exchange is probably the most effective 
and common route of H3N2 CIV transmission. This hy-
pothesis would suggest that the virus was brought to the 
United States by infected dogs. Such dogs might have 
arrived in the United States after being rescued from 
live animal markets or meat dog farms in South Korea, 
where the reported overall seroprevalence of H3N2 CIV 
is ≈19%, with individual dog farms having seropreva-
lences of up to 100% (11). Hundreds of dogs rescued 
from meat markets in South Korea have been rehomed 
in the United States since the beginning of 2015 (39), 
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Table 3. Results of rRT-PCR tests for canine influenza A(H3N2) 
virus RNA in specimens collected from dogs, by state, United 
States, February 2015–March 2016* 

State/district 
Test result 

Positive Negative 
Alabama 16 355 
Alaska 0 22 
Arizona 0 223 
Arkansas 0 21 
California 11 1,601 
Colorado 4 137 
Connecticut 0 136 
Delaware 0 17 
District of Columbia 0 5 
Florida 1 432 
Georgia 559 1,143 
Hawaii 0 27 
Idaho 1 80 
Illinois 820 1,055 
Indiana 14 108 
Iowa 1 75 
Kansas 0 60 
Kentucky 5 51 
Louisiana 0 132 
Maine 1 132 
Maryland 3 133 
Massachusetts 2 191 
Michigan 6 333 
Minnesota 5 302 
Mississippi 0 39 
Missouri 1 115 
Montana 2 20 
Nebraska 0 27 
Nevada 0 39 
New Hampshire 0 49 
New Jersey 28 175 
New Mexico 0 26 
New York 3 667 
North Carolina 33 475 
North Dakota 0 6 
Ohio 87 425 
Oklahoma 0 18 
Oregon 0 84 
Pennsylvania 28 1,050 
Rhode Island 0 37 
South Carolina 2 137 
South Dakota 7 14 
Tennessee 1 115 
Texas 13 833 
Utah 0 121 
Vermont 0 45 
Virginia 0 232 
Washington 2 181 
West Virginia 1 16 
Wisconsin 15 498 
Wyoming 0 13 
International or unknown 21 609 
Total 1,693 12,837 
*rRT-PCR, real-time reverse transcription PCR. 
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although no direct link between any of these dogs and 
the appearance of H3N2 CIV in the United States has 
been established.

Likewise, the spread of H3N2 CIV within the United 
States presumably resulted from movement of infected 
dogs, rather than from transported fomites, probably 
through the networks involved in rescuing and rehousing 
dogs, which would connect the host populations in US 
dog kennels and shelters. These epidemiologic charac-
teristics resemble those of H3N8 CIV and suggest that 
control, prevention, and even eradication of the virus in 
dogs is feasible by controlling the transfer of dogs from 
infected areas. In addition, with effective inactivated vac-
cines currently available (40) and the possibility of a 
live-attenuated vaccine (41), targeted vaccination of dog 
populations at high risk will aid in the control of the US 
H3N2 CIV epidemic. Further monitoring, epidemiologic 
analysis, and evolutionary studies of H3N2 CIV in the 
United States will help determine whether these viruses 
pose a threat to human health and will answer basic ques-
tions regarding how IAVs invade and infect new hosts.
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In July 2014, an outbreak of Shiga toxin–producing Esch-
erichia coli (STEC) O55:H7 in England involved 31 patients, 
13 (42%) of whom had hemolytic uremic syndrome. Iso-
lates were sequenced, and the sequences were compared 
with publicly available sequences of E. coli O55:H7 and 
O157:H7. A core-genome phylogeny of the evolutionary his-
tory of the STEC O55:H7 outbreak strain revealed that the 
most parsimonious model was a progenitor enteropatho-
genic O55:H7 sorbitol-fermenting strain, lysogenized by a 
Shiga toxin (Stx) 2a–encoding phage, followed by loss of 
the ability to ferment sorbitol because of a non-sense muta-
tion in srlA. The parallel, convergent evolutionary histories of 
STEC O157:H7 and STEC O55:H7 may indicate a common 
driver in the evolutionary process. Because emergence of 
STEC O157:H7 as a clinically significant pathogen was as-
sociated with acquisition of the Stx2a-encoding phage, the 
emergence of STEC O55:H7 harboring the stx2a gene is of 
public health concern.

The first outbreak of Shiga toxin–producing Escherichia 
coli (STEC) O55:H7 in the United Kingdom occurred 

in the county of Dorset, England, in July 2014 (1). Ulti-
mately, 31 cases were linked to the outbreak, and 13 (42%) 
of those patients had hemolytic uremic syndrome (HUS). 
Of the 13 with HUS, 8 (66%) had neurologic complications 
and 11 (90%) required prolonged treatment for kidney re-
placement. After enhanced epidemiologic surveillance and 
analysis of the patients’ food, exposure, and travel histo-
ries, the only epidemiologic link identified was living in or 
having close links to Dorset County. Extensive microbio-
logical investigations included testing of the environment, 
nondomestic animals, and household pets. Although no 
causal link was established, whole-genome sequencing and 

epidemiologic analyses were indicative of a local endemic 
zoonotic source (1).

Previous studies postulated that the common STEC 
O157:H7 clone evolved from enteropathogenic E. coli 
(EPEC) serotype O55:H7 (2,3). Evolutionary models pre-
dict the stepwise acquisition of a Shiga toxin (Stx)–encod-
ing bacteriophage in the EPEC O55:H7 progenitor strain, 
followed by the substitution of the rfb locus encoding the 
somatic O55 antigen with that encoding the O157 antigen, 
the acquisition of the pO157 plasmid, loss of the abil-
ity to ferment sorbitol, and loss of the ability to produce 
β-glucuronidase (3–6). Analyses from more recent studies 
have indicated that the Stx-encoding phage is an unstable 
evolutionary marker, with frequent acquisition and loss oc-
curring in STEC O55:H7 and all 3 lineages of STEC O157 
throughout their evolutionary history (7,8).

STEC O157:H7 has multiple genetic and phenotypic 
features that contribute to its pathogenicity or are used for 
detection and identification. The primary virulence factor 
defining the STEC group is production of Stx1, Stx2, or 
both. The genes encoding the toxins, stx1 and stx2, are har-
bored on lambdoid prophage and are the targets of com-
mercial and in-house diagnostic PCR assays (9). Both 
toxins can be divided into several subtypes, Stx1a–1d and 
Stx2a–2g (10). The locus of enterocyte effacement (LEE) 
is a 35-kb pathogenicity island encoding a type III secre-
tion system (T3SS) responsible for the attaching and ef-
facing phenotype that facilitates successful colonization of 
the human gut (11). The inability to ferment sorbitol or to 
produce β-glucuronidase differentiates STEC O157 from 
≈90% of other gastrointestinal bacteria (5,12). These char-
acteristics, along with resistance to tellurite, facilitate the 
detection and identification of STEC O157:H7 on selec-
tive media. The pO157 plasmid encodes multiple putative 
virulence factors, including enterohemolysin (ehxA) and an 
adhesin (toxB) (13).

The STEC O55:H7 Dorset outbreak strain shared cer-
tain characteristics with the STEC O157:H7 clone. Initial 
PCRs detected the presence of stx2 and the intimin gene 
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eae, a marker for E. coli attaching and effacing pheno-
type; non–sorbitol-fermenting colonies of STEC O55 were 
identified after culture on sorbitol MacConkey agar (1,9). 
However, unlike the STEC O157 clone, the STEC O55 
Dorset outbreak strain exhibited β-glucuronidase activ-
ity and was sensitive to tellurite. Laboratory records held 
at the Gastrointestinal Bacterial Reference Unit of Public 
Health England showed that this highly pathogenic strain 
had not previously been isolated from humans or animals in 
the United Kingdom. Our goal with this study was to iden-
tify the genetic determinants responsible for the phenotypic 
characteristics of the STEC O55:H7 Dorset outbreak strain 
and to explore the strain’s evolutionary history.

Materials and Methods

Bacterial Strains
We studied 26 isolates of STEC O55:H7 from the out-
break, 10 isolates of STEC O55:H7 from Ireland, and 
79 isolates selected to represent of the broad phylogeny 
of STEC O157:H7 (online Technical Appendix Table, 
https://wwwnc.cdc.gov/EID/article/23/12/17-0628-
Techapp1.pdf). From public databases, we retrieved 10 
genome sequences for E. coli O55:H7 and 2 for STEC 
O157:H7 (6,7,14,15) (Table 1).

Whole-Genome Sequencing, Assembly, and Alignment
We sequenced all isolates by using an Illumina paired-
end (100-bp) protocol (https://www.illumina.com) and 
assembled them by using SPAdes Genome Assembler 
version 3.1.1 (18). The assemblies were annotated by 
using Prokka version 1.0.1 (19). We used the MinION  
(https://nanoporetech.com/products/minion) nanopore plat-
form to sequence an isolate from the outbreak, designated 
122262. A hybrid Illumina/MinION de novo assembly of 
122262 constructed by using SPAdes yielded 15 contigs 
with the largest contig spanning the first 2.4 mbp. We aligned 
published reference genomes against the outbreak reference 
strain 122262 by using Mauve (20).

Genome, Plasmid, and Bacteriophage Comparisons
We retrieved from GenBank published nucleotide sequenc-
es of key virulence genes associated with toxicity, host-cell 
adhesion, and metabolic activity and concatenated in FAS-
TA (http://www.ebi.ac.uk/Tools/sss/fasta/) file format. To 
determine the presence and absence of the gene panel, we 
performed a blastn (21) comparison against the extracted 
coding sequences of 122262. Significant hits were defined 
as those with a nucleotide identity of >90% over at least 
90% of the query sequence. Truncated sequences were de-
fined as matches with <90% coverage. We uploaded as-
sembled data from the strains in FASTA file format to the 
PHAge Search Tool (PHAST) web server for prophage 
identification (22). Prophage region detection, prophage 
annotation, and circular genomic views from PHAST re-
sults were used along blast ring image generator (BRIG) 
plots (23) to isolate the prophage regions of 122262 and 
nucleotide homologies to the prophages in the Sakai refer-
ence genome (16). BRIG was used to visually compare the 
similarities between the Sakai and outbreak strain prophag-
es. We compared prophage regions of 122262 with those 
extracted and analyzed by Shaaban et al. (17) by using the 
pipeline and strains presented in their study.

Phylogenetic Analyses
Short reads were quality trimmed (24) and mapped to the 
STEC O157:H7 Sakai reference genome (GenBank accession 
no. BA000007) by using Burrows-Wheeler aligner–maximal 
exact matching (25). We sorted and indexed the sequence 
alignment map output from the Burrows-Wheeler aligner to 
produce a binary alignment map by using SAMtools (25). 
GATK2 (26) was used to create a variant call format file 
from each of the B binary alignment maps, which were fur-
ther parsed to extract only single-nucleotide polymorphism 
(SNP) positions that were of high quality (mapping qual-
ity >30, coverage of reads that passed quality metrics >10, 
variant ratio >0.9). We used pseudosequences of polymor-
phic positions to create maximum-likelihood trees by using  
RAxML (27). FASTQ (https://www.ncbi.nlm.nih.gov/pmc/
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Table 1. Escherichia coli O55:H7 genome sequences retrieved from publicly available databases* 
Name Accession no. Serotype STX SOR GUD Reference 
USDA 5905 SRS702210 O55 – + + (7) 
3256–97–1 AEUA01000000 O55 – + +  (7) 
RM12579–1 CP003109 O55 – + +  (7) 
CB9615 NC_013941 O55 – + +  (10) 
ZH-1141 Pending O55:H7 – + +  (14) 
2013C-4465 GCA_001644745.1 O55 Stx1a + +  (15) 
Sakai  O157:H7 Stx1a and 2a – –  (16) 
155 CP018237 O157:H7 Stx2a – –  (17) 
TL-000142 ERR180875 O55 – + + This study 
SRR3578942 SRR3578942 O55:H7 Stx2d + + This study 
TL-000132 ERR197199 O55 – + + This study 
3041–1_85 ERR197201 O55 – + + This study 
100446 ERR178176 O55:H7 – + + This study 
*GUD, β-glucuronidase; SOR, sorbitol; Stx, Shiga toxin; –, negative; +, positive. 
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articles/PMC2847217/) sequences were deposited in the Na-
tional Center for Biotechnology Information Short Read Ar-
chive under the BioProject PRJNA248042.

Results

General Genomic Features
STEC O55:H7 strain 122262 had a 5,364,131-bp chromo-
some and a 67,247-bp single plasmid of replicon type FIB-
15. Use of blastn to compare the extracted plasmid sequence 
from 122262 with publicly available plasmid sequences be-
longing to CB9615, 2013C-4465, and Sakai indicated that 
the plasmid of 122262 was 99% identical to pO55 CB9615 
over its complete length. Unlike pO157 in STEC O157:H7, 
the O55:H7 plasmids did not encode toxin B (toxB) or the 
enterohemolysin operon (ehxABCD). The E. coli O55:H7 
strains 122262, CB9615, and 2013C-4465 did, however, 
encode a remote toxB homologue efa1/lifA on the chromo-
some that has 29% nt identity (97% coverage) with pO157 
toxB. The LEE was inserted into the chromosome of strain 
122262 at tRNA-selC, the most common insertion site in 
a range of pathogenic E. coli chromosomal backgrounds 
(28). Antimicrobial drug resistance determinants included 
aadA-1b encoding resistance to streptomycin and dfrA-1 
encoding resistance to trimethoprim.

Prophage Composition of 122262
PHAST identified 15 prophage interruptions in 122262, of 
which 5 were homologous in nucleotide identity to Sp2, Sp3, 
Sp6, Sp8, and Sp14 found in Sakai (16) (Table 2; Figure 1). 
Unique genetic content and position was found for 9 putative 
prophages (Figure 1). In addition, a Stx2a-encoding phage 
was identified at the Stx-associated bacteriophage insertion 
site yecE in strain 122262. In Sakai, the Stx1a (Sp15) and 
Stx2a (Sp5) encoding phages are inserted at wrbA and yehV, 
respectively. However, yecE is a known Stx-associated  

bacteriophage insertion site in strains of STEC O157:H7 en-
coding stx2a belonging to lineage Ic (29).

Long-read sequencing of 122262 facilitated compari-
son of the sequence of the Stx2a-encoding phage with oth-
er publicly available sequences of Stx2a-encoding phage. 
Shaaban et al. (17) compared prophage sequences for 14 
strains of STEC O157:H7, including 8 Stx2a-encoding 
phages. Of the 8 Stx2a phages described in that study, 7 
were closely related despite being found in globally dis-
tributed strains from different lineages. The sequence of the 
Stx2a-encoding phage from the outbreak strain, 122262, 
showed most similarity (>98% nt identity and >94% se-
quence coverage over the complete phage) with an outlier 
Stx2a-encoding phage designated 155, found in a subset of 
isolates of STEC O157 phage type 32 in lineage 1c, geo-
graphically associated with the island of Ireland (17,29) 
(Figure 2). The main difference between the 2 prophages 
was an insertion sequence element, a common source of 
prophage variation (Figure 2).

Sorbitol-Negative Phenotype of 122262
Like the common STEC O157:H7 clone, the STEC O55:H7 
outbreak strain described in this study was characterized 
by its inability to ferment sorbitol. srlA and srlE encode 
components of a glucitol/sorbitol-specific phosphotransfer-
ase system. In STEC O157:H7, the sorbitol-negative phe-
notype was thought to have resulted from frameshifts in 
srlA and srlE, as observed in Sakai and EDL933 (5). SNP 
analysis of STEC O55:H7 122262 in our study revealed a 
non-sense mutation in srlA causing truncation of the last 
29 aa, which was likely to reduce expression or produce 
a nonfunctional product. The sorbitol-negative phenotype, 
although a characteristic of STEC O157:H7, is rare in E. 
coli O55:H7 and has been described for only 1 other strain 
(RM12506, also referred to as BB2 and C523-03; genome 
not publicly available) (7,30).
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Table 2. Location of prophages in Shiga toxin–producing Escherichia coli O55:H7 isolate 122262 from outbreak in Dorset County, 
England, July 2014, and related Sakai reference prophage* 
Prophage in 122262 Location Related Sakai phage Identity, % 
P1 298714–355267 Sp8 96 
P2 2728769–2738381 NP NA 
P3 2958215–2992979 Sp3 98 
P4 3119806–3151485 NP NA 
P5 3702030–3736837 Sp5 99 
P6 4031314–4075190 NP NA 
P7 4166735–4223146 NP NA 
P8 4361295–4432383 Sp6 97 
P9 4549353–4575262 NP NA 
P10 4662955–4712352 NP NA 
P11 4744636–4768829 NP NA 
P12 4868835–4901248 NP NA 
P13 5136256–5154117 NP NA 
P14 5221278–5261127 Sp14 98 
P15 5287889–5361495 NP NA 
Stx-encoding phage 3607500–3655000 NP NA 
*NA, not applicable; NP, not present; Stx, Shiga toxin. 
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β-Glucuronidase and Tellurite Phenotypes of 122262
β-glucuronidase is an inducible enzyme encoded by uidA 
and produced by ≈90% of pathogenic and nonpathogenic E. 
coli. The common STEC O157:H7 clone is a rare exception. 
The uidA loss of function mechanism in STEC O157:H7 
was elucidated by Monday et al. (31) and included 2 frame-
shift mutations. The STEC O55:H7 outbreak strain 122262 
had a β-glucuronidase–positive phenotype, and analysis of 
the genome by using MAUVE (20) did not identify any 
disruptive mutations in uidA. No β-glucuronidase–negative 
strains of E. coli O55:H7 have been described. Further-
more, the STEC O55 Dorset outbreak strain 122262 did 
not contain the ter cluster and was phenotypically sensitive 
to tellurite. As a consequence, it did not propagate when 
inoculated onto cefixime and tellurite sorbitol MacConkey 
agar and was not detected by routine culture methods used 
at the local hospital diagnostic microbiology laboratories 
in the United Kingdom (https://www.gov.uk/government/
publications/smi-b-30-investigation-of-faecal-specimens-
for-enteric-pathogens).

Phylogenetic Analyses
To investigate the evolutionary history of the STEC O55 
Dorset outbreak strain, we constructed a core genome  

phylogeny (Figure 3). The analysis divided the sequences 
of the isolates in this study according to serotype; all iso-
lates of E. coli O55:H7 clustered together on a separate 
branch of the tree, and all isolates of STEC O157:H7 clus-
tered together on the branch below, regardless of sorbitol/
β-glucuronidase phenotype or the presence of stx (Figure 
3). The phylogenetic analysis of E. coli O55:H7 indicated 
that incorporation of the Stx-encoding prophage has oc-
curred on multiple occasions within the EPEC O55:H7 
background, with independent acquisition of stx1 (15), 
stx2d, and stx2a into EPEC O55:H7. Likewise, multiple 
acquisition and loss events involving stx1, stx2c, stx2a, and  
less commonly stx2d have been described for STEC 
O157:H7 (12,32).

As noted by McFarland et al. (1), the outbreak strain 
was closely related to STEC O55:H7 stx2a isolates identi-
fied in Ireland during 2013–2014 (Figure 3). These 6 isolates 
from Ireland were <5 SNPs from the Dorset outbreak strain, 
indicating that the isolates from Ireland and Dorset County 
shared a common source (8). The outbreak strain had lost 
the ability to ferment sorbitol, which appears to be a recent 
adaption with all ancestral O55:H7, including those isolated 
in Ireland in 2012 retaining the ability to ferment sorbitol. A 
similar relationship exists between the sorbitol-positive and 
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Figure 1. BLAST ring image 
generator (BRIG) plot generated 
from BLAST+ (21) comparisons of 
Shiga toxin–producing Escherichia 
coli (STEC) O55:H7 122262 
prophages and homologous STEC 
O157:H7 Sakai prophages. STEC 
O55:H7 122262 chromosome 
is set as the reference genome, 
and the 122262 prophages (P1–
P15) comprise the first ring. The 
homologous STEC O157:H7 Sakai 
prophages (Sp2, Sp3, Sp6, Sp8, 
and Sp14) identified in the BLAST 
analysis were added to the image 
according to their known locations 
(Table 2). Putative prophage 
sequence data were retrieved 
content from PHAge Search Tool 
(22) and plotted in BRIG.
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sorbitol-negative STEC O157:H7 phenotypes; the sorbitol-
negative phenotype is a more recent adaption from the sorbi-
tol-positive progenitor strain (Figure 3) (3,5).

The most parsimonious model of evolution of the 
STEC O55:H7 Dorset outbreak strain was a progenitor 
EPEC O55:H7 sorbitol-fermenting strain lysogenized by 
an Stx2a-encoding phage and subsequent loss of the abil-
ity to ferment sorbitol. This stepwise model of evolution 
seems to mirror that seen in the common STEC O157:H7 
clone; the acquisition of the STEC pathotype preceded phe-
notypic modulation.

Discussion
In the United Kingdom, STEC is regarded as a substantial 
threat to public health, and enhanced surveillance systems 
are in place (32). In England, HUS developed in ≈5% of 
symptomatic STEC O157:H7 patients (33), notably less 
than the 42% of patients in whom HUS developed during 
the STEC O55:H7 outbreak described in this study. The 
Dorset outbreak strain was closely related to the common 
STEC O157:H7 clone and shared several characteristics, 
most notably the presence of phage-encoded stx2a. Stx2a 
is associated with more severe symptoms, including the 
development of HUS, and it is probably the key virulence 
factor causing the high proportion of HUS cases in this out-
break (10). Of additional concern was the inability to detect 
the outbreak strain at the local hospital level by using the 
standard microbiology investigation method, cefixime and 
tellurite sorbitol MacConkey agar, because of this strain’s 
sensitivity to tellurite.

A previously published stepwise evolutionary model 
showed the acquisition of stx2 by a strain of EPEC O55:H7, 
resulting in emergence of a strain of STEC O55:H7, which 
was β-glucuronidase positive and sorbitol positive, close-
ly related but ancestral to STEC O157:H7, which was 
β-glucuronidase positive and sorbitol positive (34). The 
loss of the sorbitol-positive phenotype in STEC O157:H7 
was followed by the loss of β-glucuronidase expression, 
resulting in the common STEC O157 sorbitol-negative 
β-glucuronidase–negative clone. The evolutionary his-
tory of the Dorset outbreak strain begins with the EPEC 

O55:H7 progenitor strain described previously (6) (Figure 
3). Subsequent acquisition of an Stx2a-encoding phage was 
confirmed by detection of STEC O55:H7 β-glucuronidase–
positive sorbitol-positive isolates in Ireland in 2012 (Figure 
3). The loss of the sorbitol-positive phenotype mirrored the 
genetic events proposed to have occurred in the evolution 
of STEC O157, albeit by an alternative mechanism.

The parallel, convergent evolutionary history of STEC 
O157:H7 and STEC O55:H7 may indicate a common driv-
er in the evolutionary process. Adaptation to a new niche 
may be accompanied by modification of gene expression 
because genes no longer required for, or incompatible with, 
the variation in lifestyle are selectively inactivated by point 
mutation, insertion, or deletion (35). Loss of the sorbitol-
positive phenotype may coincide with the successful colo-
nization of a new animal host or the ability to transmit more 
effectively between animal hosts without the need to sur-
vive in the environment for long periods (28,36).

The detection of the STEC O55:H7 sorbitol-negative 
strain in patients in Ireland before the outbreak in Dorset led 
to speculation that ruminants (most likely cattle or sheep) 
on the island of Ireland were the source of the outbreak 
strain (1). Transmission between Ireland and Dorset may 
have occurred via movement of persons, livestock, or a 
secondary vector such as migratory birds (37). The finding 
that the Stx2a-encoding phage has a high level of similarity 
to Stx2a-encoding phage found in a previously described 
sublineage of STEC O157 PT32 geographically linked to 
Ireland may provide further evidence of the origin of this 
strain (17,29). Phages from STEC O157 may be exchanged 
with other phages from serotypes of E. coli in the gut of the 
ruminant host or in the environment. Analysis and com-
parison of phage sequences to provide clues regarding the 
origin of a strain of STEC is a novel approach to outbreak 
investigation; additional studies are required to evaluate the 
utility of the approach. Further work will be hampered by 
the lack of available sequences of the Stx-encoding phage 
and the difficulties with assembling the sequences because 
of the inability of short-read sequencing to resolve the large 
number of repetitive and paralogous features characteristic 
of the prophage.
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Figure 2. The sequence of the Stx2a-encoding phage from the July 2014 Dorset County, England, outbreak strain of Shiga toxin–
producing Escherichia coli O55:H7, designated 122262, showed >98% nt identity with an outlier Stx2a-encoding phage designated 155, 
found in a subset of isolates of Shiga toxin–producing Escherichia coli O157 geographically associated with the island of Ireland. The 
main difference between the 2 prophages was an insertion sequence element.
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Figure 3. Core genome phylogeny illustrating 
the evolutionary history of the Shiga toxin–
producing Escherichia coli (STEC) O55 strain 
from the July 2014 Dorset County, England, 
outbreak in the context of STEC O157:H7 
lineages I, II, and I/II.Scale bar indicates 
nucleotide substitutions per site.
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The STEC O55:H7 Dorset outbreak strain described 
in this study shared characteristics with the common STEC 
O157:H7 clone, specifically the acquisition of an Stx2a-en-
coding phage and the sorbitol-negative phenotype. Key dif-
ferences between the 2 strains include the rfb gene cluster, 
plasmid content, β-glucuronidase phenotype, and the ab-
sence of the ter gene cluster in the STEC O55:H7 outbreak 
strain. Despite these differences, this study provides evi-
dence of parallel, convergent evolution of STEC O157:H7 
and STEC O55:H7, involving multiple acquisitions of 
Stx-encoding phages and loss of the ability to ferment 
sorbitol. Previous studies have shown a clear association 
with STEC harboring stx2a and progression to HUS (10). 
Acquisition of the Stx2a-encoding phage seems to explain 
the emergence of STEC O157:H7 as a clinically significant 
pathogen; in contrast to the acquisition of stx2c, evidence 
suggests that after Stx2a-encoding phage is integrated in a 
population, it tends to be maintained and may be associated 
with higher excretions levels in cattle (29,36). As such, the 
emergence of STEC O55:H7 harboring stx2a is of public 
health concern.
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In 2016, an epidemic of highly pathogenic avian influenza A 
virus subtype H5N8 in the Netherlands caused mass deaths 
among wild birds, and several commercial poultry farms 
and captive bird holdings were affected. We performed 
complete genome sequencing to study the relationship be-
tween the wild bird and poultry viruses. Phylogenetic analy-
sis showed that the viruses are related to H5 clade 2.3.4.4 
viruses detected in Russia in May 2016 but contained novel 
polymerase basic 2 and nucleoprotein gene segments and 
2 different variants of the polymerase acidic segment. Mo-
lecular dating suggests that the reassortment events most 
likely occurred in wild birds in Russia or Mongolia. Further-
more, 2 genetically distinct H5N5 reassortant viruses were 
detected in wild birds in the Netherlands. Our study pro-
vides evidence for fast and continuing reassortment of H5 
clade 2.3.4.4 viruses, which might lead to rapid changes 
in virus characteristics, such as pathogenicity, infectivity, 
transmission, and zoonotic potential.

Highly pathogenic avian influenza (HPAI) A virus sub-
type H5N8 was detected in wild birds found dead at 

Uvs-Nuur Lake at the border between Russia and Mongolia 
in May 2016. This discovery was considered an early warn-
ing for the potential spread of the virus by autumn migration 
of wild birds. On October 27, 2016, public health authori-
ties in Hungary reported detection of HPAI H5N8 virus in 
a wild swan. Since then, H5N8 has been detected in many 
countries in Africa and Euriasia, including the Netherlands.

These reports constitute the fourth time intercontinen-
tal spread of an H5 HPAI virus has been observed. The 
gene segment encoding for the hemagglutinin (HA) surface 
protein of these viruses is a descendant of HPAI H5N1 vi-
rus (A/Goose/Guangdong/1/1996), first detected in China 
in 1996 (1). In wild birds, H5N1 virus was first reported in 
2002 in Hong Kong and was most likely caused by spill-
over from infected poultry (2). In 2005, H5N1 virus was 
spread from Asia through Siberia to Europe, the Middle 

East, and Africa within a few months by migratory wild 
birds (3,4). In 2010, H5N1 virus was found in many coun-
tries in Asia and some in Europe (5). 

In 2014, HPAI H5N8 virus spread from Asia to Eu-
rope and North America (6,7), and 5 poultry holdings 
were infected in the Netherlands (8,9). In the Netherlands, 
the introduction of H5N8 in 2016 resulted in mass deaths 
among wild birds, and several commercial poultry hold-
ings and captive birds were infected. The 2016 H5N8 virus 
appeared more pathogenic than the viruses in the earlier 
H5 HPAI epidemics, given that mass deaths of wild birds 
were never observed before. A recent study (10) showed 
that the H5N8 viruses identified in Russia in 2016 are re-
assortants, carrying 3 gene segments (HA, neuraminidase 
[NA], and nonstructural protein [NS]) originating from H5 
clade 2.3.4.4 viruses circulating in eastern Asia. The other 
5 gene segments (polymerase basic 1 and 2 [PB1 and PB2], 
polymerase acidic [PA], nucleoprotein [NP], and matrix 
protein [MP]) were found previously in low pathogenic-
ity avian influenza (LPAI) viruses identified in Mongolia, 
China, and Vietnam.

In this study, we analyzed the genetic relationship 
between HPAI H5N8 viruses isolated from wild birds, 
commercial poultry, and captive birds in the Netherlands 
in 2016. Median-joining network analysis suggested that 
multiple separate introductions of the H5N8 virus occurred 
during the epidemic. Phylogenetic analysis showed that the 
virus evolved from the H5N8 viruses detected in Russia in 
2016 by obtaining novel PB2, PA, and NP gene segments. 
Two different PA reassorted H5N8 viruses were introduced 
in the Netherlands, and we detected 2 distinct H5N5 vi-
ruses in wild birds. We performed molecular dating to esti-
mate the timing of the reassortment events.

Materials and Methods

Virus Detection and Subtyping
We extracted influenza virus RNA from tracheal or cloa-
cal swabs from dead wild birds by using MagNa Pure 
96 (Roche, Basel, Switzerland). For commercial poultry 
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farms, we used pools of 5 samples from clinically affected 
animals. We tested samples by using a matrix-gene real-
time PCR, which detects all avian influenza virus subtypes, 
as described previously (9). We subtyped positive samples 
by using an H5-specific real-time PCR as recommended 
by the European Union reference laboratory (11). We de-
termined the sequence of the HA cleavage site and the N 
subtype by using Sanger sequencing (9).

Complete Genome Sequencing and Analysis
We purified influenza virus RNA by using the High Pure 
Viral RNA kit (Roche), amplified the RNA by using uni-
versal 8-segment primers, and then directly sequenced the 
RNA, as described previously (12). We sequenced puri-
fied amplicons at high coverage (average >1,000/nt posi-
tion) using the Nextera XT DNA Library Preparation kit 
(Illumina, San Diego, CA, USA) and MiSeq paired-end 
150-bp sequencing (Illumina). We mapped the reads by us-
ing the ViralProfiler-Workflow, an extension of the CLC 
Genomics Workbench (QIAGEN, Hilden, Germany). We 
generated consensus sequences by using a reference-based 
method. For generation of a defined set of influenza ref-
erence sequences, we clustered all complete genome se-
quences of Eurasia isolates in the GISAID EpiFlu database 
(https://www.gisaid.org) (years 2000–2016) per segment 
at 85% identity by using the CD-HIT-EST algorithm (13). 
We selected cluster representatives for each gene seg-
ment to generate a reference set. We first mapped reads 
to this reference set, and subsequently remapped them to 
the selected reference sequence. Finally, we extracted the 
consensus sequence of the complete virus genome. The 
ViralProfiler-Workflow also assigns the HA cleavage site 
and coding region of the proteins. We submitted sequences 
generated in this study to the GISAID database (online 
Technical Appendix 1 Table 1, https://wwwnc.cdc.gov/
EID/article/23/12/17-1062-Techapp1.xlsx).

Phylogenetic Analysis
We performed phylogenetic analysis of the complete ge-
nome sequences for each genome segment separately. We 
generated alignments with the closest related viruses ob-
tained from the GISAID database (online Technical Ap-
pendix 1 Table 2) by using Muscle in MEGA6 (14). We 
performed molecular phylogenetic analysis by using the 
neighbor-joining method. We modeled the rate varia-
tion among sites with gamma distribution (shape param-
eter = 1) and used 1,000 bootstrap replicates to estimate 
branch support.

We manually concatenated the 8 gene segment align-
ments to generate a single alignment, which we used to 
construct phylogenetic networks by applying the median-
joining method implemented in NETWORK as described 
(15). This model-free method uses a parsimony approach, 

based on pairwise differences, to connect each sequence 
to its closest neighbor. It allows creation of internal nodes 
(median vectors), which could be interpreted as unsampled 
or extinct ancestral genotypes to link the existing geno-
types in the most parsimonious way.

Molecular Dating
For each gene segment alignment, the simplest evolutionary 
model fitting the dataset was the Hasegaw–Kishino–Yano 
model with gammadistributed rates (16). We estimated nu-
cleotide substitution rates by using Bayesian Markov chain 
Monte Carlo methods (17) until all parameters converged 
(chain lengths of 30 million delivered estimated sample 
sizes >500). We performed the analysis by using BEAST 
version 1.8.4 software (18) and strict or relaxed uncorrelat-
ed molecular clocks that we calibrated by using the sample 
isolation dates. We treated all gene segments separately to 
identify reassortants. We sampled the 30 million genera-
tions every 3,000 generations. We constructed a maximum 
clade credibility tree to summarize all 10,000 trees after 
removing the initial 10% burn-in by using TreeAnnotator 
(17). We visualized time-scaled phylogenetic trees by us-
ing FigTree version 1.4.2 (19) and further annotated the 
trees by using iTOL version 3.5.3 (20).

Results

Detection of HPAI H5N8 in Wild Birds and Poultry
The 2016 H5N8 epidemic in the Netherlands started with 
occurrence of hundreds of dead tufted ducks (Aythya fulig-
ula) around a lake near Monnickendam, in the central part 
of the country. These tufted ducks tested positive for H5N8 
on November 10, 2016. Sequencing of the HA gene showed 
the polybasic amino acid sequence PLREKRRKR*GLF in 
the cleavage site, confirming its high pathogenicity. As 
the epidemic continued, wild birds around several lakes 
and water-rich areas in the central part of the country, and 
later also in the northern part, were infected. We plotted 
the geographic locations where the HPAI H5N8 virus was 
detected (Figure 1, panel A). Tufted ducks were the most 
affected bird species in November and Eurasian wigeons 
(Anas penelope) in December (21). However, many species 
of wild birds became infected, including diving and dab-
bling ducks as well as mute swans, grebes, gulls, and buz-
zards (21). An HPAI virus of subtype H5N5 was detected 
in 2 birds, a tufted duck found dead near Monnickendam, 
and a mute swan near Groningen.

The first introduction of H5N8 into a commercial poul-
try holding with Peking ducks was detected on November 
25, in the municipality of Biddinghuizen. The farm was 
located in the central part of the country, a few kilometers 
from the lake where dead H5N8-positive wild birds were 
detected earlier. Severe clinical signs, such as lethargy, 
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neurologic symptoms, and sudden death, were observed 
at the farm. Samples from the ducks tested positive by 
PCR, and the HPAI cleavage site (PLREKRRKR*GLF) 
was confirmed by sequencing. Several days later, samples 
from 2 other duck farms located within a distance of 3 km 
tested positive for H5N8. After these initial outbreaks, 
5 other poultry holdings were affected in the central and 
northern parts of the country: 4 farms with laying hens, in 
Abbega, Boven-Leeuwen, Hiaure, and Zoeterwoude; and 
1 duck farm, in Kamperveen. In addition, 4 introductions 
into captive birds were detected (1 black swan, 2 ducks, 
and 1 chicken). We noted the geographic locations of the 
infected commercial farms and captive bird holdings (Fig-
ure 1, panel B). All farms, with the exception of Boven-
Leeuwen, were located in water-rich areas where dead 
H5N8-postive wild birds were found.

Genetic Differences between Wild Bird and  
Poultry H5N8 Viruses
We performed deep sequencing to determine the com-
plete genome sequence of 44 wild bird viruses, the viruses  

from 8 commercial poultry farms, and viruses from 4 
captive birds in the Netherlands in 2016. We studied the 
genetic relationship between these viruses by median-
joining network analysis, which showed that the viruses 
divide into 3 major clusters (online Technical Appendix 
2 Figure 1, https://wwwnc.cdc.gov/EID/article/23/12/17-
1062-Techapp2.pdf). Cluster A contained mainly Eur-
asian wigeons, whereas various wild bird species were 
found in clusters B and C (online Technical Appendix 2 
Figure 1). The viruses detected at the commercial poultry 
farms and in captive birds were located in clusters A and 
B, with the exception of those from Abbega. The network 
analysis showed no correlation between virus cluster and 
the geographic location of the virus. These results suggest 
that at least 3 separate introductions of the H5N8 virus 
occurred in the Netherlands, after which the virus like-
ly spread to different parts of the country. In addition to 
the major clusters, we detected multiple separate viruses 
and small clusters, which suggests that more independent 
introductions of the H5N8 virus have occurred during  
the epidemic.
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Figure 1. Geographic distribution 
of wild and captive birds and 
commercial poultry infected with 
highly pathogenic avian influenza 
A virus, the Netherlands, 2016. 
A) Location of dead wild birds 
infected with highly pathogenic 
avian influenza A virus subtypes 
H5N8 and H5N5; B) location of 
commercial poultry farms and 
captive birds infected with H5N8; 
C) location of H5N8-affected 
commercial poultry farms and 
wild bird viruses; colors indicate 
closest identities between farms 
and viruses (wild bird virus 
isolates used for this analysis 
are numbered 1–10; online 
Technical Appendix 1 Table 2, 
https://wwwnc.cdc.gov/EID/
article/23/12/17-1062-Techapp1.
xlsx); D) location of H5N8 viruses 
with gene segment PA I and PA 
II for commercial poultry farms 
and captive bird holdings and wild 
birds. Also shown are the H5N5 
viruses isolated in Groningen 
and Werkendam. EW, Eurasian 
wigeon; Go, gray goose; Ma, 
mallard; PA, polymerase acidic; 
TD, tufted duck.



HPAI A(H5N8) Virus, the Netherlands

To analyze the genetic relationship between H5N8 
viruses detected at commercial poultry farms and in wild 
birds, we identified the most identical wild bird virus for 
each farm (online Technical Appendix 1 Table 2) and per-
formed median-joining network analysis (Figure 2). The 
geographic locations of the poultry farms and the dead 
wild birds infected with the most related virus are shown 
(Figure 1, panel C). Epidemiologic investigation of the af-
fected farms revealed no dangerous contacts. However, the 
3 infected farms in Biddinghuizen were detected within a 
period of 7 days and are located within 3 km of one anoth-
er. The median-joining network (Figure 2) showed that the 
complete genome sequence of the viruses from the farms in 
Biddinghuizen are highly similar, containing at most 5 nt 
changes. This fact indicates that the farms were either in-
fected by direct transmission between farms or by separate 
introduction of virus from the same outside source. The 
viruses detected at the other 5 farms differed between 14 
and 59 nt and are likely the result of separate introductions 
from wild birds (Figure 2). Closely related wild bird vi-
ruses with 5–9 nt changes were identified near the farms in  
Biddinghuizen, Hiaure, Kamperveen, and Zoeterwoude 
at 3–20 km distance. For the farm in Boven-Leeuwen, the 
closest related wild bird virus was found at a distance of 48 
km and contained 16 nt differences. For the farm in Abbe-
ga, the most similar wild bird virus contained 56 nt changes 
and was found at a distance of 52 km. We did not identify 
a more closely related virus, suggesting that the variation 
of wild bird viruses introduced into the Netherlands was 
larger than revealed in this study.

The comparison of wild bird and poultry sequences 
identified no specific mutations related to adaptation of 
the virus to poultry. Finally, the consensus sequence of 
the 2016 H5N8 virus was compared with the consen-
sus sequence of the virus detected in the Netherlands in 

2014, when 5 commercial poultry holdings were infected 
(results not shown). This analysis identified 97 nt differ-
ences, resulting in 18 aa changes in the HA gene segment 
between the consensus sequences of these viruses. In ad-
dition, we found 56 nt (14 aa) differences in the NA seg-
ment. In the 6 internal segments, we found a total of 142 
aa differences in the open reading frames. The numerous 
genetic differences between the viruses indicate that the 
H5N8 virus found in the Netherlands in 2016 results from 
a new introduction and therefore is not from continuous 
circulation of the 2014 virus.

Phylogenetic Analysis of the H5N8 Viruses
To study the origin of the H5N8 viruses found in the Neth-
erlands in 2016, we performed a detailed phylogenetic 
analysis for all gene segments individually (online Techni-
cal Appendix 2 Figure 2). This analysis confirms the dif-
ferences between the 2014 and 2016 H5N8 viruses, which 
are found separate clusters. The closest relatives of the 
2016 viruses in the Netherlands are the Russia–Mongolia 
H5N8 clade 2.3.4.4 viruses that were first detected in May 
2016 in dead wild birds near Uvs-Nuur Lake. However, 
we identified several reassortments, which we have repre-
sented schematically (Figure 3). Five of the gene segments 
(PB 1, HA, NA, MP, and NS) are highly similar to the 
Russia–Mongolia viruses. However, the closest relatives 
of PB2 in the GISAID database are LPAI viruses found 
in Bangladesh and Russia (online Technical Appendix 1 
Table 1). The closest relatives of the NP gene segment are 
found in LPAI viruses in the Netherlands and the Republic 
of Georgia. An LPAI H7N9 virus detected in a commercial 
chicken holding in the Netherlands in June 2016 also car-
ried a closely related NP segment. 

Phylogenetic analysis of the PA gene segment showed 
that the 2016 H5N8 viruses in the Netherlands divert into 
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Figure 2. Median-joining network 
showing the genetic relationship 
between highly pathogenic avian 
influenza A viruses subtype H5N8 
isolated from commercial poultry 
farms (red circles) and the most 
identical wild bird viruses (blue 
circles) found in the Netherlands, 
2016. Predicted median vectors 
are shown in yellow. The length 
of the line represents the genetic 
distance, and the number of 
nucleotide changes is indicated. 
Wild bird virus isolates used for 
this analysis are numbered 1–10 
(online Technical Appendix 1 Table 
2, https://wwwnc.cdc.gov/EID/
article/23/12/17-1062-Techapp1.
xlsx). GISAID EpiFlu database (https://www.gisaid.org) accession numbers are shown in online Technical Appendix 1 Table 1. EW, 
Eurasian wigeon; Go, gray goose; Ma, mallard; TD, tufted duck.
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2 separate clusters, designated PA I and PA II. Different 
subtypes of LPAI viruses found in Russia and Asia were 
identified as closest relatives for the 2 PA clusters (online 
Technical Appendix 1 Table 3). Most of the viruses found 
in wild birds and all viruses detected in commercial poultry 
and captive birds are in cluster PA I. Cluster PA II con-
tains 12 viruses isolated from various wild bird species and 
is represented by cluster C in the network analysis (online 
Technical Appendix 2 Figure 1). These findings show that 
no correlation exists between PA cluster and bird species 
or geographic location (online Technical Appendix 2 Fig-
ure 1 panels A and B; Figure 1, panel D). The viruses in 
the Netherlands evolved from the Russia–Mongolia H5N8 
viruses by obtaining novel PB2 and NP segments and 2 
variants of the PA segment. These results demonstrate that 
the H5N8 HPAI epidemic in the Netherlands is caused by 2 
distinct reassorted viruses.

Phylogenetic Analysis of Two H5N5 Viruses
Two HPAI H5N5 viruses were identified in dead wild 
birds in the Netherlands. For the tufted duck isolate (t_dk/
NL-Werkendam/16014159–001/2016) PB1, PB2, HA, 
NP, MP, and NS are closely related to the H5N8 viruses 
detected in the Netherlands in 2016. The closest rela-
tives of NA in the GISAID database are LPAI N5 virus-
es found in the Netherlands, Europe, and Asia in previ-
ous years (online Technical Appendix 1 Table 3; online 
Technical Appendix 2 Figure 1). For the PA segment, this 
H5N5 virus does not fall in either cluster PA I or PA II. 
The closest relatives of PA are LPAI viruses found in the  
Netherlands and Asia during 2012–2014. For the mute swan 

isolate (m-swan/NL-Groningen/16015825–001/2016), all  
genome segments are highly similar to an H5N5 virus 
identified in feces of a wild bird in Kamchatka, Russia, in 
October 2016. Phylogenetic analysis of the HA, PA, NP, 
MP, and NS segments shows that this H5N5 virus clusters 
with the Russia–Mongolia H5N8 viruses and not with the 
H5N8 2016 viruses in the Netherlands. The closest rela-
tives of NA in the GISAID database are LPAI N5 viruses 
found in Asia in previous years. A similar N5 segment was 
also found in H5N5 viruses detected in Croatia, Italy, and 
Poland during the H5N8 epidemic in 2016–2017. The PB2 
and PB1 segments cluster with various LPAI viruses de-
tected earlier in Russia, Mongolia, and Europe. The mute 
swan virus thus is a direct descendant of a reassorted H5N5 
virus from Russia, given that it was also previously detected 
in Kamchatka. We have depicted the genetic constitution 
of the 2 H5N5 viruses (Figure 3). These results indicate 
that 2 genetically distinct H5N5 viruses have been found in  
the Netherlands.

Molecular Dating of H5N8 Reassortment Events
To estimate the timing of the reassortment events that led 
to the emergence of the H5N8 viruses in the Netherlands, 
we performed molecular dating (online Technical Ap-
pendix 2 Figure 3). We estimated the time of most recent 
common ancestor for all gene segments by using a relaxed 
molecular clock (Table). A schematic representation of 
the time-scaled phylogenetic tree for the HA, PB2, NP, 
and PA segments is shown (Figure 4). The H5N8 virus-
es in 2016 diverted from the 2014 viruses in April 2012 
(Figure 4, panel A [node 1]), from the Russia–Mongolia 
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Figure 3. Schematic 
representation of the reassortant 
highly pathogenic avian influenza 
A virus subtypes H5N8 and H5N5 
detected in the Netherlands, 
2016. The Russia-Mongolia 
ancestor is shown in green. 
NL clusters 1 (blue) and 2 
(red) viruses obtained novel 
PB2 and NP gene segments 
and 2 different PA segments. 
Two genetically distinct H5N5 
viruses were detected, 1 in 
a tufted duck in Werkendam 
(pink) and 1 in a mute swan 
near Groningen (purple). HA, 
hemagglutinin; MP, matrix 
protein; NA, neuraminidase; NL, 
Netherlands; NP, nucleoprotein; 
NS, nonstructural protein; 
PA, polymerase acidic; PB1, 
polymerase basic 1; PB2, 
polymerase basic 2. 
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H5N8 viruses in March 2016 (node 2), and we estimated 
the common ancestor of the viruses in the Netherlands to 
have occurred in August 2016 (node 3). Similar results 
were obtained for the PB 1, NA, MP, and NS gene seg-
ments (Table; online Technical Appendix 2 Figure 3). The 
PB2 segment was transferred from LPAI viruses in June 
2016 (Figure 4, panel B [node 3]) and the NP segment in 
August 2016 (Figure 4, panel C [node 3]). Two differ-
ent PA segments were detected in H5N8 viruses in the 
Netherlands. The viruses in cluster PA I obtained the PA 
segment from LPAI viruses in April 2016 (Figure 4, panel 
D [node 4]) and in cluster PA II in August 2016 (Fig-
ure 4, panel D [node 5]). We also performed calculations 
by using a strict molecular clock, with similar outcomes 
(results not shown). Thus, the H5N8 viruses in the Neth-
erlands were generated by multiple reassortment events 

with LPAI viruses, a process that was likely completed 
in August 2016. Because the H5N8 virus was introduced 
in the Netherlands in November 2016, this analysis sug-
gests that the reassortment events took place in wild birds 
in Russia-Mongolia. Molecular dating for H5N5 shows 
that the common ancestor of the mute swan isolate and 
the Kamchatka isolate already circulated in January 2015. 
The N5 gene segments of the tufted duck and mute swan 
isolate diverted in 1989 (node A). Multiple reassorted vi-
ruses thus were introduced in the Netherlands by the au-
tumn migration of wild birds from their breeding grounds 
in Russia-Mongolia.

Discussion
The introduction of the HPAI H5N8 virus in the Nether-
lands in 2016 resulted in the death of many wild birds, and 
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Table. tMRCA of 8 gene segments of highly pathogenic avian influenza A virus subtype H5N8 in the Netherlands, determined by using 
a relaxed clock, with 95% HPD and posterior values* 

Gene segment and node† tMRCA 
95% HPD interval 

Posterior Begin End 
Polymerase basic 2     
 1 2005 Jul 21 1999 Apr 21 2011 Aug 2 1.00000 
 2 2015 Apr 13 2014 Aug 19 2015 Dec 23 1.00000 
 3 2016 Jul 2 2016 Apr 29 2016 Sep 6 1.00000 
Polymerase basic 1     
 1 2009 Feb 23 2006 Jun 27 2011 Feb 16 1.00000 
 2 2015 Dec 15 2015 Sep 12 2016 Mar 11 1.00000 
 3 2016 Aug 18 2016 Jul 3 2016 Sep 29 0.99610 
Polymerase acidic     
 1 2003 Jan 23 1998 Jun 20 2006 Nov 20 1.00000 
 2 2007 May 19 2005 Mar 31 2009 Jun 15 0.99070 
 3 2010 Jul 6 2009 Jul 20 2011 May 2 1.00000 
 4 2016 Apr 26 2016 Jan 10 2016 Jul 26 1.00000 
 5 2016 Aug 25 2016 Jun 23 2016 Oct 17 1.00000 
Hemagglutinin     
 1 2012 Apr 6 2010 Nov 14 2013 Jul 4 1.00000 
 2 2016 Mar 11 2016 Jan 15 2016 Apr 30 0.99420 
 3 2016 Aug 23 2016 Apr 8 2016 Aug 15 0.99989 
Nucleoprotein     
 1 2012 Jun 6 2010 Aug 16 2013 Aug 30 1.00000 
 2 2015 Apr 15 2014 Sep 11 2015 Dec 5 1.00000 
 3 2016 Aug 20 2016 Jun 28 2016 Oct 12 1.00000 
Neuraminidase (N8)     
 1 2011 Sep 5 2002 Nov 5 2013 Dec 24 1.00000 
 2 2016 Apr 14 2016 Mar 3 2016 May 14 0.91980 
 3 2016 Aug 31 2016 Jul 18 2016 Oct 8 0.76560 
Matrix protein     
 1 2011 Aug 29 2008 Sep 21 2013 Aug 21 1.00000 
 2 2015 Dec 9 2015 Jul 30 2016 Mar 16 1.00000 
 3 2016 Sep 9 2016 Jul 25 2016 Oct 16 0.97360 
Nonstructural protein     
 1 2010 May 17 2007 Jan 4 2012 Dec 7 1.00000 
 2 2015 Dec 9 2015 Jul 30 2016 Mar 18 1.00000 
 3 2016 Aug 23 2016 Jul 6 2016 Oct 2 0.99630 
Neuraminidase (N5)     
 A 1989 May 28 1983 Apr 24 1994 Apr 30 0.43740 
 B 2014 Apr 1 2012 Nov 27 2015 Apr 5 1.00000 
 C 2015 Jan 4 2013 Aug 11 2016 Jan 18 1.00000 
 D 2005 Sep 15 2004 Feb 13 2006 Nov 28 1.00000 
*HPD, highest posterior density; tMRCA, calculated time of most recent common ancestor. 
†Nodes of the time-scaled phylogenetic tree are shown in Figure 4 and online Technical Appendix 2 Figure 3 (https://wwwnc.cdc.gov/EID/article/23/12/17-
1062-Techapp2.pdf).  
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several commercial poultry and captive bird holdings were 
affected. We performed genetic analysis to study the rela-
tionship between wild bird and poultry viruses. Median-
joining network analysis suggested that multiple separate 
introductions of the H5N8 virus occurred in the Nether-
lands. This analysis also demonstrated that the viruses on 5 
infected farms were not closely related (Figure 2). On the 3 
farms in Biddinghuizen, highly similar viruses were identi-
fied, which might have resulted from either farm-to-farm 
spread or separate introductions from the same source. For 
most poultry farms, a dead wild bird infected with a related 
virus was found near the farm. We observed numerous ge-
netic differences between the H5N8 viruses introduced in 
the Netherlands in 2016 versus 2014, indicating the 2016 
epidemic was caused by a new introduction and not by con-
tinuous circulation of the 2014 virus.

Phylogenetic analysis showed that the H5N8 viruses 
introduced in the Netherlands in 2016 are novel reassor-
tants of the Russia–Mongolia H5 clade 2.3.4.4 viruses. The 
virus obtained new PB2 and NP segments, and we detected 
2 different PA segments in H5N8 viruses in the Nether-
lands. We found no correlation between PA segment and 
bird species between PA segment and geographic loca-
tion (online Technical Appendix 2 Figure 1 [cluster C]). 

Molecular dating suggests that these reassortment events 
were completed in August 2016 and thus most likely oc-
curred in wild birds in Russia-Mongolia. A recent genetic 
analysis of 2 wild bird and several poultry H5N8 viruses 
in Germany also identified the NP and PA reassortments 
(22). In addition, we identified PB2 as a reassortment on 
the basis of molecular dating studies and its similarity to 
PB2 in LPAI viruses. The PA II gene segment was not ob-
served in H5N8 viruses in Germany or other countries in 
Europe, based on the analysis of sequences that are cur-
rently available. Furthermore, 2 genetically distinct H5N5 
viruses have been found in the Netherlands. An analysis 
of the outbreak in Italy (23), published after submission of 
this manuscript, also showed multiple independent intro-
ductions of H5N8 and H5N5 viruses. Those findings pro-
vide evidence for rapid and continuing reassortment of the 
H5 clade 2.3.4.4 viruses, which allow the virus to change 
its genetic architecture very quickly and might increase the 
ability of the virus to infect poultry or humans in the future. 
Hence, extensive surveillance of wild bird populations in 
the border area of Russia and Mongolia and in common 
breeding grounds in northern Siberia appears essential to 
enable early warning of novel reassortants and sequence 
mutations of H5 clade 2.3.4.4 viruses.
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Figure 4. Schematic representation of the molecular dating analysis of highly pathogenic avian influenza A virus subtypes H5N8 
and H5N5 detected in the Netherlands, 2016. Time-scaled phylogenetic trees are shown for 4 gene segments: A) hemagglutinin; B) 
polymerase basic 2; C) nucleoprotein; and D) polymerase acidic. For each of the numbered nodes, calculated time of most recent 
common ancestor, 95% highest posterior density interval, and posterior are listed in the Table.
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Wellfleet Bay virus (WFBV), a novel orthomyxovirus in the 
genus Quaranjavirus, was first isolated in 2006 from car-
casses of common eider (Somateria mollissima) during a 
mortality event in Wellfleet Bay (Barnstable County, Mas-
sachusetts, USA) and has since been repeatedly isolated 
during recurrent mortality events in this location. Hepatic, 
pancreatic, splenic, and intestinal necrosis was observed 
in dead eiders. We inoculated 6-week-old common eider 
ducklings with WFBV in an attempt to recreate the naturally 
occurring disease. Approximately 25% of inoculated eiders 
had onset of clinical disease and required euthanasia; an 
additional 18.75% were adversely affected based on net 
weight loss during the trial. Control ducklings did not be-
come infected and did not have clinical disease. Infected 
ducklings with clinical disease had pathologic lesions con-
sistent with those observed during natural mortality events. 
WFBV was reisolated from 37.5% of the inoculated duck-
lings. Ducklings surviving to 5 days postinoculation devel-
oped serum antibody titers to WFBV.

The common eider (Somateria mollissima) is a large 
sea duck with a circumpolar distribution. Eiders nest 

in dense colonies, have generally low reproductive rates 
but high annual survival rates, and feed on filter-feeding 
bivalves, sea urchins, starfish, and crabs (1). The American 
race (subspecies S. m. dresseri) breeds on islands from the 
south central coast of Labrador, Canada, south to Massa-
chusetts, USA, with greatest numbers breeding in the Gulf 
of St. Lawrence, St. Lawrence estuary, New Brunswick, 

and Nova Scotia (2). These birds typically overwinter from 
Newfoundland, Canada, south to New York, USA, with 
large rafts of >100,000 eiders congregating annually in the 
open waters off Cape Cod, Massachusetts (1).

The earliest record of death affecting a large number 
of eiders off Cape Cod occurred during September 1956–
March 1957 (3). The next reports were not until the mid-
1980s and early 1990s, when ≈100 birds (predominantly 
eiders) died in 2 separate events occurring in midwinter 
and late spring. Death in both events was primarily attrib-
uted to emaciation, although acanthocephaliasis (infesta-
tion with intestinal thorny-headed worms) was also pres-
ent (4). Since 1998, however, die-offs of common eiders 
have been reported with increasing frequency on Cape 
Cod, such that they have become an almost annual (or 
biannual) occurrence since 2006. This increase in reports 
likely coincides with the initiation of active beach surveil-
lance at several locations around the cape, which began 
after the isolation of a novel virus from eiders during the 
fall 2006 mass mortality event at Great Island in Wellfleet 
Bay, Massachusetts, USA (41.9048°N, 70.0687°W) (5). 
Most eiders were found dead, but a few live birds dis-
played nonspecific clinical signs, including incoordina-
tion, lethargy, and respiratory distress. Four common ei-
der carcasses recovered from Great Island were submitted 
to the US Geological Survey’s National Wildlife Health 
Center (NWHC; Madison, WI, USA) for cause-of-death 
determination. Acute hepatic necrosis and variable pan-
creatic, splenic, and intestinal necrosis were diagnosed in 
all 4 of the submitted eiders, and a novel enveloped RNA 
virus, since named Wellfleet Bay virus (WFBV), was iso-
lated from the liver of 2 of the 4 birds. Genetic analysis 
of WFBV demonstrated that it is most closely related to 
members of the Quaranjavirus genus within the family 
Orthomyxoviridae (6). Since 2006, the NWHC has diag-
nosed hepatic necrosis and variable splenic, intestinal, and 
pancreatic necrosis in common eiders from which WFBV 
was isolated during 4 separate mass mortality events oc-
curring at Wellfleet Bay during September 2007–October 
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2011. We aimed to determine the pathogenicity of WFBV 
by experimentally inoculating common eider ducklings 
and observing clinical progression and pathologic chang-
es after challenge.

Materials and Methods

Animals
We obtained the 22 common eiders used for this study 
by collecting eggs from wild breeding colonies in Maine, 
USA. We hatched and raised the ducklings to 4–5 weeks 
of age in a quarantined facility (Livingston Ripley Water-
fowl Conservancy, Litchfield, CT, USA). We then trans-
ported the ducklings in an air-conditioned vehicle to the 
NWHC, where the infection trial was carried out. We ac-
climated the ducklings at the NWHC Biosafety Level 3 
research facility for 7 days. We inoculated 16 ducklings 
with WFBV, housed 1 sham-inoculated duckling with the 
inoculated ducklings to act as a contact transmission con-
trol, and housed 5 sham-inoculated ducklings together in a 
separate room as controls. The NWHC–Animal Care and 
Use Committee approved animal use and protocols for this 
study (tracking no. EP100316).

We administered inoculations on day 0 of the infec-
tion trial. We randomly selected 6 inoculated ducklings 
(3 groups of 2) at the beginning of the study for eutha-
nasia and necropsy on days 2, 4, and 7 postinoculation 
to determine pathologic changes and pathogenesis of the 
infection; we similarly chose 2 control ducklings and eu-
thanized 1 on day 2 and 1 on day 4. We obtained health 
scores twice daily for all birds, and we weighed each eider 
daily. Health scores ranged 0–3, with 0 indicating normal, 
1 indicating mild to moderate clinical abnormalities, 2 in-
dicating severe clinical abnormalities, and 3 indicating 
death. We also euthanized any eiders not randomly sched-
uled for euthanasia before the end of the trial that reached 
a predetermined humane endpoint during the trial. We 
defined the humane endpoint as weight loss >30%, an-
orexia, lethargy, or other major illness lasting for at most 
24 hours. We performed euthanasia by using CO2 inhala-
tion followed by cervical dislocation. We concluded the 
trial at 10 days postinoculation (DPI), at which time we 
euthanized all remaining eiders.

Virus
WFBV was first isolated from common eiders with hepatic 
necrosis in 2006, when it was isolated from liver homog-
enate inoculated onto Muscovy duck embryonic fibro-
blasts (7) and propagated in embryonating chicken eggs. 
The virus used for the inoculum in this trial was from a 
fourth-passage stock grown up in Muscovy cells original-
ly derived from an eider carcass (NWHC case no. 22565, 
accession no. 002) collected in May 2009 during a mass 

mortality event near Wellfleet Bay. Because the natural 
route of infection (i.e., ingestion, inhalation, or vectorborne 
transmission) of WFBV is not known, we used an adapta-
tion of the standard World Organisation for Animal Health 
(OIE) procedure for the determination of pathogenicity of 
avian influenza virus in poultry (8). We inoculated each 
of sixteen 6–7-week-old eider ducklings with WFBV by 
3 routes simultaneously (intravenous, intratracheal, and 
oral). We administered a volume of 0.1 mL of inocula (3 
× 106 50% egg infective dose/mL) by each route, for total 
virus amounts of 1 × 106 50% egg infective dose per bird. 
We inoculated the 5 control eiders housed separately from 
the exposed birds and the 1 contact transmission bird with 
a sham solution in a similar manner.

Biologic Sample Collection and Analysis
We obtained daily oral and cloacal swabs before inocula-
tion (0 DPI) through 10 DPI; placed them in a solution of 
viral isolation media (Eagle minimum essential medium, 
10% fetal bovine serum, and 4% antibiotic–antimycotic 
solution, all from Sigma-Aldrich, St. Louis, MO, USA); 
and froze them at −80°C. We also obtained 1 mL of ve-
nous blood from all eider ducklings before inoculation, 
at 5 DPI, and again at 10 DPI. We placed blood into se-
rum tubes (Becton Dickinson, Franklin Lakes, NJ, USA) 
and separated the serum from the cellular fraction before 
storage at –30°C. We obtained oral and cloacal swabs 
daily and placed them into virus transport media. We 
collected 1 mL of venous blood from all eiders at 5 DPI 
and again at 10 DPI, collected the samples into serum 
tubes, and separated the serum. For eiders euthanized 
before 10 DPI, we collected serum before euthanasia. 
We performed antibody detection by using a modified β 
microneutralization assay (9). The antigen was a fourth-
passage WFBV strain diluted to 50% tissue culture in-
fective doses of 103/25 µL in Eagle minimum essential 
medium. We serially diluted serum samples from 1:4 to 
1:256 and tested them in quadruplicate. We used Vero M 
cells as the biologic indicator.

We performed postmortem examination on each ei-
der after euthanasia, aseptically collecting cloacal and 
oropharyngeal swabs as well as tissue samples, including 
esophagus, intestine, liver, kidney, and spleen tissue from 
each bird and placing them into 1 mL of virus isolation 
media. We collected tissue samples (lungs, trachea, heart, 
brain, liver, kidneys, spleen, crop, proventriculus, gizzard, 
small and large intestine, pancreas, thymus, bursa of Fa-
bricius, adrenal glands, and gonads) from each bird, fixed 
the samples in neutral-buffered 10% formalin solution, 
and processed them by standard methods for histopatho-
logic examination. We examined slides by light micros-
copy and stained for WFBV any slides showing lesions 
by using immunohistochemistry as previously described 
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(i.e., anti-WFBV polyclonal antibody mouse hyperim-
mune ascites fluid) (6).

Results

Weight Changes
All control eiders gained weight during the trial. Weight 
gains ranged from 105% to 130% (10-day average 118%). 
We euthanized 4 (25%) of the 16 inoculated eiders be-
cause of clinical deterioration during the 10-day trial pe-
riod. These 4 eiders (band nos. 16, 22, 29, and 37) all lost 
weight steadily from the time of inoculation to the time 
of euthanasia; weight loss ranged from 7% to 20%. Of 
the remaining inoculated birds, 3 had net weight loss at 
the time of scheduled euthanasia. The remaining 9 virus-
inoculated birds had all gained weight at the time of eu-
thanasia (range 101%–137%, average 120%). Thus, of the 
16 inoculated eider ducklings, 43.75% had a net decrease 
in weight during the trial. The single contact transmission  

control eider had a net gain in weight (16%) over the 
course of the trial.

Disease
Control ducklings remained clinically healthy throughout the 
trial, whereas 25% of virus-inoculated eiders had onset of se-
vere clinical signs and were euthanized. We began to observe 
clinical signs in several inoculated birds by 3 DPI. Two eider 
ducklings (band nos. 16 and 59) were lethargic, ataxic, and 
frequently had their eyes closed. At 4 DPI, we euthanized 1 
of these eiders (band no. 16) and 1 additional eider (band no. 
37) because of clinical deterioration (e.g., weak, not moving, 
and having pale mucous membranes); the second affected ei-
der from 3 DPI (band no. 59) appeared to be recovering. At 5 
DPI, an additional inoculated eider (band no. 22) developed an 
irregular gait; by 7 DPI, this bird was stumbling, reluctant to 
move, and had pale mucous membranes and was euthanized. 
Also at 7 DPI, another eider (band no. 29) became weak, pale, 
and reluctant to move and was euthanized. All remaining  
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Table 1. Wellfleet Bay virus serum antibody titers and virus isolation results in common eider (Somateria mollissima) ducklings 
experimentally infected with Wellfleet Bay virus, by specimen or tissue type, day of trial, and band number of duckling* 
Day of trial 
and band no. Serum Ab titer 

Specimen or tissue type 
OP swab CL swab Esophagus Intestine Kidney Liver Spleen 

Day 2 
 27 Neg 0 0 0 2.00  103 3.40  104 2.00  104 2.00  104 
 32 NT 9.28  102 0 NT NT NT NT NT 
 52 Neg 0 0 9.28  102 6.32  102 6.32  102 6.23  102 9.28  104 
Day 4 
 16† 1:160 0 6.23  10 9.28  102 0 0 0 0 
 25 Neg 0 0 0 0 0 0 0 
 37† 1:320 0 0 0 0 0 0 0 
 42 1:160 0 0 0 0 0 0 0 
Day 5 
 22 1:160 0 0 NT NT NT NT NT 
 29 1:160 0 0 NT NT NT NT NT 
 30 1:320 0 0 NT NT NT NT NT 
 32 1:160 0 0 NT NT NT NT NT 
 34 1:160 0 0 NT NT NT NT NT 
 43 1:320 0 0 NT NT NT NT NT 
 48 1:320 0 0 NT NT NT NT NT 
 50 1:320 0 0 NT NT NT NT NT 
 59 1:160 0 0 NT NT NT NT NT 
 60 >1:20, <1:160 0 0 NT NT NT NT NT 
 11‡ Neg 0 0 NT NT NT NT NT 
Day 7 
 22† 1:160 0 0 0 0 0 0 0 
 29† 1:160 0 0 0 0 0 0 0 
 48 1:320 0 0 0 0 4.31  102 0 0 
Day 10 
 30 >1:640 0 0 0 0 0 0 0 
 32 1:160 0 0 0 0 0 0 0 
 34 >1:640 0 0 0 6.32  103 0 0 0 
 43 1:80 0 0 0 0 0 0 0 
 50 1:160 0 0 0 0 0 0 0 
 59 >1:640 0 0 0 0 0 0 0 
 60 >1:640 0 0 0 0 0 0 0 
 11‡ Neg 0 0 0 0 0 0 0 
*Virus isolate results are expressed as PFU/mL. Negative serum Ab titer result defined as titer <1:5. Ab, antibody; CL, cloacal; NT, not tested; Neg, 
negative; OP, oropharyngeal. 
†Euthanized because of illness. 
‡Contact transmission control. 
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inoculated birds and the 1 contact transmission control were 
clinically normal throughout the trial.

Virus Isolation
We detected shedding of WFBV by oropharyngeal swab 
(band no. 32) at 2 DPI and by cloacal swab (band no. 16) 
at 4 DPI. We isolated virus from multiple tissues (kidney, 
liver, spleen, esophagus, intestine) of 2 eiders (band nos. 
27 and 52) that were euthanized at 2 DPI. After 2 DPI, vi-
rus isolation was confined to single tissues from 3 separate 
birds, at 4 DPI (band no. 16, esophagus), 7 DPI (band no. 
48, kidney), and 10 DPI (band no. 34, intestine) (Table 1). 
We did not detect virus on swabs or tissues taken from con-
trol birds housed separately from inoculated birds or from 
the contact transmission control bird.

Serum Antibody Detection
All virus-inoculated eiders developed serum antibodies to 
WFBV by 5 DPI. Antibodies persisted and remained stable 
or increased in all but 2 of the eiders that survived to the 
end of the trial (Table 1). Separately housed control eiders 
and the single contact transmission control eider did not 
develop detectable antibodies to WFBV.

Pathologic Changes
We observed severe gross and histopathologic abnor-
malities in both of the eiders euthanized at 2 DPI, before 

clinical signs were observed in any of the virus-inoculat-
ed eiders. This finding suggests that viremia (we isolated 
virus from multiple tissues in both of these birds) and 
tissue damage occur very early in the course of infection. 
Pathologic abnormalities in these 2 eiders and in eiders 
showing signs of clinical illness later in the trial were 
consistent with those observed in adult common eiders 
from naturally occurring mass mortality events, includ-
ing multifocal hepatic necrosis that progressed to hepati-
tis and pancreatic necrosis that progressed to pancreatitis. 
Immunohistochemical staining confirmed the presence of 
virus associated with these lesions (Figure 1). We scored 
the severity of hepatic lesions by histopathologic assess-
ment of the number and extent of necrotic foci within 
sections of liver, with marked hepatic necrosis/hepatitis 
defined as affecting >30% of the hepatic parenchyma, 
moderate necrosis/hepatitis defined as affecting 20%–
30%, and mild necrosis/hepatitis defined as affecting 
>0% to <20% (Table 2). Acute, marked thymic lympho-
cytic apoptosis, splenic necrosis, and lymphoid depletion 
in the bursa of Fabricius were also present in both birds; 
immunohistochemical staining for WFBV was positive 
in the thymus and spleen but not in the bursa of Fabri-
cius. We observed no abnormalities in the control bird 
euthanized at 2 DPI, and both the thymus and bursa of 
Fabricius of this bird were robustly populated with lym-
phocytes (Figure 2).
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Figure 1. Gross, histopathologic, and immunohistochemical (IHC) findings in common eider (Somateria mollissima) ducklings 
experimentally infected with Wellfleet Bay virus (2 days postinoculation). A) Liver, enlarged, showing multifocal pinpoint areas of necrosis 
(arrows). B) Hematoxylin and eosin stain of liver tissue, showing focal hepatocellular necrosis (arrows). C) IHC stain of liver tissue, 
showing positive immunolabeling for Wellfleet Bay virus with multifocal staining of hepatocytes (arrows). D) Pancreas showing multifocal 
to coalescing acute necrosis. E) Hematoxylin and eosin stain of pancreas tissue, showing focally extensive necrosis of exocrine cells 
(arrows). F) IHC stain of pancreas tissue, showing positive immunolabeling for Wellfleet Bay virus in exocrine cells. Scale bars in panels 
B, C, E, and F indicate 100 µm.
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Lymphoid depletion was a major finding in virus-inocu-
lated eiders but was not present in the controls; all 5 control 
eiders had robust lymphoid organs at the time of scheduled 
euthanasia (at 2, 4, and 10 DPI). In contrast, inoculated birds 
that were euthanized at 2 DPI (2 birds) or 4 DPI (4 birds) 
and 2 of 3 birds euthanized at 7 DPI had marked lymphoid 
depletion in spleen, thymus, and bursa of Fabricius. Immu-
nohistochemical stains confirmed the presence of WFBV in 
thymus and spleen but not in the bursa of Fabricius (Figure 
2) The severity of lymphoid depletion was scored as marked 
if spleen, thymus, and bursa of Fabricius all showed an esti-
mated >75% decrease in expected numbers of lymphocytes, 
moderate if severity of depletion varied between lymphoid 
organs but was estimated as a >50% decrease in lympho-
cytes, and mild if some lymphoid organs showed very little 
depletion whereas others showed moderate depletion (Table 
2). The 2 birds euthanized at 7 DPI that had marked lym-
phoid depletion showed clinical signs, including at the time 
of euthanasia; the third bird had only mild to moderate lym-
phoid depletion and was clinically normal. By 10 DPI, all 
remaining virus-inoculated birds were clinically normal and 
had no or only mild lymphoid depletion.

Co-infections
The presence of 3 unanticipated pathogens in virus-inoc-
ulated, control, and contact transmission control eiders 

complicated the interpretation of pathologic findings in 
some of the eiders euthanized after 2 DPI. Avian malaria 
(caused by infestation with Plasmodium sp. protozoa), 
aspergillosis (infection with Aspergillus fumigatus), and 
an unidentified skeletal muscle protozoan were variably 
present in control and inoculated ducklings. The skeletal 
muscle protozoan was present as degenerating, often cal-
cified cysts invaded by macrophages and lymphocytes. 
We rated the severity of protozoal infection in the follow-
ing manner: we removed a 2 × 1 × 1 cm section of muscle 
from the cranioventral flexor carpi ulnaris muscle, where 
the parasites were most commonly observed on gross ex-
amination, and placed it in formalin. We performed histo-
pathologic examinations on 3 cross-sections of this tissue 
from each bird and counted the number of discrete proto-
zoal cysts present. Marked infestations were diagnosed as 
>50 total cysts or mineralized cyst remains with associat-
ed granulomatous inflammation, moderate as 20–50, and 
mild as 1–20. The contact transmission control eider and 
4 of the 5 separately housed control ducklings had >1 co-
infection, but all gained weight and remained clinically 
healthy throughout the trial. Two of the 4 virus-inoculated 
eiders that had clinical signs of illness had 1 co-infection 
of similar severity to those observed in controls; the other 
2 had multiple co-infections. Co-infections in WFBV-
inoculated eiders were more severe overall than those in 
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Table 2. Necropsy findings in common eider (Somateria mollissima) ducklings experimentally infected with Wellfleet Bay virus and 
control ducklings, by control or inoculated status and band number of duckling* 
Status and 
band no. DPI 

Weight 
change, %† 

Health 
score‡ 

Virus 
isolated 

Liver 
necrosis 

Lymphoid 
depletion Aspergillosis Malaria 

Muscle 
parasite 

Control 
 23 2 +4.76 0 No – – + – – 
 36 4 +22.06 0 No – – + ++ ++ 
 21 10 +20.63 0 No – – + ++ ++ 
 28 10 +19.29 0 No – – – – – 
 33 10 +14.02 0 No – – – ++ + 
Inoculated 
 27 2 +2.88 0 Yes +++ +++ ++ – – 
 52 2 5.08 0 Yes +++ +++ + – – 
 16§ 4 6.52 2 Yes ++ +++ + +++ ++ 
 25 4 13.60 0 No ++ +++ – + ++ 
 37§ 4 13.97 2 No ++ +++ – – ++ 
 42 4 14.02 0 No ++ +++ + – – 
 22§ 7 20.14 2 No ++ +++ – ++ +++ 
 29§ 7 17.87 2 No ++ +++ – – + 
 48 7 +1.03 0 Yes – ++ + ++ +++ 
 30 10 +13.25 0 No ++ + +++ – – 
 32 10 +17.20 0 No – + ++ – – 
 34 10 +36.97 0 Yes + + + + ++ 
 43 10 +17.45 0 No + + + + +++ 
 50 10 +29.27 0 No – – ++ ++ + 
 59 10 +27.13 0 No – – ++ ++ + 
 60 10 +0.55 0 No – + +++ – – 
Contact transmission control 
 11 10 +15.66 0 N – – +++ ++ + 
*DPI, days postinoculation; +, mild; ++, moderate; +++, marked; –, negative. 
†From day 0 to date of euthanasia. 
‡Health scores ranged 0–3, with 0 indicating normal, 1 indicating mild to moderate clinical abnormalities, 2 indicating severe clinical abnormalities, and 3 
indicating death. 
§Euthanized because of illness. 
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control eiders on the basis of numbers of parasites present 
(avian malaria and muscle protozoa) as well as severity 
and extent of associated tissue damage (Table 2). Patho-
logic abnormalities typical of natural WFBV disease were 
also present in eiders with major co-infections, and immu-
nohistochemical staining confirmed the presence of virus 
associated with these lesions.

Discussion
This study determined the pathogenicity of WFBV, a novel 
orthomyxovirus in the genus Quaranjavirus, in common ei-
ders by observing clinical progression and pathologic chang-
es in experimentally inoculated eider ducklings over a 10-
day period. We were able to determine that WFBV causes a 
unique, characteristic, and reproducible disease in this host.

Virus shedding occurred in only 2 infected eider duck-
lings very early in the course of infection with WFBV. This 
finding has practical implications; the diagnosis might eas-
ily be missed in naturally occurring infections if testing is 
confined to virus detection from oropharyngeal or cloacal 
swabs of dead or sick birds. Ducklings in this study did, 
however, develop serum antibody titers to WFBV by 5 
DPI, and titers persisted through 10 DPI, when the experi-
ment ended. Serologic testing would therefore be a useful 
tool for diagnosis of WFBV infection during a mass mor-
tality event and for field surveillance.

Results of this study suggest that immune suppres-
sion might play an important role in the pathogenesis of 
WFBV disease in eiders. All eider ducklings that had onset 
of clinical disease had histopathologic evidence of marked 
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Figure 2. Histopathologic and immunohistochemical (IHC) findings in lymphoid organs of control and infected common eider (Somateria 
mollissima) ducklings experimentally infected with Wellfleet Bay virus (WFBV) (2 days postinoculation). A) Hematoxylin and eosin (H&E) stain 
of thymic cortex tissue from a control duckling. B) H&E stain of thymic cortex tissue from an infected duckling, showing marked multifocal 
acute apoptosis of lymphocytes (arrows). C) IHC stain of thymus tissue from an infected duckling, showing positive immunolabeling for 
WFBV in thymocytes. D) H&E stain of bursa of Fabricius tissue from a control duckling. E) H&E stain of bursa of Fabricius tissue from an 
infected duckling, showing marked diffuse lymphoid depletion. F) IHC stain of bursa of Fabricius tissue from an infected duckling showing 
negative immunolabeling for WFBV. G) H&E stain of spleen tissue from a control duckling. H) H&E stain of spleen tissue from an infected 
duckling, showing multifocal to coalescing acute necrosis (arrows). I) IHC stain of spleen tissue, showing positive immunolabeling for WFBV. 
I, original magnification ×200. Scale bars in panels A, B, and C indicate 50 µm and in panels D, E, F, G, and H indicate 100 µm.
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lymphoid depletion in the spleen, thymus, and bursa of 
Fabricius. In contrast, inoculated ducklings that remained 
clinically healthy until 7 DPI or 10 DPI had no or only 
mild lymphoid depletion. None of the control eiders (those 
housed separately plus the contact transmission control) 
demonstrated lymphoid depletion despite concurrent para-
sitic or fungal infections. Immune suppression induced by 
WFBV infection might lead to a greater risk for disease 
under conditions of increased stress or through the exac-
erbation of preexisting conditions. Co-infections in eiders 
with disease tended to be more severe than in eiders that re-
mained asymptomatic during the trial (Table 2), although 1 
eider (band no. 29) had only a mild muscle protozoan infes-
tation. We hypothesize that under natural conditions, eiders 
affected by some combination of malnutrition, migration, 
concurrent disease, or other stressors might develop dis-
ease when infected with WFBV at a higher rate than birds 
without additional stressors.

In 2010 in Australia, an orthomyxovirus with genetic 
and antigenic properties similar to WFBV (designated as 
Cygnet River virus [CyRV]) was isolated during an out-
break of salmonellosis (Salmonella enterica serovar Ty-
phimurium) in Muscovy ducks (Cairina moschata) on 
Kangaroo Island, South Australia (10). Genetic and anti-
genic comparisons between WFBV and CyRV indicate that 
they might be genetic variants of the same virus (6). It has 
not yet been determined what, if any, role CyRV played in 
the Muscovy duck deaths, given that salmonellosis alone 
is capable of causing a mortality event in waterfowl (11); 
however, we suggest that the high death rate observed in 
ducks with salmonellosis (97%) indicates that co-infection 
with CyRV might have contributed to the severity of this 
mortality event.

WFBV is the first Quaranjavirus to be definitively 
shown to cause major disease in its host species. In addi-
tion to CyRV, other members of the genus include Quar-
anfil, Johnston Atoll, and Lake Chad viruses, all of which 
have been associated with colonial nesting avian species 
and their associated ticks (12). Quaranfil virus is particu-
larly interesting from a public health standpoint. This 
virus was named for the village in Egypt from which it 
was first isolated in Argas arboreus ticks associated with 
a nesting colony of egrets (Bubulcus ibis ibis). Quaran-
fil virus was subsequently isolated from the blood of 2 
young children with mild febrile illnesses (13). The chil-
dren recovered without incident. Although these findings 
do not prove that illness in the children was caused by the 
Quaranfil virus, they do indicate that at least 1 virus in the 
Quaranjavirus genus can infect humans. This fact high-
lights the importance of surveillance for and diagnosis of 
emerging diseases in wildlife as a means of detecting new 
pathogens with the potential to cause disease in humans 
and in nonhuman species.

The potential importance of WFBV to common ei-
der populations is not yet clear. A recent article reported 
that another cyclically occurring infectious disease, avian 
cholera (caused by the bacterium Pasteurella multocida), 
is likely to have a substantial negative effect on the breed-
ing population of common eiders on Southampton Island, 
Nunavut, Canada (14). This observation might also prove 
to be true of WFBV; however, much remains to be deter-
mined regarding the prevalence and sublethal effects of this 
virus during the breeding season. 

Based on the results of our study, WFBV infection 
seems most likely to cause illness and death in eiders that 
are already physiologically stressed by migration or other 
natural phenomena or that contract what would otherwise 
be nonlethal co-infections. Further monitoring and sur-
veillance of disease outbreaks associated with WFBV and 
research into its mode of transmission will increase our 
understanding of this virus and its potential for population-
level effects.
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GBS Infections Caused by Improper Handling of Fish

We assessed microbial safety and quality of raw fish sold in 
Singapore during 2015–2016 to complement epidemiologic 
findings for an outbreak of infection with group B Strepto-
coccus serotype III sequence type (ST) 283 associated with 
raw fish consumption. Fish-associated group B Streptococ-
cus ST283 strains included strains nearly identical (0–2 
single-nucleotide polymorphisms) with the human outbreak 
strain, as well as strains in another distinct ST283 clade 
(57–71 single-nucleotide polymorphisms). Our investiga-
tions highlight the risk for contamination of freshwater fish 
(which are handled and distributed separately from saltwa-
ter fish sold as sashimi) and the need for improved hygienic 
handling of all fish for raw consumption. These results have 
led to updated policy and guidelines regarding the sale of 
ready-to-eat raw fish dishes in Singapore.

A major outbreak of group B Streptococcus (GBS) infec-
tion associated with consumption of a Chinese-style 

raw fish dish (yusheng) occurred in Singapore during 2015 
and involved 238 persons during the first half of the year 
(1). The yusheng was typically made from sliced Asian 
bighead carp (Hypophthalmichthys nobilis) and snakehead 
(Channa spp.) and served as a side dish with porridge by 
food stalls within larger eating establishments. Persons 
with severe clinical cases had meningoencephalitis, bac-
teremia, and septic arthritis (2–4). GBS, or Streptococcus 
agalactiae, was identified as the causative agent (2,3).

GBS is found in ≈30% of healthy adults (5) and is a 
member of the human commensal gastrointestinal and geni-
tourinary flora (4). GBS is a common cause of neonatal sep-
sis, is acquired by newborns from the vaginal flora of the 
mother, and is an increasingly common pathogen among 
vulnerable populations (6). The incidence of invasive dis-
ease in adults, particularly older adults, has been increasing 
(7,8). GBS is also a fish and bovine pathogen (9). Although 
GBS has been shown to colonize the gastrointestinal tract of 
humans linked to fish consumption (9), foodborne transmis-
sion leading to invasive disease has not been reported. Lo-
cal epidemiologic investigations conducted separately (2,3) 
identified a single strain of GBS serotype III sequence type 
(ST) 283 as the causative agent of the outbreak in Singapore 
during 2015. GBS ST283 had previously been isolated from 
tilapia in Thailand (10) and in adult human cases in Hong 
Kong (11). However, GBS ST283 has not been reported to 
colonize the human gastrointestinal tract, although to date 
only 1 study of fish mongers and fish handlers has specifi-
cally looked for colonization by this strain (12).

We investigated microbial safety and quality of fish 
sold in the Singapore market during and after the outbreak 
during 2015 to trace the source of GBS ST283 and pro-
vide risk assessment data to support outbreak control and 
prevention measures. Shortly after identification of GBS 
ST283 as the cause of the outbreak, these data supported 
implementing a ban on the sale of ready-to-eat (RTE) 

dishes containing raw freshwater fish, as well as impos-
ing additional requirements for sale of RTE raw fish dishes 
made with saltwater fish (13). We report the results of our 
analysis, which might assist the review of guidelines for 
handling of fish meant for raw consumption in Singapore 
and other countries. This report offers unique food and en-
vironmental insights into the investigation of this outbreak 
and complements published epidemiologic findings (2,3).

Materials and Methods

Collection of Fish and Fish Tank Water Samples
We collected samples of fish commonly used for raw con-
sumption (n = 997) and fish tank water for holding live 
freshwater fish (n = 102) along the supply chain in Sin-
gapore during August 2015–January 2016 (online Tech-
nical Appendix Table 1, https://wwwnc.cdc.gov/EID/
article/23/12/17-0596-Techapp1.pdf). We tested samples 
for GBS, Aeromonas spp., Listeria monocytogenes, Sal-
monella spp., Vibrio cholerae, and V. parahaemolyti-
cus, and determined Escherichia coli counts, Staphylo-
coccus aureus counts, and standard plate counts (SPCs) 
(online Technical Appendix). We characterized selected  
species to determine their virulence potential (online 
Technical Appendix).

Statistical Analysis
We evaluated significant differences (p<0.05) between bac-
terial counts (log10 CFU/g) and presence of specific food-
borne bacteria by using Kruskal-Wallis, Mann-Whitney, 
χ2, and Fisher exact tests as appropriate. We performed 
analysis by using SPSS version 24.0 software (IBM, Ar-
monk, NY, USA).

Results

Raw Fish Samples from Food Stalls and  
Restaurants/Snack Bars
Although raw freshwater and saltwater fish were served as 
RTE food at food stalls, only raw saltwater fish were re-
portedly served at restaurants/snack bars. PCR positivity 
rates were 43.5% (20/46) for GBS and 23.9% (11/46) for 
GBS serotype III in sliced fish samples from food stalls. 
Fish sampled from restaurants/snack bars had significantly 
lower rates (p<0.05) of 9.2% (26/282) for GBS and 0.7% 
(2/282) for GBS serotype III (Table). Among the 20 GBS 
PCR-positive samples from food stalls, 5 yielded isolates; 
these isolates were of serotype II ST652, serotype III ST283, 
serotype III ST335, and serotype V ST1 (online Technical 
Appendix Table 3). The GBS ST283 isolated was from a 
RTE sliced fish sample sold as grass carp collected from a 
food stall linked to a human case, as described (12). We did 
not detect GBS ST283 in samples from restaurant/snack 
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bars; however, we did find a range of other GBS, includ-
ing serotypes Ia ST7, Ia ST103, Ia ST485, III ST651, III 
ST861, V ST1, V ST24, VI ST167, and VII ST1.

We found Salmonella serogroup B ST29 (serovar 
Stanley) (n = 2); V. parahaemolyticus (negative for tdh, 
trh1, and trh2 genes) (n = 1); and non–O1 V. cholerae (n 
= 1) in freshwater fish samples from food stalls. We also 
isolated V. cholerae from saltwater fish samples, 1 from a 
food stall and 1 from a restaurant. We detected L. monocy-
togenes in 5 samples from restaurants/snack bars.

SPCs of most RTE raw freshwater (71.4%, 5/7) and 
saltwater (85.7%, 18/21) fish samples from food stalls ex-
ceeded the regulatory limit for RTE food (5 log10 CFU/g) in 
Singapore (14). We observed no difference in SPCs for fish 
slices intended for raw consumption and cooking purposes 
(Figure 1). We also found that 24.8% (70/282) of saltwater 
fish samples from restaurants/snack bars did not comply 
with regulatory limits for SPCs, E. coli counts (1.3 log10 
CFU/g), or both (14). These results showed the poor quality 
of RTE raw freshwater and saltwater fish sold at food stalls 
in comparison to those sold at restaurants and snack bars.

Comparison of Freshwater and Saltwater  
Fish Samples from Fresh Produce Markets
Fish sold at food stalls were typically procured from lo-
cal fresh produce markets. For the 62 samples of whole 
fish and fish parts we collected from these markets, we 
detected GBS ST283 in 28.2% (11/39) of the freshwater 
fish (Table), which included fish sold as tilapia, Asian 
bighead carp, grass carp, snakehead-haruan, snakehead-
toman, and silver carp (online Technical Appendix Table 
3). However, we did not detect GBS ST283 in saltwater 
fish. Other GBS strains detected among these fish include 
serotypes Ia ST7, Ia ST23, Ia ST24, and II ST28 (online 
Technical Appendix Table 3).

We detected Aeromonas spp. (48.4%, 30/62), S. au-
reus (27.4%, 17/62), non–O1 V. cholerae (12.9%, 8/62) 
and V. parahaemolyticus (negative for tdh, trh1, and trh2 
genes) (6.4%, 4/62) in fish samples from fresh produce 
markets. There was no difference in positivity rates of these 
organisms between freshwater and saltwater fish. We did 
not detect L. monocytogenes or Salmonella spp. in any fish 
samples collected from fresh produce markets.

Approximately 42% (15/36) of freshwater fish muscle 
samples had SPCs or E. coli counts, or both, exceeding 
regulatory limits for RTE food in Singapore (14). Positiv-
ity rates for GBS, GBS serotype III, and E. coli, as well as 
SPCs for saltwater fish, were significantly lower (p<0.05) 
(Figure 1; Table). E. coli and S. aureus counts for fresh-
water fish surfaces were significantly higher (p<0.05) than 
those for saltwater fish (Figure 2).

We collected 4 fish tank water samples from wet 
markets and supermarkets. One water sample and the live 

freshwater fish the tank contained were positive for GBS 
by PCR and non–O1 V. cholerae by culture; the associ-
ated fish was positive for GBS ST283 by culture. Two 
other fish tank water samples and the live fish the tanks 
contained were positive for E. coli, S. aureus, or both. The 
level of E. coli detected in each positive fish tank water 
sample was 1.3 log10  CFU/500 mL, which was greater 
than the l log10 CFU/500 mL coliform (which includes E. 
coli) limit set by the British Columbia Centre for Disease 
Control (15).

Whole Freshwater Fish and Fish Tank Water  
from Ports
We tested for GBS only in whole fish and fish tank water 
samples collected from ports. We detected GBS ST283 in 
1% (6/586) of freshwater fish samples; positive samples 
were from Asian bighead carps imported from and farmed 
in Malaysia. For 98 fish tank water samples collected from 
ports, 55.1% (54/98) were positive for GBS, and 6.1% 
(6/98) were positive for GBS ST283. Three of the GBS 
ST283–positive fish were kept in fish tank water that was 
also positive for GBS ST283.

Comparison of Saltwater Fish from Fresh Produce 
Markets and Sashimi Suppliers
Our data indicate the risk for contamination of fish sold 
at local fresh produce markets, although saltwater fish 
samples from fresh produce markets had lower rates of 
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Figure 1. SPCs for sliced fish samples collected from various 
eating establishments during investigation of group B Streptococcus 
infections, Singapore, 2015–2016. Dashed horizontal line indicates 
regulatory limit of Singapore for SPCs for ready-to-eat foods 
(<5 log10 CFU/g) (14). Top and bottom of boxes in plots indicate 
25th and 75th percentiles, horizontal lines indicate medians, and 
whiskers indicate minimum and maximum values. *p<0.05. †Food 
stalls housed within larger eating establishments that include 
hawker centers, coffee shops, and eating houses. Open circle 
indicates an outlier. NS, not significant (p>0.05); RTE, ready to eat; 
SG, Singapore government; SPCs, standard plate counts.
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contamination than freshwater fish samples. The SPCs 
and the positivity rates for E. coli in saltwater fish sam-
ples from sashimi suppliers were significantly lower 
(p<0.05) than those for saltwater fish samples from fresh 
produce markets (Figure 3; Table), which suggested that 
the microbial quality of fish could be managed by im-
provements in handling throughout distribution chan-
nels. None of the saltwater fish muscle samples from 
sashimi suppliers exceeded the Singapore SPC (5 log10 
CFU/g) and E. coli (1.3 log10 CFU/g) limits for RTE food 
(14). We did not detect GBS, S. aureus, V. cholerae, and 
V. parahaemolyticus in any fish samples collected from 
sashimi suppliers. However, we detected L. monocyto-
genes in 1 salmon sample.

Characterization of GBS Isolates
We detected 6 GBS serotypes (Ia, II, III, V, VI, and VII) 
and 13 STs (1, 7, 23, 24, 28, 103, 167, 283, 335, 485, 651, 
652, and 861) in fish (online Technical Appendix Table 3). 
Although most strains were within clonal complexes (1, 10, 
17, 19, and 23) associated with human carriage and diseases 
(16), a total of 20 isolates from 7 sashimi samples (SGE-
HI2015-IV45, SGEHI2015-IV72, SGEHI2015-IV74, SGE-
HI2015-IV89, SGEHI2015-IV100, SGEHI2015-IV211, 

and SGEHI2015-IV232) did not belong to these clonal  
complexes. These strains had few closely related strains 
in the public genomic databases, and the closely related  
strains are mostly from animals (online Technical Appendix 
Figure 2).

We found GBS ST283 only among freshwater fish 
and water for holding freshwater fish. Genomic analyses 
indicated that GBS ST283 isolated from fish clustered 
in 2 clades (Figure 4). The first clade included 12 iso-
lates from 6 fish from a food stall, a fresh produce market 
and a port, and 4 fish tank water samples from a port. 
Genome sequencing showed that these 12 isolates were 
nearly identical (0–2 SNPs and 0, 1, and 12 indels all in 
homopolymeric runs of >4 nt) compared with the 2.1-
Mbp genome of the reference human outbreak strain, SG-
M1, isolated from a meningitis patient during the GBS 
outbreak in Singapore during 2015 (12,17). Isolates that 
clustered into the second clade were 20 isolates from 12 
fish and 2 fish tank water samples and did not include any 
human isolates either from this outbreak or from previous 
reports of human GBS infecting isolates. Sequences of 
these isolates showed higher intraclade diversity (57–71 
SNPs and 11–33 indels) when compared with the SG-M1 
genome (Figure 4).

 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 12, December 2017 1985

 
Table. Positivity rates for GBS and other foodborne bacteria in fish samples, Singapore, 2015–2016* 

Characteristic 

Targeted bacteria, no. positive samples/no. tested (%) 

All GBS 

GBS 
serotype 

III 

GBS 
serotype 
III ST283 

Aeromonas 
spp.† E. coli 

S. 
aureus V. c. V. p. L. m. 

Salmonella 
spp. 

Detection method PCR PCR Culture, 
PCR 

Culture Culture Culture Culture Culture Culture Culture 

Ports           
 Freshwater fish,  
 n = 586 

27/586 
(4.6) 

12/586 
(2.0) 

6/586  
(1.0) 

NT NT NT NT NT NT NT 

Fresh produce markets‡          
 Freshwater fish,  
 n = 39 

30/39 
(76.9)a 

14/39 
(35.9)b 

11/39 
(28.2) 

16/39  
(41.0) 

32/39 
(82.0)c 

11/39 
(28.2) 

6/39 
(15.4) 

2/39 
(5.1) 

0/39 0/39 

 Saltwater fish,  
 n = 23 

5/23 
(21.7)a 

2/23 
(8.7)b 

0/23 14/23  
(60.9) 

8/23 
(34.8)c 

6/23 
(26.1) 

2/23 
(8.7) 

2/23 
(8.7) 

0/23 0/23 

Sashimi suppliers§           
 Saltwater fish,  
 n = 21 

0/21 0/21 0/21 10/21  
(47.6) 

1/21 
(4.7)c 

0/21 0/21 0/21 1/21 
(4.7) 

0/21 

Food stalls¶           
 RTE freshwater  
 fish, n = 7 

5/7 
(71.4) 

4/7  
(57.1) 

1/7  
(14.3) 

NT 0/7 0/7 (0) 0/7 0/7 0/7 1/7  
(14.3) 

 Freshwater fish  
 for cooking, n = 18  

8/18 
(44.4) 

4/18 
(22.2) 

0/18 NT 2/18 
(11.1) 

0/18 1/18 
(5.6) 

1/18 
(5.6) 

0/18 1/18  
(5.6) 

 RTE saltwater fish, 
 n = 21 

7/21 
(33.3)d 

3/21 
(14.3)e 

0/21 NT 0/21 0/21 1/21 
(5.0) 

0/21 0/21 0/21 

Restaurants, snack bars           
 RTE saltwater fish, 
 n = 282 

26/282 
(9.2)d 

2/282 
(0.7)e 

0/282 NT 0/282 0/282 1/282 
(0.4) 

0/282 5/282 
(1.8) 

0/282 

*A sample was considered positive when a specific organism was detected in >1 subsamples (surface, muscle, or organs) of a fish sample. Superscript 
letters a–e indicate a significant difference (p<0.05) in positivity rates of targeted bacteria between fish types. E. coli, Escherichia coli; GBS, group B 
Streptococcus; L. m., Listeria monocytogenes; NT, not tested; RTE, ready to eat; S. aureus, Staphylococcus aureus; ST283, sequence type 283; V. c., 
Vibrio cholerae; V. p., V. parahaemolyticus. 
†Aeromonas caviae, A. hydrophila, and A. sobria. 
‡Fish stalls at ports and wet markets, and fresh produce sections of supermarkets, excluding sashimi and sushi counters of supermarkets. 
§Companies that supplied sashimi-grade fish to restaurants and snack bars. 
¶Within larger eating establishments that include hawker centers, coffee shops, and eating houses. 
 



RESEARCH

Characterization of S. aureus, V. cholerae,  
and V. parahaemolyticus Isolates
We characterized 18 S. aureus isolates from 17 fish. All 
except 1 were obtained from fish surfaces. We detected >1 
enterotoxin gene in two thirds of these isolates and the sec 
gene in 55.6% (10/18) of the isolates. Other enterotoxin 
genes (sea, seg, seh, sei, and sel) were detected at much 
lower rates (5.6% [1/18] to 11.1% [2/18]). We detected 
4 enterotoxin genes (sec, seg, sei, and sel) in a S. aureus 
isolate obtained from the surface of a wolf herring sample 
collected from a port. We did not detect virulence genes 
(ctxA, ctxB, and tcpA) in any of the 16 non–O1 V. cholerae 
isolates from 9 fish and 1 fish tank water samples and did 
not detect virulence genes (tdh, trh1, and trh2) in any of the 
6 V. parahaemolyticus isolates from 5 fish samples.

Discussion
We found GBS ST283, the causative strain of a severe 
foodborne outbreak in Singapore, in the local freshwater 
fish supply chain that stretches from food stalls to local 
fresh produce markets and back to ports. Patients with GBS 
ST283 infections during this outbreak were more likely to 
show development of meningoencephalitis, septic arthri-
tis, and spinal infection than were persons with non–GBS 

ST283 infections (12). Although this study suggested Ma-
laysia as a source of the strain, the finding of the same ST 
in Hong Kong and Thailand (10,11) suggested that GBS 
ST283 is generally prevalent throughout the region.

Our analysis shows that there are at least 2 clades of GBS 
ST283 strains among fish in local markets. Fish and water 
strains from 1 clade were nearly identical to clinical strains 
from this outbreak (Figure 4). The small variability of 0–2 
SNPs and 0–12 indels between fish and water strains and the 
reference human outbreak strain (SG-M1) is equivalent to 
variability observed in 131 clinical strains from the same out-
break reported elsewhere (0–5 SNPs from the SG-M1 refer-
ence) (12). Strains from a second clade of GBS ST283 had a 
difference of 57–71 SNPs and 11–33 indels when compared 
with the SG-M1 genome. Other GBS ST283 isolates, many 
collected in Hong Kong <17 years before this outbreak (11) 
are also different from the SG-M1 strain (<129 SNPs) (Figure 
4). We found no human-infecting isolate from Singapore or 
elsewhere within the second fish-associated GBS ST283 clade.

A major issue is whether all GBS ST283 strains are 
capable of causing invasive human disease by the food-
borne route. If strains from the fish-associated clade are 
not pathogenic to humans, they could be used as effective 
controls for identifying the genetic basis of pathogenicity 
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Figure 2. Escherichia coli (A and 
C) and Staphylococcus aureus 
(B and D) counts in fish samples 
(muscle and surface swabs) 
collected from fresh produce markets 
during investigation of group B 
Streptococcus infections, Singapore, 
2015–2016. Solid horizontal lines 
indicate ICMSF limit for E. coli 
count in fresh fish intended for 
cooking (<2.7 log10 CFU/g or <4.7 
log10 CFU/100 cm2) (23). Dashed 
horizontal line indicates Singapore 
regulatory limit for E. coli count 
in ready-to-eat foods (<1.3 log10 
CFU/g ) (14). Top and bottom of 
boxes in plots indicate 25th and 
75th percentiles, horizontal lines 
indicate medians, and whiskers 
indicate minimum and maximum 
values. Open circles indicate outliers. 
*p<0.05. †Companies that supplied 
sashimi grade fish to restaurants 
and snack bars. ‡Fish stalls at ports 
and wet markets, as well as fresh 
produce sections of supermarkets, 
excluding sashimi and sushi counters 
of supermarkets. ICMSF, International 
Commission on Microbiological 
Specifications of Foods; NS, not 
significant (p>0.05); SG, Singapore 
government; SPCs, standard  
plate counts.
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of the first clade and the cause of its emergence, which re-
sulted in outbreak in Singapore in 2015. If these strains are 
pathogenic to humans, then broader tracking of the preva-
lence of GBS ST283 would be warranted.

In contrast to GBS strains that are known to cause disease 
outbreaks in fish (10,18), the live and whole fish from which 
GBS ST283 was recovered in this study did not have defects, 
such as corneal opacity and exophthalmia (18), which sug-
gests that this ST might not be pathogenic for freshwater fish. 
The closest GBS fish pathogens with published genomes, 
GD201008–001 (19) and HN016 (20), are serotype Ia ST7 
strains that are distant (>4,000 SNPs) from all ST283 strains 
that our group and others have identified (12).

Detection of 6 GBS serotypes and 13 STs showed the 
diversity of GBS strains in fish. Although the sample size 
in this study was small and our results might not represent 
the distribution of GBS in all fish species, our findings  
provide valuable data for characterizing the public health 
risk from consuming raw fish. No baseline information on 
GBS in fish was publicly available before this outbreak be-
cause fish were not a recognized source or a recognized 
route of transmission of GBS. Further work on GBS STs 

other than ST283 is underway to investigate the role of fish 
as a source of GBS disease in humans.

Several GBS strains from sashimi had relatively few 
closely related strains in the public genomic databases (on-
line Technical Appendix Figure 2), which suggests that 
the GBS population associated with saltwater fish could 
be different from that associated with freshwater fish and 
humans. Another reason for this observation is that GBS 
from food and environmental sources are relatively unders-
ampled in the genomic databases than those from humans.

We detected GBS serotypes Ia ST23 and Ia ST7, which 
are associated with human carriage (10), in fish samples. 
Although GBS ST7 has been described as a fish pathogen, 
the presence of GBS serotype Ia ST23 has not been report-
ed in fish (10). GBS serotypes Ia ST23, and Ia ST7 and E. 
coli, which are all associated with human gut flora, suggest 
possible contamination of fish by effluent water.

The intentional introduction of animal feces into fish 
ponds as part of integrated farming (21,22) might further 
contribute to the complex flow of pathogens between ani-
mals and humans. Such findings point to areas for research 
to clarify the diversity and role of GBS strains in affect-
ing animal and human health. For instance, GBS ST861, 
which was isolated from salmon in this study (online Tech-
nical Appendix Table 3), was also isolated from a clinical 
case in the same year in Singapore on the basis of metadata 
available in the PubMLST S. agalactiae database (http://
pubmlst.org/sagalactiae/).

In addition to the finding of GBS ST283 in freshwa-
ter fish, detection of high SPCs and E. coli and S. aureus 
counts indicates the hazard of using such fish for prepar-
ing raw RTE dishes. Because E. coli is not part of the in-
testinal flora of cold-blooded animals (23), its presence 
suggests contamination from polluted water, unhygienic 
handling, or temperature abuse after harvesting. Similarly, 
because S. aureus is not part of usual fish flora, its pres-
ence on fish surfaces suggests possible transfer of human 
skin flora caused by unhygienic handling (24). We detected 
V. parahaemolyticus, an organism known to grow well in 
seawater but lyse rapidly in freshwater (24), in freshwater 
fish samples from fresh produce markets (5.1%, 2/39). This 
finding was not surprising because freshwater and saltwater 
fish are typically sold, handled, stored, and degutted within 
the same confined areas in fresh produce markets. Thus, 
despite lower SPCs and positive rates for E. coli in saltwa-
ter fish than in freshwater fish from fresh produce markets, 
saltwater fish procured from such environments are prone 
to cross-contamination.

Fish used by food stalls were generally obtained from 
such markets. Moreover, microbial counts for sliced fish 
samples from eating establishments indicated that most food 
stalls were not able to prepare RTE raw fish dishes of ac-
ceptable hygiene quality. Poor practices observed included 
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Figure 3. SPCs for fish samples (muscle) collected from fresh 
produce markets during investigation of group B Streptococcus 
infections, Singapore, 2015–2016. Solid horizontal line indicates 
ICMSF limit for SPCs in fresh fish intended for cooking (<7 
log10 CFU/g) (23). Dashed horizontal line indicates Singapore 
regulatory limit for SPCs for ready-to-eat foods (<5 log10 CFU/g) 
(14). Top and bottom of boxes in plots indicate 25th and 75th 
percentiles, horizontal lines indicate medians, and whiskers 
indicate minimum and maximum values. Open circles indicate 
outliers. *p<0.05. †Companies that supplied sashimi grade fish 
to restaurants and snack bars. ‡Fish stalls at ports and wet 
markets, as well as fresh produce sections of supermarkets, 
excluding sashimi and sushi counters of supermarkets.  ICMSF, 
International Commission on Microbiological Specifications of 
Foods; SG, Singapore government; SPCs, standard plate counts.
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use of common chopping boards, knives, or slicers for pre-
paring fish slices meant for raw consumption and cooking. 
If fish slices are contaminated, rinsing with water cannot im-
prove their quality (online Technical Appendix).

In contrast to the quality of saltwater fish samples from 
fresh produce markets, all saltwater fish samples from  

sashimi suppliers complied with local SPCs (5 log10 
CFU/g) and E. coli (1.3 log10 CFU/g) limits for ready-
to-eat food (14); all samples were negative for GBS, S. 
aureus, Salmonella spp., and V. parahaemolyticus. The 
compliance rate among restaurants/snack bars was higher 
because such premises are more likely to procure fish from 
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Figure 4. Phylogenetic analysis of group B Streptococcus (GBS) infections caused by improper sourcing and handling of raw fish for 
raw consumption, Singapore, 2015–2016. A) Maximum-likelihood single-nucleotide polymorphism (SNP)–based tree for GBS ST283 
strains relative to the SG-M1 reference human outbreak strain. Year, location, and source (human or fish) for isolates are indicated. 
Twelve strains from 6 fish (SGEHI2015-NWC941, SGEHI2015–95, LG01, LG02, LG04, and LG06) and 4 fish tank water samples (LG07, 
LG08, LG09, and LG11) were nearly identical to the local reference outbreak strain SG-M1 (no SNP, 0 and 12 indels, respectively). 
Scale bar indicates distance over 4,093 total SNPs. B) Enlargement of blue subtree from bottom of tree in panel A showing fish GBS 
ST283 isolates that were different (57–71 SNPs and 11–33 indels) from the human outbreak strain. ST, sequence type.
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sashimi suppliers that harvest fish from cleaner waters 
and adhere to stricter cold chain management practices. 
However, some saltwater fish samples from sashimi sup-
pliers and restaurants were found to contain Aeromonas 
spp. (47.6%, 10/21) and L. monocytogenes (2.0%, 6/303), 
whose psychrotrophic nature has posed a challenge to 
the fish industry. L. monocytogenes is also a concern in 
chilled RTE food because of its ubiquity and persistence 
in food-processing environments (25).

Food and environmental findings of our study were 
consistent with epidemiologic findings for this outbreak 
(2,3). Multivariate analyses of a case–control study showed 
that persons who had consumed yusheng were more likely 
to acquire GBS ST283 infections than those who had not 
consumed yusheng (2). However, there was no strong as-
sociation between GBS ST283 infections and consumption 
of sashimi and sushi (2).

Findings of this study have led to implementation of 
new policies in Singapore. These new policies included ban-
ning the use of freshwater fish in RTE dishes and requiring 
procurement of saltwater fish from suppliers for raw fish ap-
proved by the Agri-Food and Veterinary Authority of Singa-
pore. Food stalls and food establishments providing catering 
services were required to stop selling RTE raw fish dishes 
until they complied with practices required for preparing 
RTE raw saltwater fish dishes.

The number of RTE fish samples collected from food 
stalls was limited because eating establishments were ad-
vised to stop the sale of RTE raw fish dishes containing 
Asian bighead carp and snakehead during July 24–Decem-
ber 5, 2015, while the outbreak investigation was under-
way (1). Sampling was not random because it was part of 
an outbreak investigation, but it was biased toward fish 
species and food stalls implicated in the outbreak. Thus, 
contamination rates might not reflect contamination rates 
of all fish species sold for raw consumption in the market. 
Similarly, testing of samples from ports and retail outlets 
was performed by using different protocols, which limited 
comparisons that could be made.

In conclusion, we detected GBS ST283, which 
caused a severe foodborne outbreak in Singapore in 
2015, in freshwater fish, not only in food stalls and fish 
markets, but also in ports from which fish are imported. 
Comparison of human and fish isolates showed as few 
as 0–2 SNPs between human and fish isolates of GBS 
ST283 on a background of a diversity of GBS and other 
bacteria in freshwater fish. These data indicate the risk 
for contamination of raw freshwater fish and underscore 
the need for proper sourcing and handling of all fish for 
raw consumption. To control the outbreak, a ban on the 
sale of RTE raw freshwater fish dishes was implemented, 
and additional requirements were imposed for the sale of 
RTE raw fish dishes made with saltwater fish (13). Our 

study complements the epidemiologic findings for this 
outbreak (2,3) and illustrates the need for public health 
authorities and industries to remain vigilant regarding  
emerging pathogens.
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Usutu virus (USUV) is an emerging mosquitoborne flavivirus 
with an increasing number of reports from several countries 
in Europe, where USUV infection has caused high avian 
mortality rates. However, 20 years after the first observed 
outbreak of USUV in Europe, there is still no reliable 
assessment of the large-scale impact of USUV outbreaks on 
bird populations. In this study, we identified the areas suitable 
for USUV circulation in Germany and analyzed the effects of 
USUV on breeding bird populations. We calculated the USUV-
associated additional decline of common blackbird (Turdus 
merula) populations as 15.7% inside USUV-suitable areas 
but found no significant effect for the other 14 common bird 
species investigated. Our results show that the emergence 
of USUV is a further threat for birds in Europe and that the 
large-scale impact on population levels, at least for common 
blackbirds, must be considered.

Usutu virus (USUV) is a mosquitoborne flavivirus that, 
together with West Nile virus (WNV), belongs to the 

Japanese encephalitis antigenic complex (1). Both viruses 
share a similar enzootic transmission cycle, with birds as 
amplifying hosts and ornithophilic mosquitoes as vectors 
(2). Mammals, including bats, horses, and humans, are con-
sidered incidental or dead-end hosts (3–6).

The clinical picture of human USUV infection 
includes fever, rash, jaundice, headache, nuchal rigidity, 

hand tremor, and hyperreflexia (7). It has been generally 
assumed that the incidence of human USUV infections is 
very low compared with the incidence of WNV infections. 
However, this assumption is probably strongly biased by 
the comparatively low capacity to correctly identify USUV 
infection in humans (2,8). Recent data from Italy indicate 
that human USUV infections may not be a sporadic event 
and can even be more frequent than WNV infections in 
areas where both viruses co-circulate (9).

The most common recent ancestor of the USUV 
strains circulating in Europe emerged in Africa at least 
500 years ago (10). In 1996, the first recognized USUV 
outbreak outside Africa caused a massive die-off among 
common blackbirds (Turdus merula) in the Tuscany 
region of Italy (11). During the next 2 decades, USUV was 
observed in several countries in Europe as responsible for 
periodic small epizootic outbreaks affecting birds (2,12). 
In Germany, the earliest observation of USUV was in 
2010 in mosquitoes (13) and resulted in mass deaths of 
common blackbirds (12,14) and at least 2 human USUV 
infections (4,6).

Mosquitoborne pathogens such as WNV (15) or avian 
malaria (16) could have substantial negative effects on bird 
populations, such as the size of affected populations (15) or 
composition of species communities (16). Several bird taxa 
of different taxonomic orders were found to be susceptible 
to USUV infections (2); during the USUV outbreaks in 
Europe, common blackbirds accounted for the largest 
proportion of observed dead birds (2). The effect of USUV 
on the populations of this species is discussed in different 
studies, which gave different estimates for population 
declines. Savini et al. (17) estimated l,000 deaths for 
blackbirds in Veneto, Italy, in 2008–2009. During the 
USUV outbreak in Vienna, Austria, and surrounding 
areas in 2003–2005, Steiner and Holzer (18) observed 
a population decline of ≈90%. Furthermore, Rubel et al. 
(19) estimated that only 0.2% of all dead blackbirds were 
detected by the national USUV monitoring program in 
Austria (20), and therefore, ≈50,000 birds died during the 
outbreak. Using the same method of estimation, ≈40,000 
common blackbirds died in the earliest known outbreak 
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(2011–2012) in Germany (21). Further studies in Germany 
estimated 220,000–420,000 dead common blackbirds (22) 
and a local population reduction of >50% (23). 

The existing studies lack 2 conditions: an explicit 
spatial distinction between areas in which USUV circulates 
and those in which it does not; and the analysis of long-
term bird population data, which are necessary to test 
the hypotheses that USUV caused substantial population 
declines in birds. Therefore, 20 years after the first 
observed outbreak of USUV in Europe (11), a reliable 
assessment of the large-scale impact of USUV outbreaks 
on bird populations is missing. Identifying the population-
level effects of the disease is challenging, because they 
must be distinguished from natural population fluctuations 
driven by environmental factors such as climate (15) or 
land use change (24). Thus, the analyses require long-
term bird abundance data that extend before and after the 
emergence of the disease and that cover areas with and 
without circulation of the pathogen. Hence, the aims of this 
study were the identification of areas suitable for USUV 
circulation in Germany using a distribution modeling 
approach based on dead bird surveillance data and the 
comparative analysis of USUV effects on the breeding bird 
populations in USUV-suitable areas.

Materials and Methods

Distribution Modeling Data
The USUV data in Germany were collected as part of a 
dead bird surveillance program (12,14,25,26). After the de-
scription of a USUV outbreak in wild birds in Germany in 
2011, we requested, by press releases and media dissemi-
nation, that citizens send dead birds for USUV screening 
at national reference laboratories. We necropsied the bird 
specimens and screened them for USUV-specific RNA. 
During August 2011–November 2015, a total of 230 speci-
mens of 15 species (85.7% common blackbirds) from 132 
different sites tested positive for USUV. We used European 
Land Surface Temperature (EuroLST) dataset maps with 
9 bioclimatic variables at 250-m resolution as explanatory 
variables for the distribution modeling of USUV (27). Bio-
climatic variables are derived from monthly temperature 
and rainfall values. These biologically meaningful vari-
ables represent annual trends, seasonality, and extreme or 
limiting environmental factors.

USUV Distribution Modeling
We applied an ensemble boosted regression tree (BRT) 
approach using R software (https://www.r-project.org) 
with the packages raster, dismo, and ecospat and visu-
alized with ggplot2, which was successfully applied to 
other mosquitoborne viruses in the past (e.g., Zika virus) 
(28). We calibrated BRT models with presence-only data 

and 10,000 random background points selected from the 
entire area of Germany. To account for the biased bird 
collection due to the unsystematic dead bird surveillance 
program and to increase the robustness of model predic-
tions and quantify model uncertainty, we selected 300 
random subsamples of the presence data with replace-
ment. Due to locality uncertainties in the presence data 
(e.g., mobility of the birds and imprecise reporting by 
the volunteer senders), we applied a random point selec-
tion within the corresponding German postal code areas 
(0.31–891.68 km2, mean size 32.00 km2) for all presence 
points (i.e., sites with birds testing positive for USUV) 
in each subsample. In addition, we selected a new set of 
10,000 random background points for each model. We 
weighted background points and occurrence points equal-
ly in each of the 300 BRT models, which we averaged for 
the final USUV distribution map. We converted the con-
tinuous distribution map for USUV to a binary map with 
areas that are suitable or unsuitable for USUV. Following 
Pigott et al. (29), we selected a threshold that included 
90% of the USUV occurrence points. We chose a thresh-
old cutoff of 90% instead of 100% to account for potential 
spatial inaccuracies of the occurrence point dataset.

We validated the models with a 10-fold cross-validation 
approach. We produced a total of 300 random split sampling 
datasets with 10 subsets for training datasets (comprising 
10% of the presence and background observations) and 10 
subsets for test datasets (comprising 90% of the presence 
and background observations) each. We used the training 
datasets to assess the ability of the models to predict the test 
dataset with the area under the curve (AUC) statistic. We 
averaged the AUC values of the models across the 10 models 
of each split sampling dataset and finally across the 300 
average AUC values. Furthermore, we applied a pairwise 
distance sampling procedure to avoid AUC inflation due 
to spatial sorting bias, which is considered to give a more 
realistic quantification of the model performance especially 
regarding its transferability (30).

Bird Population Data
Bird abundance data were collected within the citizen 
science program Stunde der Gartenvögel (Hour of the 
Garden Birds) in Germany. This program is organized by 
the German BirdLife partner Naturschutzbund Deutsch-
land (Nature and Biodiversity Conservation Union) and 
its counterpart Landesbund für Vogelschutz in Bayern 
(Bavarian Society for the Protection of Birds). During the 
second weekend of May each year, German citizens were 
requested to count the maximum number of specimens per 
bird species observed in their gardens in a time frame of 1 
hour. We used the data for the 15 most commonly detect-
ed bird species, with at least 247,000 observed specimens 
each during 2006–2016, for further analyses: Eurasian 
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blue tit (Cyanistes caeruleus), common chaffinch (Frin-
gilla coelebs), Eurasian magpie (Pica pica), European 
greenfinch (Chloris chloris), black redstart (Phoenicurus 
ochruros), great tit (Parus major), common blackbird, 
house sparrow (Passer domesticus), Eurasian tree sparrow 
(Passer montanus), common swift (Apus apus), common 
house martin (Delichon urbicum), carrion crow (Corvus 
corone), common wood pigeon (Columba palumbus), 
European robin (Erithacus rubecula), and common star-
ling (Sturnus vulgaris). The dataset consisted of 317,533 
unique observation datasets with anonymized sampling 
locations at the level of postal code regions in Germany, 
each giving information on the number of specimens per 
bird species and sampling site. 

Bird Population Modeling
We applied a generalized additive model approach to ana-
lyze the population development of each of the 15 bird 
species. This statistical approach was first developed by 
Fewster et al. (31) to describe population trends in breed-
ing birds and later successfully used to model bird and bat 
populations (32,33). We used the GAM framework to fit a 
single smoothed curve to the trend of the number of bird 
specimens in the USUV-positive areas and USUV-nega-
tive areas per year. In addition, to allow for differences in 
relative abundances between sites, we included a site term 
in the models. Following the suggestion by Fewster et al. 
(31), we set the selection of the degree of smoothing in 
the GAM to 0.3 times the number of years of the survey 
data (df = 3).

We avoided the problems of temporal autocorrelation 
within the abundance data (31) and overdispersion (34) 
by using a bootstrap approach. We produced CIs around 
the smoothed trends with a total of 300 bootstrap samples 
by resampling with replacement observations from the 
original dataset for each bird species. We classified each 
sampling site of the bird population data to be located in the 
USUV-positive or USUV-negative area on the basis of site 
coordinates and the USUV binary map. Spatial information 
of the bird observation sites was available only at the level 
of postal code regions; therefore, for each bootstrap sample, 
we took the mean of observed specimens per species within 
each region and then randomly assigned it within its postal 
code region to classify it as within the USUV-suitable or 
USUV-unsuitable area.

We set 2011 as the baseline year (index = 100); this 
year was the last time bird abundance data were collected 
before the first epizootic outbreak of USUV in Germany 
(14). Nonoverlapping 95% bootstrap CIs with index 
= 100 and nonoverlapping 95% bootstrap CIs between 
the USUV-suitable areas and USUV-unsuitable areas  
in 2016 were interpreted as a statistically significant 
difference (p<0.05).

Results
The mean of the ensemble of 300 BRTs indicated the 
highest probability for USUV circulation in southwestern 
Germany (Figures 1, 2; online Technical Appendix Fig-
ure 1, https://wwwnc.cdc.gov/EID/article/23/12/17-1257-
Techapp1.pdf). Environmentally suitable areas extended 
from southwestern Germany at the border with France 
along the valley of the Upper Rhine toward western Germa-
ny. The area represented 9,510 km2 of the country (2.7%). 
The EuroLST bioclimatic variable with the strongest influ-
ence on USUV risk was the annual mean temperature, con-
tributing 71.4% to the variation in the ensemble of models. 
The next most influential variables were mean temperature 
of the coldest quarter of the year (8.9%), temperature sea-
sonality (7.2%), and minimum temperature of the coldest 
month (5.2%). The other 5 variables had <5.0% effect each 
on USUV risk: mean temperature of the warmest quarter 
(2.8%), mean diurnal range (1.6%), temperature annual 
range (1.3%), maximum temperature of the warmest month 
(1.2%), and isothermality (0.4%) (online Technical Appen-
dix Figure 2). With an AUC value of 0.89 (±0.08 SD), 10-
fold cross-validation indicated high predictive power of the 
BRT ensemble map.

Figure 1. Probability of Usutu virus (USUV) occurrence in Germany 
derived from 300 boosted regression tree models. Black dots 
denote sites with dead birds that tested positive for USUV. The 
color intensity indicates the probability of occurrence of USUV.

Usutu Virus and Breeding Bird Populations
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Eleven of 15 bird species analyzed did not show 
a statistically significant difference in the population 
development between the areas suitable and unsuitable 
for USUV since 2011. We determined overlapping 
95% bootstrap CIs between USUV-suitable and USUV-
unsuitable areas for 2016 (Table; online Technical 
Appendix Figure 3). Only 4 species had nonoverlapping 
CIs in 2016 (Table; Figure 3), that is, statistically significant 
different population indices between both areas. However, 
the great tit and house sparrow showed higher population 
indices in the USUV-suitable areas, indicating no negative 
population impact of USUV. The Eurasian tree sparrow 
had a statistically significant lower population index in the 
USUV-suitable area, but the species’ populations showed 
a very sharp positive development in both areas compared 
with the baseline year 2011. Thus, with a difference of 
≈15.7% between the means of population indices in 2016, 
only the common blackbird showed both a statistically 
significant lower population index compared with the 
baseline year (CIs <100) and a statistically significant lower 
population index in the USUV-suitable area compared 
with the USUV-unsuitable area (nonoverlapping CIs 
between both areas).

Discussion
During the past 2 decades, an ongoing spread of USUV and 
a continuous circulation of the virus after initial establish-
ment have been observed in different countries in Europe 
(2,10), highlighting the demand to understand the distri-
bution of USUV and its ecosystem effects in the outbreak 
areas. Due to the enzootic transmission cycle of USUV 
with birds as amplifying hosts, the question regarding the 
effect of the virus on avian populations in particular was 
open. In this study, we compared the population dynamics 
of 15 common bird species between regions in Germany 
identified as USUV-suitable and USUV-unsuitable. Previ-
ous assessments were particularly limited by the missing 
explicit spatial distinction between areas with and without 
circulation of USUV. In addition, these studies did not dis-
tinguish population-level impacts of the disease from the 
natural fluctuations; that is, they did not use long-term bird 
abundance data that extend before and after the emergence 
of the first USUV outbreak.

Therefore, in a first step, we applied a distribution 
modeling approach to identify areas with and without 
potential circulation of USUV in Germany. The applied 
modeling approach was previously shown to be suitable to 
map the distribution of mosquitoborne viruses like dengue 
virus (35) or Zika virus (28). Potential outbreak areas 
for USUV were predominantly located in southwestern 
Germany, where the annual mean temperature was the most 
influential variable explaining the observed distribution (i.e., 
the virus showed an increasing probability of occurrence 

with increasing annual mean temperatures). Although the 
main transmission parameters of USUV are unknown (e.g., 
extrinsic incubation period), temperature is probably one of 
the most important drivers of USUV circulation, because 
the mosquito vectors are exothermic and the replication 
rate of the viruses increases as temperature increases. For 
example, laboratory experiments demonstrated that higher 
temperatures resulted in higher USUV infection rate of 
Culex pipiens mosquitoes (36). Nevertheless, although 
the ensemble of boosted regression tree models had a high 
performance in the differentiation of areas suitable and 
unsuitable for USUV in Germany, it should be kept in mind 
that this estimation has some degree of uncertainty. A high 
probability of occurrence for USUV does not necessarily 
mean that the virus ultimately arrives and establishes itself 
(28). In addition to environmental suitability, different 
additional parameters influence the spread and circulation 
of arboviruses, including vector/host mobility or herd 
immunity (19,37). 

Furthermore, the annual dynamics of USUV highly 
depend on the temporal temperature profile within the 
course of the year. The high activity of USUV in the late 
summer and beginning of autumn 2016, for example, was 

Figure 2. Areas suitable (green) and unsuitable (white) for Usutu 
virus (USUV) in Germany derived from 300 boosted regression 
tree models. Black dots denote sites with dead birds detected 
positive for USUV.
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linked to temperature anomalies in September; significant 
positive deviation from the 30-year mean temperatures will 
have shortened the extrinsic incubation period and, at the 
same time, potentially caused increased vector abundance 
and associated vector-host contact rate (12,19).

We observed a statistically significant stronger decline 
of the population in the USUV outbreak areas compared 
with the USUV-unsuitable area was observed only for the 
common blackbird and not for any other analyzed bird 
taxa, including species regularly tested positive for USUV 
in Europe (e.g., house sparrow and common starling) 
(2). This finding is in contrast to other mosquitoborne 
avian viruses, which often show negative effects on the 
populations of several bird species at the same time; WNV 
in North America negatively affected the populations 
of >7 bird species, leading to population reduction of 
up to 45% (15), and avian malaria parasites potentially 
caused the extinction of several bird taxa in Hawaii, USA 
(16). One possible explanation might be that population 
declines of some species are masked by natural population 
dynamics or spatial-temporal variability of the population 
fluctuations (15), such as those caused by largely neglected 
bird pathogens like polyomaviruses (38). Nevertheless, 
although USUV can infect >30 bird taxa, blackbirds are 
generally by far the most frequently affected species, 
comprising >60% of all bird specimens testing positive for 
USUV in Europe (2). The underlying causes of a remarkably 
higher frequency of USUV-positive common blackbirds 
compared with other bird species are unknown, but some 
factors may include the wide distribution and abundance 
of the species (39), its conspicuous size and color, and its 
close association with humans (40), all of which might 
contribute to the high recovery rate of blackbird bodies. 
Potential reasons for a higher sensitivity to USUV might 
be a higher virus susceptibility (41), behavioral traits (42), 

or different spatial-temporal distribution in relation to the 
vector/virus distribution (43).

During the USUV outbreak in Germany, the common 
blackbird population decreased by an additional 15.7% 
in the USUV-suitable area compared with the USUV-
unsuitable area. Thus, assuming a mean density of 
111.93 birds/km2 (8 million breeding pairs each having 
approximately 3 fledglings per year [44] and a USUV-
suitable area of 9,510 km2), >167,119 birds died due to 
USUV since 2011; this estimate does not include other 
population effects like immigration compensating a part 
of the USUV-related population decline. The estimate is 
substantially higher than the one determined in the study 
by Bosch et al. (21), assuming 40,000 common blackbird 
deaths in the USUV outbreak in Germany in 2011–2012, 
which did not account for persistent USUV-related deaths. 
At the same time, the overall population decline of the 
common blackbird is considerably smaller than 50%–90% 
(22,23), which might reflect only the short-term population 
declines. Nevertheless, several studies reported local 
extinction of common blackbirds probably caused by the 
USUV outbreak (18,21,22), which can be explained by 
local high virus transmission (e.g., favorable distribution of 
vectors and hosts). A relatively large spatial heterogeneity 
of the impact of mosquitoborne viruses on bird populations 
was also observed for WNV in North America (15); that 
rate is potentially related to the connection between the 
local vector and the bird community and influenced by land 
use and climate parameters (43).

USUV activity after the first outbreak in Germany in 
2011–2012 was remarkably lower in the following years, 
as reflected in the detection of fewer USUV-positive dead 
birds (25,26). However, the common blackbird population 
in the USUV-suitable areas continued to decline after the 
initial outbreak. A similar observation was made for WNV 

 
Table. Bird population indices by species differentiated USUV-suitable and USUV-unsuitable areas, Germany, 2016* 

Species 
Mean population index, % (95% CI) Difference in mean change 

between areas, %† USUV-suitable area USUV-unsuitable area 
Eurasian blue tit (Cyanistes caeruleus) 115.0 (108.3–120.8) 107.5 (105.8–108.8) 7.5 
Common chaffinch (Fringilla coelebs) 98.5 (93.0–104.4) 93.6 (91.8–95.4) 4.9 
Eurasian magpie (Pica pica) 104.1 (98.4–109.9) 97.0 (95.5–98.4) 7.0 
Eurasian tree sparrow (Passer montanus) 560.8 (428.4–760.6) 2,318.7 (2,097.0–2,511.5) 1,757.8 
European greenfinch (Chloris chloris) 78.2 (72.5–83.6) 76.1 (74.6–77.4) 2.1 
Black redstart (Phoenicurus ochruros) 49.8 (46.0–53.2) 50.4 (49.5–51.3) 0.6 
Common blackbird (Turdus merula) 79.7 (77.1–82.3) 95.4 (94.6–96.2) 15.7 
House sparrow (Passer domesticus) 100.8 (94.0–106.8) 88.7 (87.2–90.2) 12.1 
Great tit (Parus major) 114.5 (108.6–120.2) 105.5 (104.1–106.8) 9.0 
Common swift (Apus apus) 67.7 (59.6–76.7) 73.2 (70.9–75.9) -5.6 
Common house martin (Delichon urbicum) 74.8 (66.8–83.1) 73.9 (71.4–76.5) 0.9 
Carrion crow (Corvus corone) 129.8 (107.4–155.2) 119.3 (113.8–123.6) 10.5 
Common wood pigeon (Columba palumbus) 191.4 (172.2–212.6) 175.0 (170.6–180.0) 16.5 
European robin (Erithacus rubecula) 101.1 (94.5–108.0) 97.8 (95.9–99.5) 3.3 
Common starling (Sturnus vulgaris) 106.9 (98.9–115.1) 115.8 (112.8–118.9) 8.8 
*USUV, Usutu virus. 
†The difference in the mean change shows the magnitude and direction of divergence between the USUV-suitable and USUV-unsuitable area, i.e., a 
negative value indicates a lower population index for the USUV-suitable compared to the USUV-unsuitable area. 
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in North America, which has a persistent impact for different 
bird species resulting in a lower survival rate without 
signs of recovery after the first outbreak of the virus (45). 
Therefore, due to the ongoing and widespread circulation 
of USUV in Central Europe (12), we must expect a long-
term decline of common blackbird populations in areas with 
USUV occurrence, leading to a substantial alteration of the 
bird communities in the European USUV outbreak areas.

We still lack comprehensive data on the interaction 
between USUV and its vectors, hosts, and environmental 
parameters. We need data on the avian hosts to clarify the 
epidemiology of USUV and investigation into ecologic 
consequences, especially if they increase the risk of 
infection for humans. For example, the high mortality rate 
among common blackbirds might increase the chance of 
USUV spillover to humans, because the dead hosts are 
not present as immune or dead-end hosts (15,43,46,47). 
In addition, although no USUV effect was found for bird 
species classified as threatened (e.g., common starling) (48), 
a wide variety of bird species may be susceptible to USUV 
infections (2). Therefore, further studies should also focus 
on bird species not covered by the bird abundance dataset 
used here, such as wetland birds, which occupy areas that 
generally harbor high numbers of mosquitoes (49).

In summary, USUV had a statistically significant 
negative impact on the population of common blackbirds 
in suitable areas in Germany: a lower population index 
compared with the baseline year (CIs <100) and a 
statistically significant lower population index in the 
USUV-suitable area compared with the USUV-unsuitable 
area (nonoverlapping CIs between both areas). We 
observed no significant effect for the other 14 bird species 
included in the study. Five years after the first detection 
of USUV in southwest Germany, the circulation of the 
virus resulted in an additional decline of ≈15.7% in 
the common blackbird populations compared with the 
development of populations not affected by USUV. Avian 
populations are under different threats, including changes 
of land use and climate change (15,24). The emergence 
of USUV in Europe is a further threat that can cause 
substantial changes in ecosystem services provided by 
birds, such as seed dispersal (50). The recent outbreak 
of USUV in 4 Central European countries (Germany, 
Netherlands, Belgium, and France) underlines the large-
scale distribution of USUV spanning from southern 
to central Europe (2,12). In conclusion, USUV could 
affect bird populations, at least common blackbirds,  
across Europe.

Figure 3. Index curves of the 
generalized additive model 
(GAM) approach with 300 
bootstraps for breeding bird 
survey data of 4 bird species 
for Usutu virus (USUV)–suitable 
and USUV-unsuitable areas in 
Germany, 2016. A) Common 
blackbird; B) Eurasian tree 
sparrow; C) house sparrow; 
D) great tit. Solid lines indicate 
the mean indices from a GAM 
with 3 df; dashed/dotted lines 
represent nonoverlapping 95% 
bootstrap CIs. The horizontal line 
indicates the baseline year 2011 
(index = 100), which is the last 
time point when bird abundance 
data were collected before the 
first known epizootic outbreak 
of USUV in Germany. Double 
arrows indicate the difference 
between the mean index curves 
for 2016.
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A large, highly prolific swine farm in Hungary had a 2-year 
history of neurologic disease among newly weaned (25- to 
35-day-old) pigs, with clinical signs of posterior paraplegia 
and a high mortality rate. Affected pigs that were necropsied 
had encephalomyelitis and neural necrosis. Porcine astrovi-
rus type 3 was identified by reverse transcription PCR and in 
situ hybridization in brain and spinal cord samples in 6 ani-
mals from this farm. Among tissues tested by quantitative RT-
PCR, the highest viral loads were detected in brain stem and 
spinal cord. Similar porcine astrovirus type 3 was also detect-
ed in archived brain and spinal cord samples from another 2 
geographically distant farms. Viral RNA was predominantly 
restricted to neurons, particularly in the brain stem, cerebel-
lum (Purkinje cells), and cervical spinal cord. Astrovirus was 
generally undetectable in feces but present in respiratory 
samples, indicating a possible respiratory infection. Astrovi-
rus could cause common, neuroinvasive epidemic disease.

Astroviruses are small, nonenveloped viruses with 
single-stranded 6.2–7.8 kb RNA genome of positive 

polarity (1,2). The family Astroviridae is currently divid-
ed into 2 genera: the genus Mamastrovirus of mammal-
infecting viruses and the genus Avastrovirus of avian vi-
ruses (3,4). The genetically heterogenic astroviruses that 
are widespread among mammals and birds are generally 
associated with gastroenteritis, less commonly with re-
spiratory disease, and rarely encephalitis or disseminated 
infections (2,5–19). Astrovirus infections with central  

nervous system (CNS) involvement were reported re-
cently in mink, human, bovine, ovine, and swine hosts 
(the latter in certain cases of AII type congenital tremors) 
(5,6,12–14). Most neuroinvasive astroviruses belong to 
the Virginia/Human-Mink-Ovine (VA/HMO) phyloge-
netic clade and cluster with enteric astroviruses identi-
fied from asymptomatic or diarrheic humans and animals 
(15,16). Recent research shows that pigs harbor one of the 
highest astrovirus diversities among mammals examined 
(3,15,20). Porcine astroviruses (PoAstVs) were identified 
mainly from diarrheic fecal specimens, less commonly 
from respiratory specimens, although the etiologic role of 
astrovirus infection in gastroenteritis or in other diseases 
among swine is not settled (3,9,20–23). We report the 
detection of neuroinvasive porcine astrovirus type 3 (Ni-
PoAstV-3) by reverse transcription PCR (RT-PCR) and 
in situ hybridization (ISH) in recent and archived CNS 
samples of newly weaned paraplegic pigs from 3 highly 
prolific swine farms in Hungary.

Materials and Methods

Sample Collection and Handling
During November 2015–July 2017, we collected multiple 
tissue samples from 5 paraplegic and 5 asymptomatic pigs 
at the index farm located in Hungary (GD; specific location 
redacted) (Table 1). We also tested nasal and anal swab 
pairs collected by using polyester-tipped swabs from an-
other 5 paraplegic and 13 healthy animals. We washed tis-
sue samples twice in 10 mmol/L phosphate buffered saline 
(PBS) to remove excess blood and held them at –80°C until 
total RNA extraction. For formalin-fixed, paraffin-embed-
ded (FFPE) blocks, we fixed the dissected samples (Table 
2) with buffered 8% formaldehyde, dehydrated and embed-
ded into paraffin.

We also analyzed archived FFPE specimens from para-
plegic pigs from earlier outbreaks of posterior paraplegia  

Outbreaks of Neuroinvasive  
Astrovirus Associated with  

Encephalomyelitis, Weakness,  
and Paralysis among  

Weaned Pigs, Hungary
Ákos Boros, Mihály Albert, Péter Pankovics, Hunor Bíró, Patricia A. Pesavento,  

Tung Gia Phan, Eric Delwart, Gábor Reuter

Author affiliations: ÁNTSZ Regional Institute of State Public Health 
Service, Pécs, Hungary (A. Boros, P. Pankovics, G. Reuter);  
University of Pécs, Pécs (A. Boros, P. Pankovics, G. Reuter); 
Ceva Phylaxia Ltd., Budapest, Hungary (M. Albert); SHP Ltd., 
Kaposvár, Hungary (H. Bíró); University of California, Davis,  
California, USA (P.A. Pesavento); Blood Systems Research 
Institute, San Francisco, California, USA (T.G. Phan, E. Delwart); 
University of California, San Francisco (E. Delwart)

DOI: https://doi.org/10.3201/eid2312.170804



RESEARCH

2000 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 12, December 2017

in Tázlár in 2011 and in Balmazújváros in 2014 (Table 
2). The 3 swine farms are located in the central and east-
ern parts of Hungary, »100 km from each other, without  
known connection.

Previous Laboratory Diagnostics
CNS homogenates from the index farm tested negative by 
PCR for the following pathogens (families in parentheses): 
porcine reproductive and respiratory syndrome virus (Ar-
teriviridae); porcine circovirus 2 (Circoviridae); hemag-
glutinating encephalitis virus (Coronaviridae); and porcine 
parvovirus 1, 2, 4, and porcine bocavirus (Parvoviridae). 
Immunohistochemical detection of Toxoplasma gondii and 
West Nile virus and bacterial cultivation attempts from the 
CNS samples were also negative. Virus isolation attempts 
using brain homogenates of affected animals in swine kid-
ney (PK-15) and Caucasian colon adenocarcinoma (Caco-
2) cell lines were not successful (no cytopathic effects were 
visible). We detected no PoAsV type 3 (PoAstV-3) in the 
cell culture supernatants by nested RT-PCR with RNA-
dependent RNA polymerase (RdRp) primer pairs.

Total RNA Extraction and RT-PCR Screening
Treatment of FFPE samples included the deparaffination 
and rehydration steps, proteinase K digestion, and total 
RNA extraction. We used the same treatment protocols and 

the same reaction conditions and reagents used in the RT-
PCR and nested RT-PCR reactions as are described previ-
ously, with minor modifications (24–26) (online Technical 
Appendix, https://wwwnc.cdc.gov/EID/article/23/13/17-
0804-Techapp1.pdf). For the RT-PCR screening of CNS 
samples for the presence of pestiviruses (Flaviviridae) and 
swine picornaviruses (Picornaviridae), including teschovi-
rus, enterovirus, sapelovirus, Seneca Valley virus, pasivi-
rus, kobuvirus and encephalomyocarditis, we used virus-
specific primer pairs as well as the outer and inner primer 
pairs targeting the RdRp or the capsid regions of PoAstV-3 
(Figure 1; online Technical Appendix Tables 1, 2).

Absolute Quantification Using Quantitative RT-PCR
For the absolute quantification of viral RNA present in dif-
ferent tissue, urine, and fecal samples, we used the SYBR 
Green–based quantitative RT-PCR (RT-qPCR) method 
(Maxima SYBR Green qPCR Master Mix; Thermo Sci-
entific, Waltham, MA, USA). For the generation of stan-
dard curve, we used 10-fold dilution series of purified and 
spectrophotometrically quantified RNA transcripts in the 
reactions. The RT-qPCR assays contained 3 technical re-
peats of all samples and standards. The slope of the stan-
dard curve was –3.4228 and the calculated PCR efficiency 
was 99.96%. The detailed protocol is provided in the online 
Technical Appendix.

 
Table 1. Data on 5 symptomatic and 5 control newly weaned pigs from a farm in Hungary and results of PoAstV-3 screening by nested 
RT-PCR of samples collected during 2015–2017* 

Data 
Symptomatic animals† 

 
Asymptomatic control animals† 

GD-1 GD-2 GD-3 GD-4 GD-5 GD-6 GD-7 GD-8 GD-9 GD-10 
Collection month  2016 

Mar 
2016 
Mar  

2016  
Jul  

2016  
Jul 

2015 
Nov  

 2016  
Jul 

2017 
Jun  

2017 
Jun 

2017 
Jun 

2017 
Jun 

Age, d 25 25 25 25 35  35 25 25 25 35 
Clinical signs (disease 
stage)  

PP 
(1) 

PP 
(1) 

PP 
(3) 

PP 
(3) 

PP (3)  None None None None None 

Brain stem + + + + +  – (–) – (–) – (–) – (–) – (–) 
Spinal cord            
 Cervical NA NA + + NA  NA – (–) – (–) NA NA 
 Thoracic NA NA + + NA  NA – (–) – (–) NA NA 
 Lumbar + NA + + +  – (–) – (–) – (–) NA NA 
Nasal mucosa – (+)‡ +‡ + + NA  – (–) – (–)‡ – (–)‡ – (–)‡ – (–)‡ 
Lung NA NA + + NA  NA NA NA NA NA 
Tonsils NA – (–) + + +  – (–) NA NA NA NA 
Salivary glands NA NA – (+) + NA  NA NA NA NA NA 
Myocardium NA + NA NA +  NA NA NA NA NA 
Feces – (–) NA – (+) – (+) NA  NA – (–) – (–) – (–) – (–) 
Ileum NA NA – (–) – (+) – (–)  – (–) NA NA NA NA 
Lymph nodes            
 Mesenterial NA – (–) – (–) – (–) NA  – (–) NA NA NA NA 
 Submandibular NA NA – (+) + NA  NA NA NA NA NA 
Urine NA NA – (–) – (–) NA  NA NA NA NA NA 
Kidney NA NA – (–) – (–) NA  NA NA NA NA NA 
Liver NA NA – (+) – (+) NA  NA NA NA NA NA 
Spleen NA NA – (–) – (–) NA  NA NA NA NA NA 
Serum NA NA + + NA  NA NA NA NA NA 
*We collected tissues from 5 affected pigs with encephalomyelitis and PP and 5 asymptomatic control animals from the index farm. The screening nested 
RT-PCR primers are designed to the RNA-dependent RNA polymerase region of PoAstV-3. NA, no available sample; PoAstV-3, porcine astrovirus type 3; 
PP, posterior paraplegia; RT-PCR, reverse transcription PCR; +, positive; , negative.  
†Symbols indicate results from first PCR reactions; symbols in parentheses indicate results from second (nested) RT-PCR reactions. 
‡Nasal swab sample. 
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Long-range Amplification, 5′/3′ RACE-PCR,  
and Sanger Sequencing
For the complete genome (or complete 3′ open reading 
frame [ORF] 1b–ORF2–3′ untranslated region [UTR]) 
acquisitions of the PoAstVs, we used different long-range 
and 5′/3′ rapid amplification of cDNA ends RT-PCRs ac-
cording to previously described protocols (26,27). We 
designed the sequence-specific primers used for the am-
plification of overlapping genome fragments based on 
the genome of PoAstV-3 strain US-MO123 (GenBank 
accession no. JX556691) and closely related sequences 
downloaded from the GenBank database (online Techni-
cal Appendix Table 3). We sequenced PCR products di-
rectly with the BigDye Terminator v1.1 Cycle Sequenc-
ing Ready Reaction Kit (Applied Biosystems, Stafford, 
TX, USA) using the primer-walking method with an 
automated sequencer (ABI Prism 310 Genetic Analyzer; 
Applied Biosystems). We have submitted the nucleotide 
sequences of study astrovirus strains to GenBank under 
accession nos. KY073229–32.

Sequence and Phylogenetic Analyses
We aligned astrovirus sequences by using the MUSCLE web 
tool of EMBL-EBI (28) and performed pairwise nucleotide 
and amino acid identity calculations of the aligned sequences 
with GeneDoc version 2.7 (http://iubio.bio.indiana.edu/soft/
molbio/ibmpc/genedoc-readme.html). We constructed phy-
logenetic trees of deduced amino acid sequence alignments 
by using MEGA version 6.06 software (29) and the neigh-
bor-joining method with the Jones–Taylor–Thornton matrix-
based model. Bootstrap values were set to 1,000 replicates, 
and only likelihood percentages of >50% were indicated.

Histology and In Situ Hybridization
We performed chromogenic (with 3,3′-diaminobenzidine/
DAB) in situ hybridization in FFPE slides (RNAscope 
2.0, Brown Kit; Advanced Cell Diagnostics, Newark, CA, 
USA) according to the manufacturer’s instructions for viral 
RNA detection of Ni-PoAstV-3. We used 30 probe pairs 
generated at Advanced Cell Diagnostics designed to hy-
bridize native viral Ni-PoAstV-3 RNA. Negative controls 
included Dap-B (dihydrodipicolinate reductase gene from 
Escherichia coli probe); an unrelated viral probe; and nor-
mal porcine brain region-matched sections. 

Results

Clinical Observations
There are ≈2,000 sows and their offspring in the investi-
gated highly prolific index farm (GD). Episodes of neu-
rologic disease of unknown etiology have persisted in the 
past 2 years. The syndrome affects an average of 30–40 
weaned pigs monthly (1.5%–2% of total), although the 
number of monthly cases infrequently rose to ≈80 pigs 
(4%) in the autumn–winter seasons. The clinical signs of 
posterior leg weakness or paraplegia and pitching (stage 
1); later paralysis of both legs and skin pain (stage 2); or 
loss of consciousness, paresis, and serious flaccid paraly-
sis of muscles (stage 3) typically appear among weaned 
pigs 25–35 days old, 1 week after the weaning procedure 
(Video). We did not observe gastroenteric symptoms. All 
of the affected pigs in stage 3 of the disease were unable 
to eat or drink; they died due to exsiccosis (dehydration) 
or were euthanized. Signs persisted typically for 1 week 
before death or euthanasia. Postmortem examination  

 
Table 2. Results of PoAstV-3 detection, histology, and ISH analyses using formalin-fixed, paraffin-embedded blocks of samples from 3 
symptomatic newly weaned pigs from a farm in Hungary and samples from 2 other farms with symptomatic pigs* 

Farm ID 
Collection 

year Animal ID 
FFPE block 

ID 
Nested RT-PCR† 

Tissue samples ISH‡ RdRp  Capsid  
GD 2016 GD-1 GD-1A – (+) – (+) Spinal cord + 
      Brainstem + 
      Cerebellum + 
      Medulla oblongata - 
  GD-2 GD-2A – (–) – (–) Lymph node – 
      Tonsil – 
      Myocardium – 
      Spleen – 
      Thymus – 
 2015 GD-11§ GD-11A – (+) – (+) Brainstem + 
      Cerebellum + 
Tázlár 2011 TAZ-1 TAZ-1A – (+) – (+) Hippocampus – 
      Brainstem + 
   TAZ-1B – (+) – (+) Spinal cord + 
Balmazújváros 2014 BAM-1 BAM-1A – (–) – (–) Spinal cord – 
   BAM-1B – (+) – (+) Brainstem + 
      Cerebellum + 
*The screening RT-PCR primers are designed to either the RdRp or the capsid region of PoAstV-3. GD, index farm; ID, identification; ISH, in situ 
hybridization; PoAstV-3, porcine astrovirus type 3; RdRp: RNA-dependent RNA polymerase; RT-PCR, reverse transcription PCR; +, positive; –, negative. 
†Symbols indicate the results of the first screening PCRs; symbols in parentheses indicate the results of the second (nested) RT-PCR. The results of 
nested RT-PCR refer to a mixture of tissues embedded into the total of 7 paraffin blocks. 
‡Indicates results for neuroinvasive PoAstV-3. 
§FFPE samples were the only specimens taken from this animal.  
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results showed no signs of mechanical damage (fractures, 
abscesses, or hemivertebrae). Pigs are vaccinated against 
porcine circovirus 2, Mycoplasma hyopneumoniae, and 
Actinobacillus pleuropneumoniae. Preventive amoxicil-
lin treatment of the piglets was done routinely at wean-
ing. Due to the preventive measures in effect as of spring 
2017, which included extensive decontamination of the 
piggeries and the physical separation of the newly weaned 
pigs from different litters, the number of encephalomy-
elitis cases among weaned pigs decreased with only 1–2 
cases/month observed on the index farm.

The 2 additionally examined swine farms located in 
Tázlár and Balmazújváros each held approximately 500 
sows and their offspring. Similar symptoms of staggering 
and paralysis appeared among pigs 3–5 weeks old in out-
breaks in 2011 (Tázlár) and 2014 (Balmazújváros).

Detection and Analysis of Astroviruses from CNS 
Samples of Affected Animals
In March 2016, we collected brain stem, spinal cord, nasal 
swab, and fecal samples from a newly weaned pig from 
index farm GD (GD-1, index animal) that showed signs 
of encephalomyelitis and posterior paraplegia (stage 1). 
The brain stem and spinal cord samples tested negative 
by RT-PCR for pestivirus (family Flaviviridae) and sev-
eral swine-infecting picornaviruses (family Picornaviri-
dae) (online Technical Appendix Table 1). On the basis 
of the increasing evidence of the pathogenic role of neu-
rotropic astroviruses among humans and farm animals 
(5,6,14,17,30) we investigated the presence of astrovi-
rus using panastrovirus PCR primers (online Technical 
Appendix Table 1) (31). The brain stem and spinal cord 

samples showed strong RT-PCR positivity. The panastro-
virus PCR products were sequenced using panastrovirus 
PCR primers (online Technical Appendix Table 1) and 
compared to each other and to the available astroviruses 
using blastn (https://blast.ncbi.nlm.nih.gov/Blast.cgi). 
The 397-nt sequences of brain stem and spinal cord were 
identical and showed 89% nt identity to PoAstV-3 isolate 
US-MO123 (GenBank accession no. JX556691) as the 
closest match (32).

We sequenced 2 samples from the index animal: 
the full-length genome of the neuroinvasive astrovirus 
strain NI-Brain/9-2016a/HUN (GenBank accession no. 
KY073229) from the brain stem sample and the complete 
capsid-encoding ORF2 from the spinal cord sample NI-
SC/9–2016a/HUN (GenBank accession no. KY073230). 
The 6393-nt (without the poly[A] tail) complete genome 
showed the typical astrovirus genome organization with 3 
putative ORFs, 2529 nt (ORF1a), 1527 nt (ORF1b), and 
2265 nt (ORF2), flanked by short 5′ and 3′ UTRs (Figure 
1). We identified the conserved proteolytic cleavage site 
(V561HQ¯TNT) of serine protease (ORF1a) and the con-
served Y358GDD motif of the RdRp (ORF1b) (33). The 
nonstructural proteins of ORF1a (842 aa) and ORF1b 
(508 aa) and the capsid protein of ORF2 (754 aa) showed 
93%, 95%, and 93% aa identity, respectively, to the cor-
responding genome parts of the closest known relative 
PoAstV-3 strain, US-MO123. All of the conserved ge-
nomic features of mamastroviruses were present in strain 
NI-Brain/9-2016a/HUN: the conserved C1CAAA pen-
tamer at the 5′ end of the genome; the frame-shift hep-
tamer motif (A2511AAAAAC) followed by a stem–loop 
structure at the 3′ end of ORF1a; the conserved sgRNA 

Figure 1. Genome map of the neuroinvasive PoAstV-3 strain NI-Brain/9-2016a/HUN (GenBank accession no. KY073229) from a 
symptomatic newly weaned pig from a farm in Hungary together with the location of RT-PCR products used for different astrovirus 
screening reactions and quantitative RT-PCR analyses. The black arrow indicates the possible localization of a ribosomal frame-
shift during the synthesis of ORF1ab peptide. The first and last nucleotide positions of the ORFs are marked with numbers at the top 
and bottom of each box. ORF, open reading frame; PanAstV, panastrovirus; PoAstV-3, porcine astrovirus type 3; RT-PCR, reverse 
transcription PCR; UTR, untranslated region.



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 12, December 2017 2003

promoter sequence motif of U4048UUGGAGgGGaGGAC-
CaAAN8AUGgC (variable nts are in lowercase, start codon 
of ORF2 is underlined) at the junction of ORF1b/ORF2; 
and the stem loop II–like motif (s2m) in the 3′ end of the 
genome between nt position=s 6322 and 6353. The 3′ UTR 
of NI-Brain/9-2016a/HUN is 27 nt shorter and did not con-
tain the short sequence repeat found at the 3′ end of strain 
US-MO123 (G6381/6392AUUUCUUUNA). Based on the high 
sequence identity and the similar genomic features, the 
NI-Brain/9-2016a/HUN strain most likely belongs to the 
PoAstV-3 genotype. The ORF2 of NI-Brain/9-2016a/HUN 
shares 99% nt/aa identity with the corresponding capsid 
gene of NI-SC/9-2016a/HUN from the spinal cord of the 
same animal, suggesting that the same virus was present in 
both regions of the CNS.

We detected Ni-PoAstV-3 using RT-PCR in all CNS 
samples collected from another 4 affected newly weaned pigs 
held in the index farm (Table 1). All of the samples from the 
asymptomatic control animals were Ni-PoAstV-3 negative.

We determined the complete genomes of 2 Ni-
PoAstV-3 strains (NI-Brain/173-2016a/HUN, GenBank 
accession no. KY073231; and NI-Brain/386-2015/HUN, 
accession no. KY073232) that originated from 2 affected 
animals (GD-3 and GD-5) in stage 3 of the disease, cho-
sen at different times (July 2016 and November 2015) 
of the outbreak (Table 1). These isolates showed 99.5%, 
100%, and 98.7%–99.2% aa identities, respectively, to 
NI-Brain/9-2016a/HUN in the ORF1a, ORF1b, and ORF2 
(capsid) regions.

Most of the aa differences between the Ni-PoAstV-3 
study strains and the other enteric PoAstV-3 strains are 
located in the N-terminal part of ORF1a and in the C-
terminal part of ORF2 (Table 3). Phylogenetic analysis 
showed a close relationship between the identified Ni-
PoAstV-3 sequences and the known PoAstV-3 strains 
located within the same larger clade containing most 
other mamastroviruses with known neurotropic poten-
tial (Figure 2).

Detection of Ni-PoAstV-3 in Non-CNS Samples
We detected Ni-PoAstV-3 in multiple non-CNS samples 
from the respiratory system, lymphoid system, circulatory 
system, and salivary glands of affected animals (Table 1). 
We detected virus only in the second PCR round in 1 il-
eum sample and in 2 of the 3 analyzed fecal samples using 
nested RT-PCR (Table 1). Samples from internal organs 
(spleen and kidney) and urine samples tested negative by 
nested RT-PCR (Table 1).

We determined the copy number of Ni-PoAstV-3 
using SYBR Green–based –qPCR. All of the samples 
that showed nested RT-PCR positivity only in the sec-
ond (nested) PCR round had negative test results by RT-
qPCR, indicating low copy number (<100 copies/µg total 
RNA) of the virus in that tissue sample. The highest copy 
number was detected in the brain stem, followed by the 
spinal cord (Figure 3). Of note, we detected relatively 
high copy numbers in the tonsil and nasal mucosa samples 
(Figure 3). The serum of animal GD-3 contained 2.07 × 

 
Table 3. Amino acid differences between neuroinvasive PoAstV-3 strains from 3 symptomatic newly weaned pigs from a farm in 
Hungary and reference enteric PoAstV-3 strains detected from fecal samples* 

Category 
Genomic region 

ORF1a ORF1a ORF1a ORF1a ORF1b ORF1b ORF2 ORF2 ORF2 ORF2 
Amino acid position 1–400 1–400 401–844 401–844 1–508 1–508 1–415 

(AD) 
1–415 
(AD) 

416–754 
(RID) 

416–754 
(RID) 

PoAstV-3 type Ni Ent Ni Ent Ni Ent Ni Ent Ni Ent 
Amino acid changes M25 S/L F408 L N54 D R29N KT[I/A/V] L439 H[P/V] 
 Y41 F I434 V D106G [A/E]D S34 R S453 D 
 R117 K S481 P A181 S R38 Y F457 Y 
 T120 S/L S576 T/V I206 V V55 T Y559 F 
 T122 S/L G608 N R213 K T57R SK A570[P] N 
 K151G RC N646 H Y293 H/N T61 A N572[Y] D 
 L170 M E679 D E343 D   D581 N 
 L179 M   K375 R   I601 V 
 M185 L   I378 T   S617 N 
 D208 E/N   N382 D   T628 S 
 D202S[P/Q]– NPTDG   I415 A/T   S678 T 
 P217A TT       I696 V 
 T220[V/A] IS         
 P224 H/R         
 I299 V         
 E332 D         
 V338 L/I         
 L346 F         
 I369 V         
*We identified 3 PoAstV-3 isolates: NI-Brain/9-2016a/HUN (GenBank accession no. KY073230); NI-Brain/173-2016a/HUN (accession no. KY073231); 
and NI-Brain/386-2015/HUN (accession no. KY073232). We compared these with enteric strains from GenBank (accession nos. JX556691, LC201595-7, 
and LC201599). AD, presumed particle assembly domain; Ent, enteric; Ni, neuroinvasive; ORF, open reading frame; PoAstV-3, porcine astrovirus type 3; 
RID, presumed receptor-interaction domain. 
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106 virus copies/mL and of animal GD-4  1.64 × 103 virus 
copies/mL.

To validate the general presence of Ni-PoAstV-3 in the 
respiratory system and the absence of the virus in the feces 
during the acute phase of the illness, we collected additional 

nasal and anal swab pairs from 5 affected pigs and 13 clini-
cally healthy pigs of the same age (≈25–35 days) from the 
index farm. Four (80%) of the 5 nasal swab samples from 
affected animals tested positive but all of the anal swab 
samples tested negative using nested RT-PCR with primers  

Figure 2. Phylogenetic analyses of the amino acid sequences of 
PoAstV-3 isolates (bold) from 3 symptomatic newly weaned pigs 
(GD-1, GD-3, and GD-5; see Table 1) from a farm in Hungary 
compared with reference isolates. A) ORF1a; B) ORF1b; C) 
ORF2. We included in the analysis available strains of the closest 
relatives (identified by blastx search [https://blast.ncbi.nlm.nih.gov/
Blast.cgi]) of neuroinvasive PoAstV-3, all of the known porcine 
astroviruses with available complete coding sequences, all of 
the representative astrovirus strains with neurotrophic potential 
(white arrows), and some representative astrovirus sequences; 
GenBank accession numbers are in brackets. Gray boxes indicate 
the Virginia/Human-Mink-Ovine clade, which contains most of 
the neurotrophic astroviruses. Scale bars indicate amino acid 
substitutions per site. AAstV, avastrovirus; AstV, astrovirus; GG, 
genogroup; MAstV: mamastrovirus; ORF, open reading frame; 
PoAstV-3, porcine astrovirus type 3.
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targeting the RdRp region of Ni-PoAstV-3. The nasal and 
anal swab samples of the asymptomatic animals were all 
negative by nested RT-PCR. Because we collected vary-
ing amounts of samples by polyester-tipped swabs, we did 
not perform absolute quantification of Ni-PoAstV-3 by RT-
qPCR.

Detection of Ni-PoAstV-3 in Archived FFPE Samples
All but 1 archived FFPE samples from Tázlár and 
Balmazújváros were positive by nested RT-PCR for 
Ni-PoAstV-3 using 2 sets of primer pairs targeting the 
RdRp and capsid genes of Ni-PoAstV-3 (Table 2; Figure 
1; online Technical Appendix Table 2). The spinal cord 
FFPE sample from Balmazújváros had a negative result 
using both nested RT-PCR primer sets. The nested RT-
PCR positive samples had positive results by ISH (data 
not shown).

Histology and ISH
Histologically, shared CNS lesions among the animals ex-
amined were moderate to marked lymphohistiocytic cell 
perivascular cuffing with marked vasculitis and neuronal 
degeneration, necrosis, and neurophagia with multifo-
cal microgliosis and satellitosis (Figure 4). The neuronal 
necrosis was especially evident in the dorsal and ventral 

horns of the cervical spinal cord gray matter, although it 
was also detected in neurons of the Purkinje layer (cer-
ebellum), the medulla oblongata, cerebellar peduncles, 
and midbrain (Figure 5). Necrotic neurons were variously 
swollen and hypereosinophilic or shrunken with tincto-
rial changes including faded, amphophilic, or eosinophil-
ic cytoplasm (Figure 5). Nuclei of affected neurons are 
pyknotic, karyorrhectic, or losing border definition within 
the cytoplasm. We performed ISH on 5 affected animals 
(Table 2). Ni-PoAstV-3 hybridization was predominantly 
restricted to neurons, including those with visible necro-
sis and, in the cerebellum in particular, some that were 
histologically unaffected, although some regions of glio-
sis (presumed inflammation after neuronal necrosis) also 
contained viral RNA (Figure 5, panel M). Hybridization 
was distinct, with punctate to diffuse cytoplasmic staining 
throughout the cytoplasm. The unique microarchitecture 
of the Purkinje layer of the cerebellum offered the clear 
demonstration that viral nucleic acid was present within 
dendritic processes coursing through the molecular layer 
(Figure 5, panels G, J). We found no pathologic lesions in 
other samples from kidneys, liver, gastrointestinal tract, 
or immune system (data not shown). The samples from 
the immune system were also negative by Ni-PoAstV-3 
ISH (Table 2).

Figure 3. Logarithmic graph of the viral copy numbers of porcine astrovirus type 3 (PoAstV-3) in different organs determined by SYBR 
Green–based quantitative reverse transcription PCR (RT-qPCR) of samples from 5 symptomatic newly weaned pigs (GD-1–5; see 
Table 1) from a farm in Hungary. All the samples, which were positive for PoAstV-3 only by nested RT-PCR, were found negative by 
quantitative RT-PCR. BS, brain stem; CNS, central nervous system; NM, nasal mucosa; SC-C/T/L, cervical, thoracic, or lumbar spinal 
cord; SG, salivary gland.

Neuroinvasive Astrovirus among Pigs, Hungary



RESEARCH

2006 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 12, December 2017

Discussion
We detected astrovirus RNA in multiple tissues collected 
during 2015–2017 from newly weaned pigs with encepha-
lomyelitis and posterior paraplegia of unknown origin, with 
the highest viral load detected in brain stem and spinal cord 
samples. We detected the same virus in archived brain and 
spinal cord FFPE samples from similarly affected animals 
from 2 additional swine herds collected in 2011 and 2014. 
These data indicate that a genetically similar, neurovirulent 
astrovirus is circulating in multiple swine farms since 2011 
or earlier in Hungary.

According to the refined classification for the assess-
ment of causation (34), the Ni-PoAstV-3 and the observed 
encephalitis and paraplegia are in a probable causal rela-
tionship (Level 2). Paraplegia associated with astrovirus 
neuroinfection is not unprecedented; minks had astrovirus-
induced “shaking mink syndrome” and were reported para-
plegic at the final stage of the disease (12,35).

Neurologic signs were observable mainly among 
newly weaned pigs (Video, https://wwwnc.cdc.gov/EID/
article/23/12/17-0804-V1.htm). The time of weaning, 
which involves nutritional (from milk to solid feed), so-
cial (mixing with different litters without the sow), and 
environmental (moving to a new pen) changes, is known 
to be the most stressful period in a pig’s lifetime and is 
associated with dysfunction of the immune system (36). 
Furthermore, the inadequate quantity and quality of co-
lostrum intake of sucking piglets, and therefore the pre-
sumably low level of specific maternal antibodies due to 
highly prolific sows with large litters in the index farm, 

might also contribute to the emergence of the clinical 
disease. Decreased immune status was frequently present 
with extraintestinal dissemination of astroviruses in hu-
mans and in mice (5,37–41).

Our sequence analyses indicate that the identified as-
trovirus strains belong to the PoAstV-3 genotype, which 
clusters within the VA/HMO phylogenetic clade (Figure 
2), as do most mammalian strains with known neurotropic 
potential (6,14,19). However, other canonical human as-
troviruses outside of the VA/HMO clade could also be 
associated with CNS disease (41). At the molecular level, 
the most conspicuous difference between the genomes of 
neuroinvasive virus and the enteric PoAstV-3 strain U.S.-
MO123 is the 27 nt deletions found in the 3′ UTR of the 
CNS-associated astroviruses. The possible impact of this 
3′ UTR deletion on viral tropism is unknown, although 
neuroinvasive bovine astroviruses also possess 3′ UTR 
architecture that differs from the diarrhea-associated as-
troviruses (42).

At the amino acid level, one of the most divergent 
regions between the neuroinvasive and other PoAstV-3 
strains was found at the receptor-interaction domain of 
ORF2 (Table 3), which contains potential receptor binding 
sites (43,44). This finding could indicate an altered receptor 
spectrum and therefore altered tissue tropism of neuroinva-
sive and enteric PoAstV-3 strains.

PoAstV-3 strains were previously detected only 
from fecal samples of healthy or diarrheic piglets world-
wide (20,22,45). We found that Ni-PoAstV-3 was either  
undetectable or detected only at low viral loads in the  

Figure 4. Tissue sections of 
cervical spinal cord (A), brain 
stem (B, C) and cerebellum 
(D) stained with hematoxylin 
and eosin from a symptomatic 
newly weaned pig from a farm 
in Hungary show the signs of 
stage 3 encephalomyelitis. 
Mononuclear perivascular 
cuffs with vasculitis (black 
arrowheads), neuronal necrosis 
(white arrowheads), neurophagia 
(white double arrowheads), 
multifocal microgliosis, and signs 
of meningitis (black arrows) are 
shown. Asterisk (*) indicates 
blood vessel. Scale bars indicate 
50 µm (panels A, D) or 20 µm 
(panel A inset; panels B, C).
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analyzed fecal samples, whereas the virus was generally 
detectable in the respiratory system of paraplegic pigs. 

This finding may indicate that CNS infection and repli-
cation occur later than enteric replication or that initial  

Figure 5. Results of 
histopathologic testing of central 
nervous system tissues from 2 
symptomatic newly weaned pigs 
from a farm in Hungary. Sections 
of the cervical spinal cord (A–E), 
cerebellum (F–J), and cortex 
(L, M) from the index animal 
(GD-1) and the brain stem (K) 
from an additional affected 
stage 1 animal (GD-11). A, D, 
F, I, L) Hematoxylin and eosin 
stain. Gliosis (black arrows) 
is multifocal within the gray 
matter (panels A, D) and in the 
molecular layers (panels F, I, L, 
and M). Neuronal degeneration 
and necrosis are evident by 
hypereosinophilia, angular 
degeneration, loss of neuronal 
detail, and vacuolation (double 
arrows in panels A, D). Some 
Purkinje neurons are slightly 
angular with mild vacuolation 
(double arrowheads in panel 
I). B, E, G, J, K, M) In situ 
hybridization of neuroinvasive 
porcine astrovirus. Hybridization 
of the neuroinvasive porcine 
astrovirus probe is restricted 
to neurons (white arrowheads 
in panels B, E, K) or limited 
to Purkinje neurons (double 
black arrowheads in panels 
G, J) with extension into 
dendritic processes that course 
through the molecular layer 
(black arrowheads in panels 
G, J). Hybridization of the 
neuroinvasive porcine astrovirus 
type 3 probe (black arrowhead in 
panel M) is present in the gliosis 
(black arrows in panels L, M). C, 
H) Using a control probe on a 
serial section, no hybridization is 
detectable. In situ hybridization. 
Scale bars indicate 500 µm 
(panels A–C, F–H) or 50 µm 
(panels D, E, I–M).
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replication occurs extraintestinally (e.g., in the respiratory 
tract). Multiple types of astroviruses were recently identi-
fied from nasopharyngeal swabs or lung tissue samples from 
swine, bovines, and humans with respiratory symptoms in-
cluding the neurotropic human VA1 strain from a patient 
with febrile acute respiratory disease (9–11,23), although 
neither the respiratory tropism nor the airborne transmis-
sion of astroviruses has been experimentally confirmed.  
Therefore, testing of only fecal samples from sick animals 
may result in underestimation of the incidence of astrovirus 
in pigs.

We measured the highest viral loads of Ni-PoAstV-3 
in brain and spinal cord samples, similar to those found in 
diseased ovine and human patients with astrovirus-associ-
ated encephalitis (5,14). Ni-PoAstV-3 was also detectable 
in serum specimens and multiple organs of the respiratory, 
lymphoid, and cardiovascular systems of diseased swine. 
These results indicate that Ni-PoAstV-3 can result in vire-
mia and disseminated infection involving the brain, spinal 
cord, and multiple organs during the acute phase of enceph-
alomyelitis and posterior paraplegia. Astroviruses seem to 
play a role in a common and severe disease (encephalomy-
elitis and paralysis) in pigs.

The observable histopathologic changes, as well as 
the neuronal localizations of Ni-PoAstV-3 RNA in CNS 
samples of paraplegic pigs, are comparable to astrovirus-
associated encephalitic cases of minks, humans, and cattle. 
Similar neuronal degeneration or necrosis with microglio-
sis in the brain or cerebellum, as well as inflammation of 
gray matter of the spinal cord, were previously described in 
cattle with astrovirus-associated nonsuppurative encepha-
litis (6,35,46,47), which suggests the general course of an 
astrovirus neuroinfection.

While some astroviruses are known to cause outbreaks 
of gastroenteritis, astrovirus-associated encephalitis cases 
have been reported only sporadically among humans, cat-
tle, and sheep (6,14–16,47). The constant presence with 
recurrent increases of neurologic disease cases in swine 
farms indicates that natural neuroinvasive astrovirus in-
fections may cause common, severe, persistent epidemics 
among domestic pigs and constitute an economically im-
portant agent threatening livestock and even humans, con-
sidering the possible zoonotic and recombinant potential of 
astroviruses (48).

Our results must be interpreted in the light of some 
potential limitations, which are currently true for other as-
trovirus-associated encephalitis studies: the absence of ex-
perimental evidence such as in vivo inoculation experiments, 
which could clarify the true causality between the astrovi-
rus neuroinfection and the manifested CNS symptoms; and 
the roles of presumed respiratory replication and decreased 
immune state. Therefore, despite a growing body of scien-
tific data regarding the presence of astroviruses in CNS in  

different animals, the direct association of astrovirus neuro-
infection and encephalomyelitis should be treated with cau-
tion. Newly weaned pigs could potentially provide an in vivo 
animal model to study and clarify this association.
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Streptococcus pyogenes appears to be almost exclusive-
ly restricted to humans, with few reports on isolation from 
animals. We provide a detailed characterization (emm typ-
ing, pulsed-field gel electrophoresis [PFGE], and multilocus 
sequence typing [MLST]) of 15 S. pyogenes isolates from 
animals associated with different clinical backgrounds. We 
also investigated erythromycin resistance mechanisms and 
phenotypes and virulence genes. We observed 2 emm 
types: emm12 (11 isolates) and emm77 (4 isolates). Simi-
larly, we observed 2 genetic linages, sequence type (ST) 
26 and ST63. Most isolates exhibited the M macrolide re-
sistance phenotype and the mefA/ermB genotype. Isolates 
were grouped into 2 clones on the basis of emm-MLST-
PFGE-virulence gene profile combinations: clone 1, char-
acterized by the combined genotype emm12-ST36-pulso-
type A-speG; and clone 2, characterized by the genotype 
emm77-ST63-pulsotype B-speC. Our results do not show 
conclusively that animals may represent a new reservoir 
of S. pyogenes but indicate the ability of human-derived S. 
pyogenes isolates to colonize and infect animals.

Streptococcus pyogenes (group A Streptococcus) is a 
gram-positive bacterium that causes several diseases in 

humans. S. pyogenes usually colonizes the throat or skin 
epithelial surfaces and causes a wide variety of clinical 
manifestations, such as noninvasive pharyngitis, dermati-
tis, and scarlet fever (1,2). However, this pathogen is also 
responsible for deadly invasive systemic infections such 
as necrotizing fasciitis and streptococcal toxic shock syn-
drome (3).The ecologic niche of S. pyogenes appears to be 
quite narrow, with humans being the almost exclusive bio-
logic host (4) and no animal or environmental reservoir of 
known importance contributing to its life cycle (2). Reports 
of isolation of S. pyogenes from sources other than humans 
are rare. S. pyogenes has recently been associated with an 

infection in a free-living European hedgehog (Erinaceus 
europaeus) (5). S. pyogenes has also been recovered from 
the feces of a dog with possible antibiotic-associated colitis 
(6) and from the eye discharge of a dog with conjunctivitis 
(7). We know of no other reports of isolation of this micro-
organism from animals.

We conducted a study to provide a detailed character-
ization of animal S. pyogenes isolates using emm typing, 
pulsed-field gel electrophoresis (PFGE), and multilocus 
sequence typing (MLST). We also investigated erythro-
mycin resistance mechanisms and phenotypes, as well as 
virulence genes.

Materials and Methods

Origin and Identification of Bacterial Isolates
We analyzed 15 isolates of S. pyogenes obtained from rab-
bits (n = 14) and sheep (n = 1) in Spain during 2006–2014 
(Table 1). Most rabbit isolates were from unrelated animals, 
located in different commercial farms (n = 14) and locations 
throughout Spain. Links between rabbit farms were not iden-
tified. The sheep included in this study was from a farm that 
had no rabbits. Human contact with animals was restricted to 
the personnel working in the rabbit farms and sheep flocks. 

We recovered isolates from different clinical back-
grounds: 8 from skin infections, 4 from genital tract infec-
tions, and 1 each from respiratory infections, mastitis, and 
otitis. We collected samples from skin and ear infections 
with sterile cotton swabs and collected the milk sample 
from the mastitis case aseptically in a sterile tube. Rabbits 
with genital tract or lung infections were euthanized, at 
farms or laboratories, and necropsied under aseptic condi-
tions; clinical specimens were collected with forceps and 
scissors scrubbed in 70% ethanol. Samples taken at farms 
were transported to the laboratory in refrigerated polyeth-
ylene bags and processed within 24 hours after sampling. 

Clinical specimens were sampled onto blood agar 
plates that were incubated at 37°C for 24–48 hours.  
Identification of isolates as S. pyogenes was based on  
colony morphology, β-hemolysis, and biochemical charac-
teristics using the commercial identification system rapid 
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ID 32 STREP (BioMerieux, Marcy L’Étoile, France). Bio-
chemical identification was also confirmed by sequencing 
the 16S rRNA gene (8).

Antimicrobial Drug Susceptibility Tests
We performed drug susceptibility testing using the Clini-
cal and Laboratory Standards Institute broth microdilution 
method (9) in Mueller–Hinton broth supplemented with 
5% lysed horse blood. We determined the susceptibilities 
of the isolates with a commercially available susceptibil-
ity test (CMV3AGPF Sensititer standard panel; Trek Di-
agnostics, West Essex, UK) performed according to the 
manufacturer’s instructions. The agents we tested were 
penicillin (0.25–16 μg/mL), erythromycin (0.25–8 μg/mL), 
vancomycin (0.25–32 μg/mL), daptomycin (0.25–16 μg/
mL), chloramphenicol (2–32 μg/mL), linezolid (0.5–8 μg/
mL), tetracycline (1–32 μg/mL), quinupristin (0.5–32 μg/
mL), tigecycline (0.05–0,5 μg/mL), streptomycin (512–
2048 μg/mL), kanamycin (128–1024 μg/mL), lincomycin 
(1–8 μg/mL), and gentamicin (128–1024 μg/mL). In addi-
tion, we determined MICs of clindamycin, erythromycin, 
and tetracycline by Etest (AB Biodisk, Solna, Sweden). 
We interpreted the results using the Clinical and Labora-
tory Standards Institute breakpoints for streptococci (9) for 
penicillin, erythromycin, vancomycin, daptomycin, chlor-
amphenicol, tetracycline, and quinupristin; the European 
Committee on Antimicrobial Susceptibility Testing break-
points for tigecycline and linezolid (http://www.eucast.org/
clinical_breakpoints); and the Comité de l’Antibiogramme 
de la Société Française de Microbiologie breakpoints (10) 
for streptomycin, kanamycin, lincomycin, and gentamicin.

Macrolide Resistance Phenotype
To identify macrolide resistance phenotypes, we used a 
double-disk diffusion test (D-zone test) using erythromy-
cin (15 μg) and clindamycin (2 μg) disks, as described 

by Hasenbein et al. (11). Isolates with blunting of the 
clindamycin inhibition zone around the disk adjacent to the 
erythromycin disk were considered to have an iMLSB phe-
notype (erythromycin resistant and clindamycin inducible). 
Clindamycin-susceptible isolates without blunting indicat-
ed an M phenotype (erythromycin resistant and clindamy-
cin susceptible). Isolates that were resistant to both antimi-
crobial drugs were considered to have a cMLSB phenotype 
(constitutive erythromycin and clindamycin resistant).

Detection of Macrolides and Tetracycline  
Resistance Genes
We extracted DNA according to the protocol in the US 
Centers for Disease Control and Prevention (CDC) S. pyo-
genes sequence database (http://www.cdc.gov/ncidod/bio-
tech/strep/protocols.htm). We screened all erythromycin-
resistant isolates by PCR for the erythromycin resistance 
genes ermB (12), ermA (13), mefA (14), and msrD (15). 
We tested tetracycline-resistant isolates for the tetracycline 
resistance genes tetM and tetO (14).

Detection of Virulence Genes
We tested the S. pyogenes isolates for the presence of the 
virulence genes speA, speB, speC, speF, speG, speH, speJ, 
speM, ssa, and smeZ by PCR. We used primers and condi-
tions described previously (16,17).

PFGE Analysis, MLST, and emm Typing
For PFGE analysis, genomic DNAs of the S. pyogenes 
isolates were prepared and digested with SmaI restriction 
enzyme (MBI Fermentas, Vilnius, Lithuania) following a 
previously published protocol (18). We performed MLST 
following the method established by Enright et al. (19) and 
assigned the allele and sequence type (ST) according to 
the PubMLST website (http://pubmlst.org/spyogenes). We 
amplified and sequenced the emm gene according to the 

 
Table 1. Features and disease manifestations of 15 animals from which Streptococcus pyogenes isolates were collected, Spain, 
2006–2014 
Isolate* Animal Clinical background Specimen Geographic region Isolation date† 
M50163 Rabbit Metritis Uterus Valencia 2006 Jan 
M79144 Rabbit Abscesses and dermatitis Skin Valladolid 2013 Mar 
M78761 Rabbit Dermatitis Skin Valladolid 2013 Feb 
M75791 Rabbit Abscesses Skin Valencia 2012 Apr 
M75539 Sheep Abscesses Skin Zaragoza 2012 Mar 
M75533 Rabbit Otitis Ear Valencia 2012 Mar 
M75123 Rabbit Metritis Uterus Castellón 2012 Feb 
M73512 Rabbit Abortion Uterus Zaragoza 2011 Aug 
M72636 Rabbit Metritis Uterus Zaragoza 2011 May 
M72193 Rabbit Abscesses Skin Valencia 2011 Apr 
83639 Rabbit Abscesses and dermatitis Skin Valladolid 2014 Mar 
83553 Rabbit Pneumonia Lung Zaragoza 2014 Mar 
M82209 Rabbit Abscesses Skin Valladolid 2013 Dec 
M75768 Rabbit Mastitis Milk Zaragoza 2012 Mar 
85374 Rabbit Skin infection Skin Valladolid 2014 Aug 
*Isolates M50163 and M73512 were recovered in pure culture. The remaining isolates were recovered together with Staphylococcus aureus. 
†Except for isolates M79144 and M78761, which were isolated in the same farm but at different times, all other isolates were recovered from animals at 
different farms. 
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protocol of the CDC International Streptococcal Reference 
Laboratory (http://www.cdc.gov/streplab/protocol-emm-
type.html). We compared the sequences of the emm genes 
with those in the CDC database using BLAST analysis 
(http://www.cdc.gov/ncidod/biotech/strep/strepblast.htm) 
for type assignment.

Results
We observed 2 emm types (Table 2): emm12 was the most 
frequent (11 isolates), followed by emm77 (4 isolates). 
Two pulsotypes (A and B) were generated after typing the 
isolates by PFGE with the restriction enzyme SmaI; 11 iso-
lates were pulsotype A and 4 isolates pulsotype B (Figure). 
Similarly, we observed 2 genetic linages (ST26 and ST63) 
after MLST analysis.

All 15 S. pyogenes isolates were susceptible to penicillin 
(MIC <0.25 mg/L), vancomycin (MICs <0.25 to 0.5 mg/L), 
daptomycin (MIC <0.25 mg/L), chloramphenicol (MICs <2 
to 4 mg/L), tigecycline (MICs <0.015 to 0.12 mg/L), and 
gentamicin (MIC <128 mg/L). Additionally, all isolates but 
1 were susceptible to kanamycin (MIC <128 mg/L), and 12 
isolates showed susceptibility to linezolid (MICs <2 mg/L), 
streptomycin (MICs >2,048 mg/L), and lincomycin (>8 
mg/L). On the other hand, all isolates were resistant to tetra-
cycline, with MICs ranging from 24 to 96 mg/L using Etest 
(Table 2). Eleven isolates showed tetracycline-resistant gen-
otype tetM/tetO, 2 isolates tetO, and 1 isolate tetM (Table 2).

Most isolates (7/15) exhibited the M phenotype, 2 iso-
lates the phenotype cMLSB, and 1 the phenotype iMLSB 
(Table 2). The macrolide-resistant genotype mefA/ermB 
was the most frequently observed, seen in all isolates but 
1 with the M phenotype and in the isolate with phenotype 
cMLSB. The genotype ermB was observed alone in 1 iso-
late of each phenotype. No isolate carried the msrD or 
ermA macrolide-resistant determinants.

We detected the chromosomal-encoded speB and speF 
genes in all isolates. We observed 2 different virulence 

gene profiles based on the presence/absence of the speG 
and speC genes. We detected the genotype speG in 11 iso-
lates and the genotype speC in 4 isolates (Table 2).

We grouped the 15 S. pyogenes isolates into 2 different 
clones on the basis of emm-MLST-PFGE-virulence genes 
profile combinations. Clone 1 grouped isolates character-
ized by the combined genotype emm12-ST36-pulsotype 
A-speB/speF/speG, whereas isolates of clone 2 were char-
acterized by the genotype emm77-ST63-pulsotype B-speB/
speF/speC (Table 2). In addition, isolates of clone 1 were 
erythromycin resistant, mainly exhibiting an M phenotype, 
and isolates of clone 2 were erythromycin susceptible.

Discussion
S. pyogenes is a human pathogen that has rarely been iso-
lated from animals. It has been isolated from abscesses in 
cervical and mesenteric lymph nodes and liver of a free-
living European hedgehog (E. europaeus) and from 2 dogs 
with severe colonic disease and conjunctivitis (5–7). Here 
we describe the detailed characterization of animal S. pyo-
genes isolates from different clinical specimens obtained 
from rabbits (n = 14) and sheep (n = 1) in Spain during 
2006–2014. This pathogen was recovered mainly from 
noninvasive cases, with skin infections being the most 
common clinical presentation (n = 6), followed by genital 
tract infections (n = 4) (Table 1). S. pyogenes was isolated 
from all skin clinical samples together with Staphylococcus 
aureus, a well-recognized pathogen associated with differ-
ent skin diseases in animals (20). These results indicate that 
although S. pyogenes should be able to colonize the skin of 
animals, it is difficult to ascertain its etiologic significance 
in skin infections. However, S. pyogenes was isolated in 
pure culture from clinical specimens of the genital tract, 
ears, mammary glands, and lungs in rabbits, indicating the 
potential role of S. pyogenes in these infections.

Most of the S. pyogenes isolates we tested (n = 11) ex-
hibited the genotype emm12-ST36, which has been isolated 

 
Table 2. Testing results for the 15 isolates characterized in study of Streptococcus pyogenes from animal specimens, Spain* 

Isolate 
emm 
type 

PFGE 
profile 

MLST 
type 

MIC, mg/L 
 

Macrolide resistance TET resistance 
genes Virulence genes ERY CLIN TET Phenotype Genotype 

M50163 12 A ST36 >256 32 96  cMLSB mefA/ermB tetM/tetO speB/speF/speG 
M79144 12 A ST36 >256 0.75 48  M mefA/ermB tetM/tetO speB/speF/speG 
M78761 12 A ST36 >256 0.75 32  M mefA/ermB tetM/tetO speB/speF/speG 
M75791 12 A ST36 6 0.09 32  M mefA/ermB tetM/tetO speB/speF/speG 
M75539 12 A ST36 8 0.19 24  M mefA/ermB tetM/tetO speB/speF/speG 
M75533 12 A ST36 16 0.19 32  M mefA/ermB tetM/tetO speB/speF/speG 
M75123 12 A ST36 12 0.19 48  M ermB tetM/tetO speB/speF/speG 
M73512 12 A ST36 0.25 0.12 32    tetM/tetO speB/speF/speG 
M72636 12 A ST36 >256 >256 48  cMLSB ermB tetM/tetO speB/speF/speG 
M72193 12 A ST36 >256 1.5 96  iMLSB ermB tetM/tetO speB/speF/speG 
83639 12 A ST36 >256 0.38 48  M ermB tetM speB/speF/speG 
83553 77 B ST63 0.19 0.12 64     speB/speF/spec 
85374 77 B ST63 0.12 0.09 64    tetO speB/speF/spec 
M75768 77 B ST63 0.12 0.09 32    tetM/tetO speB/speF/speC 
M82209 77 B ST63 0.19 0.12 64    tetO speB/ speF/speC 
*ERY, erythromycin; CLIN, clindamycin; MLST, multilocus sequence typing; PFGE, pulsed-field gel electrophoresis; ST, sequence type; TET, tetracycline. 
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repeatedly from humans in different countries (21–27), 
including Spain (28–30). This genotype can exhibit an M 
phenotype (31) and has been associated with skin and soft 
tissue infections (32), data that fit with our results, as more 
than half of the isolates with this genotype were isolated 
from abscesses and dermatitis (Table 2). The genotype 
emm77-ST63 that we identified in 4 animal isolates has also 
been detected in human S. pyogenes isolates (21,25,33), but 
unlike human isolates, the isolates in our study were eryth-
romycin and clindamycin susceptible (Table 2). 

All 11 isolates in clone 1 (pulsotype A) exhibited 
PFGE profiles that were indistinguishable from each other, 
and all 4 isolates in clone 2 also exhibited PFGE profiles 
that were indistinguishable PGFE from each other (pul-
sotype B; Figure). Isolates of S. pyogenes usually exhibit 
high levels of genetic diversity (4). Thus, the fact that we 
identified only 2 clones in different isolates collected over a 
period of 8 years was unexpected. The possibility of a com-
mon source of infection is very unlikely because all isolates 
were recovered at different times from different animals in 
farms located at geographically distant locations spread 
throughout Spain, without any epidemiologic relationship 
(Table 1). In addition, clinical specimens were processed 
independently in the same laboratory by highly qualified 
and trained personnel, which makes the possibility of a 
cross-contamination in the laboratory unlikely. 

Under these conditions, multiple human-to-animal 
transmission events should be the most likely origin of 
these genotypes in sheep and rabbits. Another possible 
explanation could be that genotypes ST36 and ST63, al-
though originating from humans, represent genetic linages 

with a specific host tropism, mainly for rabbits, which con-
tributed to their successful dissemination in these animals, 
as observed with other streptococci (34). Cases of S. pyo-
genes infection were not recorded among the personnel 
working in the rabbit farms and sheep flock from which S. 
pyogenes was isolated. Asymptomatic human carriers have 
a key role in S. pyogenes transmission (35). For these rea-
sons and even though screenings to identify asymptomatic 
S. pyogenes carriers were not carried out, we can specu-
late that asymptomatic employees were the most probable 
source of S. pyogenes in the animals included in the study. 
Although we cannot infer from the results of this study 
that animals, mainly rabbits, may represent a new reser-
voir of S. pyogenes, the results clearly indicate the ability 
of human-derived S. pyogenes isolates to colonize and in-
fect animals, which could be more frequent than has been 
recognized until now.

Isolates with the genotype mefA/ermB usually corre-
late with the cMLSB phenotype, but 5 of the 6 S. pyogenes 
isolates with the mefA/ermB genotype in our study exhib-
ited M phenotype (Table 2), which agrees with previous 
observations (29). The erm gene usually confers co-resis-
tance to macrolides, lincosamides, and streptogramins. Cu-
riously, all M phenotype isolates in our study showed sus-
ceptibility to clindamycin and were positive for the emrB 
gene. This result, although unusual, has also been observed 
previously in S. pyogenes isolates from different countries 
(26,36–38). A possible explanation could be that the ermB 
gene was nonfunctional in the isolates with clindamycin-
susceptible phenotypes. The isolate M72193 exhibited the 
iMLSB phenotype but was ermA-negative (Table 2). This 
result, although infrequent, has also been observed in pre-
vious studies (39). Isolates with the iMLSB phenotype have 
been further subdivided into 3 distinct types: type A, asso-
ciated with the presence of the ermB gene; and types B and 
C, associated with the presence of the ermA gene (40,41). 
This isolate carried the ermB gene (Table 2), suggesting 
therefore an iMLSB-A phenotype. 

Unlike most human S. pyogenes isolates, which usu-
ally carry either tetM or tetO genes, most of the isolates 
in this study (n = 11) carried both genes (Table 2). Human 
isolates with the combination of tetM and tetO tetracycline-
resistance genes have been identified previously in Spain 
(29). Another uncommon result was the identification of 
1 isolate (83553) that was resistant to tetracycline (MIC 
64 mg/L) but lacked resistance tetM and tetO genes (Table 
2) commonly associated with tetracycline resistance in S. 
pyogenes (42). However, tetracycline-resistant strains and 
negativity to these genes have also been reported (43). 
Further studies will be necessary to elucidate the precise 
mechanism of resistance to tetracycline in this strain.

In summary, this study provides a detailed charac-
terization of animal S. pyogenes isolates associated with 

Figure. Pulsed-field gel electrophoresis patterns of SmaI-digested 
DNA of clinical isolates of Streptococcus pyogenes from animal 
specimens, Spain, 2006–2014. Lanes 1 and 17, DNA molecular 
size marker; lanes 3, 4, 5, 7, 8, 9, 10, 11, 12, 13, 15, and 16, 
isolates M50163, M79144, M78761, M75791, M75539, M75533, 
M75123, M73512, M72636, M72193, and M83639, respectively 
(pulsotype A); lanes 2, 6, 14, and 16, isolates 83553, 85374, 
M75768, and M82209, respectively (pulsotype B).
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different clinical backgrounds. This pathogen should be 
considered by veterinary microbiologists when processing 
clinical material from animals.

Dr. Vela is an associate professor at the Animal Health  
Department, Veterinary Faculty, Complutense University, 
Madrid, Spain. Her research focuses on the characterization of 
relevant animal bacterial pathogens.
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Bourbon virus (BRBV) was first isolated in 2014 from a resi-
dent of Bourbon County, Kansas, USA, who died of the in-
fection. In 2015, an ill Payne County, Oklahoma, resident 
tested positive for antibodies to BRBV, before fully recov-
ering. We retrospectively tested for BRBV in 39,096 ticks 
from northwestern Missouri, located 240 km from Bourbon 
County, Kansas. We detected BRBV in 3 pools of Ambly-
omma americanum (L.) ticks: 1 pool of male adults and 2 
pools of nymphs. Detection of BRBV in A. americanum, a 
species that is aggressive, feeds on humans, and is abun-
dant in Kansas and Oklahoma, supports the premise that 
A. americanum is a vector of BRBV to humans. BRBV has 
not been detected in nonhuman vertebrates, and its natural 
history remains largely unknown.

Bourbon virus (BRBV) was first isolated from blood 
samples from a hospitalized male resident of Bour-

bon County, Kansas, USA (1). He was >50 years of age 
and previously healthy. Several days before becoming ill 
in late spring 2014, he reported several tick bites and an 
engorged tick on his shoulder. Initial symptoms included 
nausea, weakness, and diarrhea (1). On day 2 after symp-
tom onset, he had experienced fever, anorexia, chills, head-
ache, myalgia, and arthralgia. On day 4 after onset, he was 
hospitalized. Physical examination found a papular rash 
on his trunk. The patient had a temperature of 37.3°C and 
laboratory findings of leukopenia, lymphopenia, thrombo-
cytopenia, hyponatremia, and increased levels of aspartate 
aminotransferase and alanine aminotransferase. He was 
treated with intravenous fluids and doxycycline for possible 
tickborne illness. Serologic assays for the causative agents 
of Rocky Mountain spotted fever, tularemia, brucellosis, 
babesiosis, and Q fever were negative, as were molecular 
tests for Ehrlichia spp. and Anaplasma phagocytophilum 
and blood smears for Babesia (1). The patient died 11 days 
after symptom onset.

Virologic tests on EDTA-treated blood and separated 
serum collected from the patient on day 9 after symptom 
onset were negative for Heartland virus (HRTV; family 
Bunyaviridae, genus Phlebovirus) (1), a recently described 
tickborne virus (2,3). However, during plaque reduction 
neutralization tests for HRTV antibody, heterologous (non-
HRTV) viral plaques were observed. Subsequently, plaque 
assay results revealed distinct plaques 3 days after inocula-
tion within wells inoculated with blood and serum (1). Elec-
tron microscopy of virus particles demonstrated filamentous 
and spherical particles consistent with the morphology of the 
family Orthomyxoviridae. Full-length sequencing and phy-
logenetic analysis demonstrated that the virus was new, most 
closely but distantly related to the Old World virus Dhori vi-
rus, and a member of the genus Thogotovirus (1,4). This new 
virus was named Bourbon virus after the county of residence 
of the patient. BRBV is the first human pathogen of the ge-
nus Thogotovirus to be identified in the New World (4).

In May 2015, the Centers for Disease Control and 
Prevention (CDC) and the Oklahoma State Department of 
Health reported that a Payne County, Oklahoma, USA, resi-
dent became ill and tested positive for antibodies to BRBV by 
plaque reduction neutralization tests (E. Staples, O. Kosoy, 
CDC, pers. comm., 2016 Dec 5). The patient recovered fully.

In response to the report of the fatal BRBV case from 
eastern Kansas in 2014, we retrospectively tested ticks for 
BRBV that were collected during spring and summer 2013 
from 6 sites in northwestern Missouri, ≈240 km from Bour-
bon County (Figure 1). We had originally collected, identi-
fied, pooled, and processed these tick samples as part of an 
ongoing HRTV surveillance program (5). The goals of our 
retrospective analysis were to determine whether BRBV 
was present in the neighboring state of Missouri, to incrim-
inate possible vector species, and to determine which life 
history stages are involved in virus transmission to humans.

Materials and Methods

Tick Collections
We collected ticks at 6 sites in 3 counties of northwestern 
Missouri: Andrew, Gentry, and Nodaway (Figure 1). Five 
sites were properties owned by HRTV patients (sites 1, 2a, 
and 25–27), and 1 site (13b) was state recreational land, 
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Honey Creek Conservation Area (5). Ticks were collected 
during three 1-week-long field trips in 2013; tick collections 
occurred on April 22–25, June 10–13, and July 22–25. We 
collected ticks primarily by flagging and secondarily by use 
of carbon dioxide–baited tick traps as described previously 
(3,5). We then froze the ticks on dry ice and shipped them 
to CDC (Fort Collins, CO, USA) for processing and testing.

Tick Processing, RNA Extraction, and Virus Detection
We identified ticks to species, sex, and life history stage 
using microscopes on refrigerated tables and standard taxo-
nomic references (5) and grouped them into pools by site, 
collection date, collection type, species, sex, and stage. We 
homogenized tick pools in 1 mL chilled bovine albumin-1 
(BA-1) in glass TenBroeck grinders (Fischer Scientific, 
Pittsburgh, PA, USA) as described previously (3,5). After 
centrifugation, we removed a 125-µL aliquot of superna-
tant from each tick pool homogenate and placed the aliquot 
into an identically numbered tube for RNA extraction. The 

remaining homogenates were held at –80°C for future con-
firmatory testing.

We extracted RNA from a 100-µL sample removed 
from each aliquot tube using the QIAmp Virus BioRobot 
9604 kit on a BioRobot Universal platform (both from 
QIAGEN, Valencia CA, USA) according to the manu-
facturer’s protocol. Sequence and reporter information 
for BRBV primer/probe sets nucleoprotein (NP) 1 and 
polymerase basic (PB) 1, which we used for virus detec-
tion and confirmation, respectively, are as previously de-
scribed (4). We screened all samples for BRBV by using 
primer/probe set NP1 in a real-time reverse transcription 
PCR (rRT-PCR) as described for HRTV (5). Pools posi-
tive in the screening assay were confirmed by reextracting 
RNA from the original tick homogenate and performing 
the quantitative rRT-PCR with 2 primer/probe sets, prim-
er/probe sets NP1 and PB1. We considered pools BRBV 
positive if crossing threshold scores for both primer/probe 
sets were <37.

Figure 1. Locations of 6 tick 
sampling sites surveyed in 
northwestern Missouri, USA, 
during 2013 (indicated by site 
numbers), showing proximity of 
site to Bourbon County, Kansas 
(bottom center of map). Inset maps 
show location of area in main map 
(top, dashed box) and location 
of state of Missouri in the United 
States (bottom, gray shading). 
Co., County.
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To estimate the detection limit associated with a cross-
ing threshold of 37, we spiked tick pools of specimens from 
an A. americanum colony with serial dilutions of BRBV, 
original strain (1,4). Pools comprised either 5 adult females 
or 25 nymphs and were ground in 1 mL BA-1. We tested 14 
pools of adults and 14 pools of nymphs with each primer set.

Plaque Assays to Detect Viable Virus
We tested tick homogenates from rRT-PCR–positive sam-
ples for viable virus with 2-step cell culture assay using 
human hepatoma cell line 7 (HuH-7) following a published 
protocol (5). Initially, we inoculated a 200-µL sample of 
tick homogenate into HuH-7 cells in separate T-25 flasks, 
monitored the flasks daily for cytopathic effect, and har-
vested on day 5 or 6. We then used this first viral harvest 
(V1) to inoculate HuH-7 cells in 6-well plates and counted 
plaques to estimate titer (5).

High-Throughput Sequencing and Phylogenetic Analysis
We extracted and purified BRBV RNA from HuH-7 V1 
harvest from 2 pools that were rRT-PCR positive as previ-
ously described (1,4). We then conducted high-throughput 
sequencing on an Ion Torrent PGM sequencer (Life Tech-
nologies, Grand Island, NY, USA) and analyzed sequence 
data from repeated runs using the CLC Genomics Work-
bench 7.5.1 (CLCbio, Cambridge, MA, USA) and NGen 
4 (DNAstar, Madison, WI, USA) software program as 
previously described (4). The total approximated average 
genome coverage across all genomic segments was 1,000×. 
We determined open reading frames using the EditSeq 
function of the Lasergene 9 package (DNAstar) and con-
ducted phylogenetic analysis on nucleotide and amino acid 
sequences using MEGA5 software (6).

Results

Detection of BRBV in Ticks and Infection Rates
Based on spiked tick pools comprising 5 A. americanum 
adult females or 25 nymphs, ground in 1 mL BA-1, the cut-
off crossing threshold of 37 corresponded to a detection limit 
of 102.6 PFU/mL or pool (95% CI 102.5–102.7) for primer set 
NP1. The crossing threshold of 37 corresponded to a detec-
tion limit of 101.4 PFU per mL or pool (95% CI 101.3–101.5) 

for primer set PB1. Results from adult and nymphal pools 
were not statistically different.

We tested 39,096 ticks representing 5 species collected 
from 6 sites in northwestern Missouri (Figure 1; Table 1). 
However, 2 species, A. americanum (L.) (97.6%) and Der-
macentor variabilis (Say) (2.3%), accounted for 99.9% of 
ticks collected.

We tested an aliquot from all 3,073 tick pools from Mis-
souri collections from 2013 by rRT-PCR using the screen-
ing primer/probe set NP1. Three pools were positive in the 
screening assay. Reextraction and testing of the original tick 
homogenates using both primer/probe sets NP1 and PB1 
confirmed BRBV RNA in all 3 pools. All 3 tick pools yielded 
viable virus in cell culture. All 3 positive pools comprised 
A. americanum ticks (Table 2). One pool comprised 4 male 
adult ticks collected at site 2a on June 12; the other 2 pools 
each comprised 25 nymphs collected at site 27 on July 24.

The maximum-likelihood estimate (7) of the infection 
prevalence per 1,000 ticks, for nymphs of A. americanum 
from site 27 on July 24, 2013, the only day that this site 
was sampled, was 0.31 (95% CI 0.06–1.01), or ≈1 infected 
nymph per 3,226 collected nymphs. The infection preva-
lence for A. americanum nymphs from all sites combined 
during the entire 2013 season was 0.07 (95% CI 0.01–
0.22), or ≈1 infected nymph per 14,286 collected nymphs.

The infection prevalence for adult male A. americanum 
ticks from site 2a on June 12, 2013, was 19.11 (95% CI 1.13–
90.06); for adult male A. americanum ticks from site 2a during 
the entire 2013 season it was 7.35 (95% CI 0.42–35.19); and 
for all adult male A. americanum ticks from all sites combined 
during the 2013 season it was 0.32 (95% CI 0.02–1.53). The 
95% CI for difference of proportions (7) between the infection 
prevalence for male adults and nymphs from all sites com-
bined during the 2013 season includes zero (95% CI –1.46 to 
0.13), indicating that infection prevalence for male adults and 
nymphs did not significantly differ.

Phylogenetic Analyses
To confirm the molecular identification of BRBV, we selected 
2 pools, MO-2013-1246 of male adults and MO-2013-2499 
of nymphs, for high-throughput sequencing and phylogenet-
ic analysis. We deposited partial genomic sequence data in 
GenBank (accession nos. KY825740–KY825741). Analyses  

 
Table 1. Characteristics of a retrospective study of Bourbon virus in field-collected ticks, Missouri, USA, 2013 

Site 
Amblyomma americanum 

 
Dermacentor variabilis Haemaphysalis 

leporispalustris nymphs 
Ixodes dentatus 

Total Adults Nymphs Larvae Adults Nymphs Larvae Adults Nymphs 
1 2,473 7,534 100  162 27   2 8 10,306 
2a 267 2,822   141 14 28 1 1 4 3,278 
13b 2,811 8,847 944  396 6 2 1 3 9 13,020* 
25     6      6 
26 389 4,528 696  91 4     5,708 
27 252 6,478 11  36     1 6,778 
Total 6,192 30,209 1,751  832 51 30 2 6 22 39,096* 
*Includes 1 I. scapularis nymph collected at site 13b on June 11, 2013. 

 



RESEARCH

2020 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 12, December 2017

revealed 6 RNA segments for strain MO-2013-1246, as previ-
ously reported for the BRBV human strain (4). We conducted 
phylogenetic analysis on a 152-aa sequence of PB2 subunit of 
the polymerase protein (Figure 2) to assess relationships with 
the BRBV strain from the fatal human case and other selected 
members of the Orthomyxoviridae. The 3 BRBV strains form 
a lineage with 100% bootstrap support. The BRBV lineage is 
a sister group to, and mostly closely related to, Dhori virus. 
The BRBV-Dhori lineage appears as a sister group to a lin-
eage of 4 tick-associated viruses and distantly related to the 
influenza viruses and Quaranfil virus.

The human BRBV strain from Kansas and tick pool 
MO-2013-1246 comprising male adult A. ambylomma 
ticks were very similar for the PB2 gene segment analyzed, 
sharing >99.0% sequence at the amino acid level and 
95.0% identity at the RNA sequence level. Furthermore, 
the human BRBV strain from Kansas and tick pool MO-
2013-2499 (nymphs) were very similar for the PB2 gene 
segment analyzed, sharing 99.0% sequence identity at the 
amino acid and RNA sequence levels.

Discussion
We isolated BRBV from 3 pools of A. americanum ticks col-
lected in northwestern Missouri: 1 pool of male adults and 2 
pools of nymphs. The first detection of BRBV was from a fatal 
case in a man from nearby Bourbon County, Kansas (1); this 

man reported tick exposure and an engorged tick on his shoul-
der shortly before he became ill. Tick exposure combined with 
laboratory findings of leukopenia and thrombocytopenia sug-
gested that BRBV might be transmitted to humans by ticks. 
Detection of BRBV in field-collected A. americanum ticks 
from Missouri supports the premise that A. americanum, a spe-
cies that is aggressive, feeds on humans (8), and is abundant 
in Kansas and Oklahoma (9), the states where the 2 persons 
with BRBV infection resided, is a vector of BRBV to humans.

Tick transmission of BRBV also is consistent with our 
knowledge of the vector status and phylogenetic relation-
ships within the genus Thogotovirus and related viruses in the 
family Orthomyxoviridae (Figure 2). Viruses that have been 
placed in the genus Thogotovirus include BRBV (1), Thogoto 
virus (10,11), Araguari virus (10,12), Dhori virus (10,11), Jos 
virus (10,13), and Upolu virus (13,14). To our knowledge, the 
closely related Aransas Bay virus (14) has not been placed 
in genus Thogotovirus. All of these viruses, except Araguari 
virus, which has been isolated only from vertebrates, are be-
lieved to be transmitted by a variety of hard and soft tick spe-
cies (15–22). Of these tick-transmitted viruses (Figure 2), only 
Thogoto virus, Dhori virus, and BRBV have been associated 
with human disease (1,18), and only BRBV and Aransas Bay 
virus are known to occur in North America. Aransas Bay virus 
has been isolated from the soft tick Ornithodoros capensis, a 
parasite of seabirds (19,23).

 
Table 2. Bourbon virus confirmed by real-time reverse transcription PCR in pools of Amblyomma americanum ticks, Missouri, USA, 
2013 
Pool no. County Site Collection date Stage Sex* No. specimens 
MO-2013-1246 Nodaway 2a Jun 12 Adult M 4 
MO-2013-2499 Gentry 27 Jul 24 Nymph – 25 
MO-2013-2530 Gentry 27 Jul 24 Nymph – 25 
*–, nymphs cannot be sexed. 

 

Figure 2. Phylogenetic 
analyses of partial polymerase 
basic 2 sequences of selected 
orthomyxoviruses. Bourbon 
virus sequences from 2 pools 
of Amblyomma americanum 
ticks (male adults, MO-2013-
1246; nymphs, MO-2013-2499) 
collected in Missouri, USA, 
during 2013 grouped with 
the sequence of the original 
Bourbon virus isolated from 
a man who died in Bourbon 
County, Kansas, USA, during 
2014. The evolutionary 
history was inferred using the 
neighbor-joining method with 
2,000 replicates for bootstrap 
testing. The tree is drawn to 
scale, with branch lengths in 
the same units as those of the 
evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the Poisson correction 
method. Scale bar indicates number of amino acid substitutions per site.
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Dhori virus, the virus most closely related to BRBV 
(4), is an Old World virus known from Europe, North Afri-
ca, and western and central Asia. Dhori virus has been iso-
lated primarily from metastriate ticks (hard ticks other than 
genus Ixodes), including Hyalomma dromedarii, H. mar-
ginatum (reported as H. plumbeum plumbeum in the former 
Soviet Union), H. scupense, and Dermacentor marginatus 
(16,18,20,24). On rare occasions, Dhori virus also has been 
isolated from mosquitoes, including Anopheles hyrcanus 
(24), and from 1 mixed pool of Aedes caspius caspius and 
Culex hortensis mosquitoes collected near the Naryn River 
in Kyrgyzstan (20). Human disease associated with Dhori 
virus infection is characterized by acute illness with severe 
fever, headache, general weakness, and retrobulbar pain; 
encephalitis occurs in ≈40% of patients, and convalescence 
is long (2 months) (18). In addition, 5 laboratory infections 
resulting from aerosol exposure, 2 of which were character-
ized by encephalitis, have been reported (25).

Infection prevalence for BRBV in field-collected 
A. americanum ticks varied. The infection prevalence 
for nymphs, the stage with the largest sample size, was 
0.31/1,000 or 1/3,226 nymphs at site 27. Nymphs collected 
at other sites were virus negative, resulting in a very low 
infection prevalence of 0.07/1,000 when all nymphal col-
lections were combined for the 2013 season. For compari-
son, HRTV was detected in nymphs collected at 4 of the 
6 sampled sites, and the infection prevalence for HRTV 
in nymphs from all sites during the 2013 season was 
1.79/1,000, or 1 infected nymph of 559 nymphs tested (5).

The BRBV infection prevalence for adult male A. amer-
icanun ticks from site 2a on June 12, 2013, was very high 
(19.11/1,000), whereas the infection prevalence for adult 
male A. americanum ticks from site 2a during the entire 2013 
season was 7.35/1,000, or 1 infected male adult among every 
136 tested. However, the infection prevalence for all adult 
male A. americanum ticks from all sites combined during 
the 2013 season was 0.32/1,000, or 1 of 3,125 adult male 
ticks tested. Infection prevalence for adult male ticks appears 
higher than for nymphs; however, BRBV infection preva-
lence for male adults and nymphs from all sites combined 
during the 2013 season did not differ significantly.

Infection prevalence for BRBV in potential vectors 
remains poorly known; our interpretations are preliminary 
and await additional field studies. However, the very low in-
fection prevalence for nymphs and varying rates for male 
adults suggest the possibility that other transmission cycles 
for BRBV might exist and that A. americanum ticks, al-
though most likely an important vector to humans because 
of their aggressive host-seeking behavior and preference for 
medium and large mammals, might not be an important en-
zootic vector of BRBV. We hypothesize that A. americanum 
ticks acquire BRBV from occasional blood meals from >1 
vertebrate hosts; that the virus successfully replicates and is 

transstadially transmitted in A. americanum ticks; and that A. 
americanum ticks transmit the virus to incidental hosts, such 
as humans. The pool of male adult A. americanum ticks, 
MO-2013-1246, also was positive for HRTV (5), suggest-
ing some overlap in the transmission cycles of HRTV and 
BRBV. BRBV and antibodies to BRBV have not been de-
tected in vertebrates, other than the 2 humans, and the natural 
history of the virus remains unknown.
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Ticks transmit a variety of different pathogens including bacte-
ria, protozoa, and viruses that can produce serious and even fatal 
disease in humans and animals. Tens of thousands of cases of 
tickborne disease are reported each year, including Lyme dis-
ease. See the EID Lyme Disease Spotlight. Lyme disease is the 
most well-known tickborne disease. However, other tickborne 
illnesses such as Rocky Mountain spotted fever, tularemia, babe-
siosis, and ehrlichiosis also contribute to severe morbidity and 
more mortality each year.

Symptoms of tickborne disease are highly variable, but most in-
clude sudden onset of fever, headache, malaise, and sometimes 
rash. If left untreated, some of these diseases can be rapidly fatal.



The mcr-1 (mobile colistin resistance 1) gene, which en-
codes phosphoethanolamine transferase, has been recent-
ly identified as a source of acquired resistance to polymyx-
ins in Escherichia coli. Using the SuperPolymyxin selective 
medium, we prospectively screened 100 pigs at 2 farms in 
Portugal for polymyxin-resistant Enterobacteriaceae and 
recovered 98 plasmid-mediated MCR-1–producing iso-
lates. Most isolates corresponded to nonclonally related E. 
coli belonging to many sequence types; we also found 2 
Klebsiella pneumoniae sequence types. The mcr-1 gene 
was carried on IncHI2 or IncP plasmid backbones. Our find-
ing of a high rate of MCR-1 producers on 2 pig farms in 
Portugal highlights the diffusion of that colistin-resistance 
determinant at the farm level. The fact that the pigs received 
colistin as metaphylaxis in their feed during the 6 weeks 
before sampling suggests selective pressure.

The progressive global increase of antimicrobial drug 
resistance in Enterobacteriaceae is worrisome, and 

adding to the concern is the recent discovery of the plas-
mid-mediated mobile colistin resistance (MCR) genes 
mcr-1 and mcr-2 (1,2). These genes encode phosphoetha-
nolamine transferases, which add a phosphoethanolamine 
group to the lipid A of the lipopolysaccharide, leading to 
gram-negative bacteria resistance to polymyxins (3). Since 
its discovery, the mcr-1 gene has been identified almost 
worldwide, mostly in animal and environmental samples 
(3) and to a lesser extent in human clinical samples (4). 
The mcr-1 gene has often been identified from Escherichia 
coli strains recovered from pigs (3,5–8). More recently, the 
mcr-2 gene, which shares 76.8% nt identity with mcr-1, has 
been identified from a single E. coli isolate recovered from 
a pig in Belgium (2). The genetic element related to the 
mcr-2 gene and possibly involved in its acquisition is inser-
tion sequence (IS) ISEc69.

The mcr-1 gene has been identified on a large variety 
of plasmids, such as IncI2, IncX4, IncHI2, IncP, IncFI, In-
cFII, IncFIB, and IncY (3,9,10). The genetic context of the 
mcr-1 gene always includes the mcr-1 cassette, as previ-
ously described (11,12). In addition, ISApl1 is often found 
upstream of the mcr-1 gene. It has been recently shown that 
a second copy of ISApl1 may be found downstream of the 
mcr-1 gene, therefore bracketing the 2.6-kb mcr-1 cassette 
and forming the composite transposon Tn6330, demon-
strated to be functional and responsible for the transposi-
tion of mcr-1 (13,14).

We speculate that the emergence and further dissemi-
nation of the mcr-1 and -2 genes occurred from pigs and 
that ISApl and ISEc69, respectively, were the main genetic 
elements involved in that process. We recently demonstrat-
ed that Moraxella spp. are sources of mcr-like encoding 
genes (15); M. pluranimalium has been identified as the 
progenitor of the mcr-2 gene (16). Of note, all Moraxella 
spp. are widespread in pigs (17), thus allowing specula-
tion that the whole genetic process that originally led to the 
emergence of the mcr-like genes occurred in those animals.

Worldwide, colistin is widely used in veterinary medi-
cine for different purposes, including treatment of enteric 
infections, prophylaxis or metaphylaxis (18), and as growth 
promoter in several countries (19). Despite this selective 
pressure, studies reporting identification of colistin-resis-
tant Enterobacteriaceae in veterinary medicine remain 
scarce, although an overall low prevalence of those resis-
tant strains was noticed in Europe (8,10,20,21).

To evaluate the prevalence and genetic characteriza-
tion of colistin-resistant Enterobacteriaceae on pig farms, 
we performed a prospective epidemiologic survey. The 
study was conducted in Portugal (the fifth largest polymyx-
in consumer in Europe), where colistin is heavily used in 
veterinary medicine (22).

Materials and Methods

Isolates and Susceptibility Testing
On 1 day in June 2016, we collected 100 rectal swab sam-
ples from pigs on 2 pig farms in Portugal, 30 km apart. 
These farms, harboring ≈3,000 pigs each, are production  
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holdings, where piglets are born and fattened before being 
delivered to slaughterhouses (23). All pigs sampled were 
10–11 weeks of age. When the pigs were 5–10 weeks of 
age, their feed included colistin (0.5%), amoxicillin (0.5%), 
and zinc oxide (0.15%). The weekly dose of colistin in the 
regimen was ≈0.06 g/kg. Overall, all pigs received ≈5.5 g 
colistin for metaphylaxis over 6 weeks.

We incubated rectal swab samples overnight at 37°C 
in Luria-Bertani broth supplemented with 1 µg/mL co-
listin. The next day, to select for colistin-resistant gram-
negative isolates, we inoculated each enrichment tube onto 
SuperPolymyxin selective agar medium that contained 
3.5 µg/mL colistin and 10 µg/mL daptomycin (ELITech-
Group, Signes, France) (24). We identified colistin-resis-
tant isolates recovered from SuperPolymyxin plates with 
API 20E (bioMérieux, La Balme les Grottes, France). 
We performed antimicrobial drug susceptibility testing 
by using the disk-diffusion method according to Clinical 
and Laboratory Standards Institute recommendations, on 
Muller-Hinton agar plates, except for colistin, for which 
we evaluated MICs for colistin by broth microdilution in 
cation-adjusted Muller-Hinton broth (Bio-Rad, Cressier, 
Switzerland), as recommended by the Clinical and Labora-
tory Standards Institute (25).

Molecular Analyses
Acquired colistin-resistance genes mcr-1 and mcr-2 were 
identified by PCR, with use of specific primers as reported 
(14), and amplicons were further sequenced by Microsynth 
(Balgach, Switzerland). We identified extended-spectrum 
β-lactamase (ESBL)–encoding genes by using primers 
specific for detection of blaTEM, blaSHV, and blaCTX-M genes 
(26,27). The plasmidborne chloramphenicol gene floR was 
sought by using specific primers (28) among isolates exhib-
iting resistance to chloramphenicol. The clonal relationship 
of the colistin-resistant isolates was evaluated by pulsed-
field gel electrophoresis, as described previously (29), and 
multilocus sequence typing was performed for a represen-
tative strain of each pulsotype. We assigned sequence types 
(STs) by using the multilocus sequence typing databases 
for E. coli (http://mlst.warwick.ac.uk/mlst/dbs/Ecoli) and 
K. pneumoniae (http://bigsdb.pasteur.fr/klebsiella/klebsi-
ella.html). The phylogenetic group of E. coli isolates was 
determined with the PCR-based Clermont method as de-
scribed previously (30).

Conjugation Experiments and Plasmid Analyses
We performed conjugation assays on filters with azide-re-
sistant E. coli J53 as the recipient strain. MCR-1 producers 
and the J53 isolate were cultured overnight in Luria-Bertani 
broth. To reach the logarithmic phase, the donor and recipi-
ent strains were subcultured in fresh Luria-Bertani broth 
for 3 h. We subsequently mixed the samples at a ratio of 

10:1 and deposited 100 µL of this mix onto 22-µm filters, 
which we then incubated for 5 h at 37°C on Luria-Bertani 
agar plates. After the incubation, filters were resuspended 
in 0.85% NaCl, and we plated 250 µL of this mixture onto 
selective Luria-Bertani plates containing azide (100 µg/
mL) and colistin (1 µg/mL). PCR was used to check all E. 
coli transconjugants for the mcr-1 gene.

We typed plasmids carrying the mcr-1 gene from E. 
coli transconjugants by using the PCR-based replicon typ-
ing method (31). The size of the plasmid was obtained after 
Kieser extraction (32) and agarose gel electrophoresis; we 
used as a reference E. coli 50192 isolate containing 4 char-
acterized plasmids (154 kb, 66 kb, 48 kb, and 7 kb).

Results
From the 100 rectal swab samples collected, we recovered 
108 colistin-resistant isolates from the SuperPolymyxin 
agar plates and identified 90 as E. coli, 17 as K. pneumoni-
ae, and 1 as Proteus mirabilis. Of the 108 colistin-resistant 
isolates, 98 were positive for the mcr-1 gene. Colistin MICs 
for all MCR-1–producing isolates ranged from 4 to 32 µg/
mL (Table). Among these positive isolates, 10 showed an 
ESBL phenotype. Sequencing revealed that all mcr-posi-
tive isolates possessed a gene that was 100% identical to 
mcr-1. All MCR-1–producing isolates possessed the bla-
TEM-1 gene, and all ESBL producers possessed the blaCTX-

M-2 gene. All MCR-1–producing isolates were resistant to 
penicillins and tetracycline, 97.9% were resistant to sulfa-
methoxazole/trimethoprim, 96% were resistant to tobramy-
cin, and 84.7% were resistant to chloramphenicol. Among 
the chloramphenicol-resistant isolates, 56% were positive 
for the floR resistance gene. No mcr-2–positive isolate was 
identified in our samples.

Pulsed-field gel electrophoresis identified 19 distinct E. 
coli clones from the first farm sampled and 18 from the sec-
ond (Table). The isolates belonged to 15 STs (ST10, ST23, 
ST38, ST46, ST101, ST156, ST6453, and 8 new STs); only 
2 (ST10 and ST101) were detected on both farms. Phyloge-
netic typing showed that each E. coli isolate belonged to 1 
of the phylogroups A, B1, C, D, E, or F. No extraintestinal 
and virulent B2 phylogroup was detected among all E. coli 
isolates. In addition, we identified 2 K. pneumoniae STs (1 
clone per farm), ST45 and ST1563.

Conjugation followed by PCR-based replicon typing 
analysis showed that the mcr-1 gene was carried on different 
plasmids (Table). The mcr-1 gene was identified on IncHI2 
(54%), IncP (38%), and IncX4 (8%) plasmids. Conjugation 
experiments showed that resistance to sulfamethoxazole/
trimethoprim and sulfonamides was systematically co-trans-
ferred along with the mcr-1 gene when carried by IncHI2 
plasmids and that resistance to tetracycline, tobramycin, 
chloramphenicol, and amoxicillin was also most often co-
transferred by IncP plasmids (Table). Conversely, the mcr-1 
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Table. Genetic features associated with MCR-1–producing Escherichia coli and Klebsiella pneumoniae isolates from pigs, Portugal* 

Strain Species 
No. 
pigs ST† Resistance genes 

Colistin 
MIC, 
g/mL 

Incompatibility 
group (kb) of 

mcr-1 plasmids Resistance phenotype‡ 

Genetic 
context of 

mcr-1§ 
Farm 1         
 P13 E. coli 6 ST101 blaCTX-M-2, blaTEM-1, 

mcr-1 
4 IncHI2 (250) SXT/TET/NAL/AMX/CTX/TMN/

SUL 
II 

 P8 E. coli 1 ST101 blaCTX-M-2, blaTEM-1, 
mcr-1, floR 

4 IncHI2 (250) SXT/TET/AMX/CTX/TMN/SUL II 

 P28 E. coli 4 New ST1 blaTEM-1, mcr-1, floR 8 IncHI2 (250) SXT/TET/CHL/AMX/TMN/GMN
/SUL 

II 

 P11 E. coli 1 New ST2 blaTEM-1, mcr-1, floR 16 IncHI2 (250) SXT/TET/CHL/AMX/TMN/SUL III 
 P4 E. coli 3 New ST1 blaTEM-1, mcr-1 16 IncP (60) TET/ CHL /AMX/TMN/SUL II 
 P9 E. coli 1 New ST2 blaTEM-1, mcr-1 16 IncP (60) TET/CHL/AMX/TMN/SUL II 
 P27 E. coli 1 ST6453 blaTEM-1, mcr-1 16 IncP (60) TET/CHL/AMX/TMN/SUL I 
 P7 E. coli 1 New ST2 blaTEM-1, mcr-1 16 IncP (60) TET/CHL/AMX/TMN/SUL II 
 P43 E. coli 1 New ST4 blaTEM-1, mcr-1 16 IncP (60) TET/CHL/AMX/TMN//GMN III 
 P10 E. coli 1 ST10 blaTEM-1, mcr-1 16 IncHI2 (250) TET/ CHL /AMX/TMN/SUL II 
 P5 E. coli 1 New ST4 blaTEM-1, mcr-1 8 IncP (60) TET/ CHL /AMX/TMN/SUL II 
 P1 E. coli 1 New ST3 blaTEM-1, mcr-1 8 IncP (60) TET/ CHL /AMX/TMN/SUL II 
 P2 E. coli 1 New ST2 blaTEM-1, mcr-1 8 IncP (60) SXT/TET/CHL/AMX/TMN/SUL II 
 P16 E. coli 1 ST10 blaTEM-1, mcr-1 8 IncX4(30) SXT/TET/AMX/TMN/SUL III 
 P3 E. coli 5 ST156 blaTEM-1, mcr-1 8 IncHI2 (250) SXT/TET/NAL/CIP/AMX/TMN/

SUL 
I 

 P20 E. coli 1 New ST2 blaTEM-1, mcr-1 4 IncHI2 (~250) SXT/TET/AMX/TMN/SUL III 
 P22 E. coli 13 ST6453 blaTEM-1, mcr-1 4 IncP (60) TET/AMX/TMN/SUL I 
 P19 E. coli 1 New ST4 blaTEM-1, mcr-1 4 IncP (60) SXT/TET/ 

CHL/NAL/AMX/TMN/SUL 
II 

 P37 E. coli 1 ST38 blaTEM-1, mcr-1 4 IncP (60) SXT/TET/AMX/TMN/SUL I 
 P6K K. 

pneumoniae 
6 ST45 blaTEM-1, mcr-1 32 IncP (60) TET/AMX/TMN/SUL II 

Farm 2         
 B21 E. coli 1 ST10 blaTEM-1, mcr-1, floR 16 IncHI2 (250) SXT/CHL/TET/NAL/CIP/AMX/T

MN/SUL 
III 

 B12 E. coli 8 ST10 blaTEM-1, mcr-1, floR 16 IncHI2 (250) SXT/CHL/TET/NAL/CIP/AMX/T
MN/SUL 

III 

 B30 E. coli 10 ST10 blaTEM-1, mcr-1, floR 16 IncHI2 (250) SXT/CHL/TET/NAL/CIP/AMX/T
MN/SUL 

III 

 B3 E. coli 1 New ST6 blaTEM-1, mcr-1, floR 16 IncHI2 (250) SXT/CHL/TET/NAL/AMX/TMN/
SUL 

I 

 B27 E. coli 1 New ST7 blaTEM-1, mcr-1, floR 16 IncHI2 (250) CHL/TET/NAL/CIP/AMX/TMN/
SUL 

I 

 B47 E. coli 1 New ST7 blaTEM-1, mcr-1, floR 16 IncHI2 (250) SXT/CHL/TET/AMX/TMN/SUL III 
 B18 E. coli 2 New ST8 blaTEM-1, mcr-1, floR 16 IncX4 (30) SXT/CHL/TET/AMX/TMN/SUL III 
 B22 E. coli 5 New ST8 blaTEM-1, mcr-1, floR 16 IncHI2 (250) SXT/CHL/TET/AMX/TMN/SUL II 
 B4 E. coli 1 New ST7 blaTEM-1, mcr-1, floR 16 IncHI2 (250) SXT/CHL/TET/AMX/TMN/SUL III 
 B15 E. coli 1 ST46 blaTEM-1, mcr-1, floR 8 IncHI2 (250) SXT/CHL/TET/AMX/TMN/SUL III 
 B6 E. coli 2 ST101 blaTEM-1, mcr-1, floR 8 IncHI2 (250) SXT/CHL/TET/AMX/TMN/SUL III 
 B8 E. coli 1 New ST6 blaTEM-1, mcr-1, floR 8 IncX4 (30) SXT/CHL/TET/NAL/AMX/TMN/

SUL 
III 

 B1 E. coli 1 New ST6 blaTEM-1, mcr-1, floR 8 IncHI2 (250) SXT/CHL/TET/AMX/TMN/SUL III 
 B11 E. coli 1 New ST7 blaTEM-1, mcr-1, floR 8 IncHI2 (250) CHL//TET/NAL/AMX/TMN/SUL IV 
 B9 E. coli 9 ST23 blaTEM-1, mcr-1, floR 4 IncP (60) SXT/CHL/TET/NAL/AMX/TMN/

SUL 
II 

 B5 E. coli 1 New ST8 blaTEM-1, mcr-1, floR 4 IncP (60) SXT/CHL/TET/NAL/AMX/TMN/
SUL 

III 

 B27K K. 
pneumoniae 

2 ST1563 blaTEM-1, mcr-1, floR 32 IncHI2 (250) SXT/CHL/TET/AMX/TMN/SUL I 

*Only strains representative of each pulsed-field gel electrophoresis clonal lineage are listed. AMX, amoxicillin; CIP, ciprofloxacin, CHL, chloramphenicol; 
CTX, cefotaxime; NAL, nalidixic acid; ND, not determined; ST, sequence type; SUL, sulfonamides; SXT, sulfamethoxazole/trimethoprim; TET, 
tetracycline; TMN, tobramycin. 
†STs were identified with the Warwick University database (http://mlst.warwick.ac.uk/mlst/dbs/Ecoli). Because this database accepts only whole-genome 
sequencing data to submit new STs, all new STs found were notified as New STx. 
‡Underlining indicates co-resistances provided by the plasmid carrying mcr-1. 
§Different genetic environments detected by PCR, as shown in the Figure. 
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gene was the only resistance determinant when located on 
IncX4 plasmids. Of note, IncP-type plasmids carrying mcr-1 
were predominant on the first farm, whereas IncHI2 plas-
mids were predominant on the second farm.

By PCR mapping using previously published prim-
ers (12,13), in all isolates we identified the ≈2.6-kb mcr-1 
cassette in association with 0, 1, or 2 copies of insertion 
sequence ISApl1, depending on the isolates tested (Table; 
Figure). In addition, we found a genetic structure not pre-
viously reported in 1 isolate that consisted of a truncated 
ISApl1 element upstream of the mcr-1 cassette. That struc-
ture, inserted into a kinase gene onto an IncHI2 plasmid, 
corresponded to a truncated version of transposon Tn6330 
previously reported, with a 2-bp AG direct repeat bracket-
ing the ∆ISApl1-mcr-1 structure, suggesting a former inser-
tion event through a transposition mechanism (Figure).

Discussion
Prevalence of MCR-1–producing Enterobacteriacae iso-
lates, mainly E. coli, from 2 pig farms in Portugal was 
high. So far, the mcr-1 gene has been identified mainly 
in animal samples, rarely in environmental and human 
samples (3,4,33–36). Previous studies describe the occur-
rence of MCR-1 producers in swine; prevalence in Europe 
ranged from 0.5% to 13.5% (6,8,36,37) and in China up 
to 20.6% (1). In our study, we detected an extremely high 
rate of MCR-1–producing Enterobacteriaceae, finding the 
mcr-1 gene in isolates from 98% of pigs tested. We identi-
fied an MCR-1–producing K. pneumoniae among the pigs, 
which is noteworthy considering the infrequent recovery 
of K. pneumoniae from animals. Nevertheless, most of the 
mcr-1–positive isolates identified here were E. coli, as is re-
ported in most epidemiologic studies (3). For the same pigs 
that had been screened (by nasal swabs) for methicillin-
resistant Staphylococcus aureus, the rate of colonization 
was very high (99%); 2 main spa types of clone ST398 
were identified (23).

Our study was performed with samples from pigs, and 
it would be of interest to conduct similar studies of humans. 
In France, a survey performed in a hospital during Febru-
ary–May 2016 (38) showed a high rate (23%) of fecal car-
riage with intrinsic colistin-resistant gram-negative isolates 
but a low rate (1.4%) of acquired polymyxin resistance; no 
mcr-1 or mcr-2 genes were identified. A retrospective study 
focusing on Salmonella isolates was previously performed 
in Portugal, and MCR-1 producers were reportedly found 
in humans and pork (39). No MCR-2–producing isolate 
was identified in our study, although this gene was also 
identified in pigs (2).

We used the newly developed SuperPolymyxin me-
dium for our prospective epidemiologic study. The fact 
that no colistin-susceptible strain was recovered during 
the screening further highlights the excellent specificity 
of this medium. 

Unexpectedly, we found that the studied collection of 
MCR-1 producers was highly diverse; we identified many 
STs and genetic features associated with mcr-1. The rate 
of mcr-1 in our study was very high and caused by the dis-
semination of neither a single clone nor a plasmid. This 
high diversity could be explained by 2 key elements. First, 
considering that the selective pre-enrichment with Luria-
Bertani broth supplemented with 1 µg/mL of colistin and 
subsequent culturing on the Superpolymyxin medium ex-
hibits a high sensitivity, such a prospective survey may 
detect higher rates of colistin-resistant isolates than would 
previous studies. Second, the presence of colistin in the pig 
food on the 2 farms studied probably represents an efficient 
selective pressure for MCR-1 acquisition. Findings of simi-
lar and comparative studies performed in countries that do 
not use polymyxins in animals, such as Norway or Finland, 
would be of interest.

Several STs of E. coli identified in this study were sim-
ilar to those of other MCR-1–producing isolates reported 
from other studies. As an example, ST10 E. coli producing  
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Figure. Genetic environments 
associated with the mcr-1 
(mobile colistin resistance 
1) gene detected in select 
Enterobacteriacae isolates from 
pigs, Portugal, by PCR. I) 1 copy 
of ISApl1 associated with mcr-1 
in 5′ region; II) 2 copies of ISApl1 
in 5′ and 3′ regions of mcr-1; III) 
no copy of ISApl1 associated 
with mcr-1; IV) truncated copy 
of ISApl1 associated with mcr-1 
in 5′ region inserted in a kinase 
gene. IS, insertion sequence; orf, 
open reading frame.
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MCR-1 was recovered from swine farms in Germany and 
in clinical samples in India and South Africa (6,11,40). 
In South Africa, ST101 E. coli was identified from a pa-
tient with a urinary tract infection (11). ST156 E. coli was 
identified at a hospital in China and in a muscovy duck in 
China, where it was co-producing MCR-1 and NDM (New 
Delhi metallo-β-lactamase)–5 carbapenemase (41,42). We 
showed that all E. coli isolates belonged to a commensal 
population and not to extraintestinal pathogenic strains, 
which is consistent with findings of other studies (3) and in 
line with the design of our study, which was analyzing the 
colonizing gut flora.

We showed that the mcr-1 gene was carried by a di-
versity of plasmids. However, most plasmids recovered 
from the first farm were ≈60-kb IncP plasmids, whereas 
those from the second farm were ≈250-kb IncHI2 plas-
mids. Only 3 STs possessed a ≈30-kb IncX4 plasmid car-
rying the mcr-1 gene, which contrasts with other studies 
that have shown this type of plasmid to be predominant 
(43). In accordance with what has been observed with 
other characterized IncX4 plasmids, we found no other 
resistant determinant associated with mcr-1 on that plas-
mid type. IncP and IncHI2 plasmids carried other resis-
tance determinants associated with mcr-1. Remarkably, 
we found no IncI2-type plasmid carrying mcr-1 in those 
isolates, although they have often been reported in the lit-
erature (1,3).

Analysis of the genetic features associated with the 
mcr-1 gene further highlights that it was probably original-
ly acquired by a transposition mechanism and that ISApl1 
played a major role; further truncations or rearrangements 
led to the stabilization of this structure, as suggested by 
Snesrud et al. (44). We also identified the entire composite 
transposon Tn6330 comprising 2 copies of ISApl1 bracket-
ing the mcr-1 cassette (13). Because this entire transposon 
was detected in some isolates of this collection in addition 
to other defective versions of it, we can speculate that this 
structure may still be mobilizable and continue to dissemi-
nate between different genetic locations.

In summary, the rate of pig colonization with MCR-1–
producing Enterobacteriaceae was high at the 2 farms we 
sampled, showing substantial diversity of species, clonal-
ity, and genetic aspects. Even if these results suggest that 
colistin constitutes a major driving force for selecting plas-
mids carrying the mcr-1 gene, the occurrence of the blaTEM-1 
gene on the same plasmid indicates that β-lactams might 
also be co-selecting for colistin resistance through the ac-
quisition of such plasmids. In addition, this study showed 
that SuperPolymyxin is an efficient medium for screening 
colistin-resistant isolates from animal samples and per-
forming such epidemiologic surveys. Last, considering 
that a recent report from Germany identified pig farms 
as potential sources of environmental contamination for  

MCR-1–producing E. coli (6), our data strongly indicate 
the need for screening farm environments in Portugal, to 
evaluate the extent to which the spread of those resistant 
bacteria has already occurred and, therefore, to better mea-
sure the risk to human health.
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known as the beef tapeworm, in 1782. Historically, Taenia tapeworms 
were believed to have infected humans no more than 10,000 years ago, 
around the time of domestication of cows and pigs.

However, more recent phylogenetic evidence suggests that ances-
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Taenia saginata [teʹne-ə sajʺe-naʹta]
Ronnie Henry

etymologia

Address for correspondence: Ronnie Henry, Centers for Disease Control and Prevention, 1600 Clifton Rd NE, Mailstop E28, Atlanta, GA 
30329-4027, USA; email: boq3@cdc.gov

DOI: https://doi.org/10.3201/eid2312.ET2312

Adult Taenia saginata tapeworm. Photo CDC/1986.



Taenia saginata is the most common species of tapeworm 
infecting humans. Infection is acquired by eating cysticer-
cus larvae in undercooked beef. A closely related species, 
T. asiatica, is found in eastern and southeastern Asia. The 
larvae of T. asiatica develop in viscera of pigs. In northern 
Russia, there is a third member of this morphologically in-
distinguishable group. Cysticerci of so-called northern T. 
saginata are found in cerebral meninges of reindeer, and 
the unique life cycle is dependent on a native custom of 
eating raw reindeer brain. We report the winding history of 
this mysterious tapeworm from the first reports to the pres-
ent time. In addition, we confirm the position of this parasite 
as a strain of T. saginata by analyzing a mitochondrial DNA 
sequence of an archival specimen. The origin of this strain 
might date back to reindeer domestication and contacts be-
tween cattle-herding and reindeer-herding peoples in Asia.

Taeniasis is among the oldest known human helminthia-
ses; written descriptions of the disease and history of 

the name taenia reach into antiquity. Taenia spp. infections 
are common in many countries; there are tens of millions 
of human carriers worldwide (1). The best-known etiologic 
agents, Taenia saginata Goeze 1782 and T. solium Linnae-
us 1758, were described as 2 different tapeworm species 
>2 centuries ago, and both have many synonyms in the lit-
erature (2). Conversely, a third species of Taenia infecting 
humans, T. asiatica Eom et Rim 1993, is one of the most 
recently described taeniid species. This species was known 
to be a special form of T. saginata (3).

Similar to other taeniid tapeworms, human-infecting 
Taenia spp. require 2 mammalian hosts in an obligate pred-
ator–prey life cycle. Adult tapeworm stages develop in the 
human intestine. Gravid proglottids, which are full of eggs, 
are excreted in feces into the environment. Alternatively, 
for T. asiatica and T. saginata, proglottids can actively 
crawl out of the anus and cause irritation and discomfort 
(1–3). The infection is otherwise usually asymptomatic. 
Eggs scattered in the environment are then ingested by in-
termediate hosts, cattle and other bovids (for T. saginata) 

or pigs (for T. asiatica and T. solium). Cysticercal larvae 
typically develop in muscles (T. saginata and T. solium) or 
visceral organs (T. asiatica) of the intermediate host. Hu-
mans can become infected by eating raw or undercooked 
meat or organs infected with cysticerci.

Unlike the other 2 species, T. solium commonly forms 
cysticerci in tissues of various atypical intermediate hosts, 
including rabbits, camels, dogs, cats, and humans (2,4). An-
other  major feature distinguishing T. solium from the other 
2 species is a double crown of rostellar hooks, which can 
be easily observed by microscopy in adult and larval stages; 
these hooks are absent in T. asiatica and T. saginata.

T. saginata is the most common and widely spread 
Taenia species infecting humans. This tapeworm is found 
in all continents and is endemic to eastern Europe, South-
east Asia, Africa, and Latin America (1,5). However, 
in addition to the classic strain of this parasite found in 
southern regions, which is associated with cattle raising, 
there is a lesser-known form of T. saginata in northern 
regions. Its present distribution is limited, perhaps in-
cluding only some parts of northern Russia. This north-
ern form or strain of T. saginata uses reindeer (Rangifer 
tarandus) instead of bovids as the intermediate host. The 
aim of this article is to provide information on the history 
and unique life cycle of this enigmatic human parasite in 
northen Russia and to resolve its taxonomic position on 
the basis of unpublished DNA data.

Early Records of T. saginata Infections in  
Reindeer and Reindeer-Herding  
Human Populations
The northern strain of T. saginata has been found in north-
ern Siberia in Russia and the Far East Region of Russia 
(Figure 1). Krotov (6,7) reported that the northern strain of 
T. saginata was observed in 1872 by Dobrotvorsky, who 
reported taeniasis in the native population of Sakhalin Is-
land. At that time, cattle had not yet been brought to the 
island. This finding was supported by observations of Kro-
tov on taeniasis in reindeer herders on Sakhalin Island in 
1955 (7). Researchers considered reindeer to be the most 
likely intermediate host, although larval stages were not 
found (7). Unfortunately, we could not analyze details of 
this study because we did not have access to the original 
data of Krotov, which were published in his academic  
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dissertation in 1955. After the observations of Krotov, tae-
niasis on Sakhalin Island did not attract further attention.

The suggestion that cases of taeniasis on Sakhalin Is-
land represent the first report of the northern strain of T. 
saginata cannot be verified. The current population of 
Sakhalin Island has essentially abandoned reindeer herd-
ing. Reindeer are still used, but their number, as well as the 
size of the indigenous human population, is small. Large-
scale reindeer husbandry on Sakhalin Island began in the 
Val collective farm (8), where Krotov (7) later detected 
possible human taeniasis. The reindeer population was ini-
tially 414 animals in 1930 and increased to 8,415 by 1967 
(8). However, by 1998, after the collapse of the Soviet 
Union, the number of reindeer had decreased to 2,900. The 
present population is probably 150–200 animals.

Only the indigenous Ulta, which have a population 
of <350 persons (8), maintain the reindeer herding tradi-
tion on Sakhalin Island. Given the sharp decrease in the 
number of intermediate and final hosts, the northern strain 
of T. saginata has probably not survived on Sakhalin Is-
land. In addition, a return to small-scale reindeer herd-
ing indicates that domestic reindeer are used primarily as 

mount or pack animals, and wild reindeer are consumed 
as food. According to a state report of human parasitoses 
on Sakhalin Island, no cases of taeniasis have been found 
there in recent years (9).

In 1956, taeniasis in an indigenous person in the 
Krasnoselkup Region in the Yamalo-Nenets Autono-
mous Okrug (YaNAO) caused concern about spread of T. 
saginata in northern Siberia (10). The index patient was 
a Selkup reindeer herder. Anthelminthic treatment for 32 
tapeworm carriers identified 11 cases of taeniasis among 
reindeer herders. Diphyllobothriasis and taeniasis were 
distinguished, but morphologic data for tapeworms were 
not provided in detail. It was concluded that the source of 
infection was probably reindeer meat, which was (and still 
is) the staple food in that region (10). Subsequently, taenia-
sis in humans was confirmed across the YaNAO (including 
the basins of the Ob, Nadym, Pur, and Taz Rivers and the 
Yamal and Gydan Peninsulas), in Khanty-Mansiysk (the 
capital of the Khanty-Mansi Autonomous Okrug); and in 
the Taymyr Autonomous Okrug (11–17). The highest prev-
alence (14%) in the local population was reported in the 
Yamal and Gydan Peninsulas (14). A recent archaeologic 
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Figure 1. Regions where infections with the northern strain of Taenia saginata tapeworms in Siberia and the Far East region of Russia 
were detected (dark gray shading). 1, Sakhalin Island in 1872 and 1955; 2, Yamalo-Nenets Autonomous Okrug, since the 19th century 
to the present time; 3, Olenyoksky District, Yakutia, 1958; 4, Taymyr Autonomous Okrug, 1977. The probable cradle of reindeer herding 
in Asia and site of the host switch from cattle to reindeer (the Sayan Mountains) is indicated by light gray shading. The light gray dot 
indicates the Kan River archaeologic site where taeniid eggs were found from human remains buried 3,000–4,000 years ago.
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finding of taeniid eggs in a burial site from the 19th century 
(18) showed that taeniasis occurred in the Nenets popula-
tion in the Taz tundra, which was contemporary with the 
first observation on Sakhalin Island (7).

In 1958, possible cysticerci of T. saginata were found 
in reindeer carcasses and organs in the Oleneksky District, 
Yakutia, but a specific diagnosis was not confirmed by mi-
croscopy (19). A survey identified tapeworm infection in 59 
of 200 local schoolchildren (19). The local population con-
sumed reindeer meat and fish. Nevertheless, infection with 
Diphyllobothrium latum tapeworms was not considered a 
possible differential diagnosis. At that time, beef was not 
consumed in the Oleneksky District (19). However, cattle 
were raised in other parts of Yakutia south of the Olenek-
sky District. Overall, the presence of reindeer-dependent T. 
saginata in Yakutia cannot be reliably confirmed. Recent 
records (20) showed that all recent cases of taeniasis re-
ported in Yakutia were associated with beef consumption. 
Despite extensive meat inspection, cysticerci of T. saginata 
have not been currently reported in reindeer in Yakutia.

In a monograph on taeniid taxonomy and biology, 
Abuladze (2) summarized data on Taenia spp. circulating 
in northern Russia. He speculated that a special species of 
the genus Taeniarhynchus (in his classification, Taenia 
spp. without rostellar armature were considered a distinct 
genus) might be involved. However, this suggestion did not 
lead to a description of the full morphology or individual 
segments of the putative new species (2).

Experimental Infections
The first study to resolve the life history and host specific-
ity of the northern strain of T. saginata was conducted in 
1975 by Mozgovoy et al. at the Biological Institute (cur-
rently the Institute of Systematics and Ecology of Animals) 
of the Academy of Sciences, Novosibirsk (16) (Figure 2). 
A limited number of reindeer and cattle calves were in-
fected with the southern and northern strains of T. saginata 
(online Technical Appendix Table 1, https://wwwnc.cdc.
gov/EID/article/23/12/16-2101-Techapp1.pdf). Necropsies 
were performed on the animals after various postinfection 
periods. The southern strain was obtained from a patient in 
Barnaul (Altay Krai), and the northern strain was obtained 
from a patient in Gyda (a remote village in YaNAO).

Many fibrotic nodules, but no T. saginata cysticerci, 
were observed in muscles of 5 reindeer calves. One rein-
deer died because of a heavy infection with the northern 
strain. Numerous cysticerci were found in muscles, heart, 
diaphragm, and brain of this calf. Infectivity of larvae for 
humans was not tested, but ≈60% of muscle cysticerci were 
dead (necrotic). In a reindeer infected with the southern 
form, cysticerci were found only in muscles. However, the 
experiment was subject to environmental contamination 
because animals were not isolated from the herd. Armed 

(containing rostellar hooks) cysticerci of Taenia spp. trans-
mitted by dogs (e.g., Taenia parenchymatosa tapeworms) 
were found in 6 reindeer, which indicated contamination 
of the pasture. This finding indicated that all experimental 
animals could also have had access to eggs of the northern 
strain of T. saginata excreted by herdsmen.

Infected cattle calves were kept in isolation in Altay 
Krai (Figure 3). Cysticerci of northern and southern strains 
developed in muscles (Figure 4). However, 55%−90% of 
cysticerci of the northern strain were found dead. Viability 
of larvae was confirmed by self-infection. One of the au-
thors (not identified) of the study of Mosgovoy et al. (16) 
ate 4 cysticerci of the northern strain and shed T. saginata 
proglottids 80 days postinfection (online Technical Appen-
dix Table 2).

These experiments yielded 2 conclusions. First, larvae 
of the northern strain can develop not only in muscles but 
also in the brain of reindeer. Second, the northern strain is 
capable of developing in cattle, although viability seems 
to be drastically reduced. However, this pioneering work 
went unnoticed by the Soviet scientific community, and re-
searchers in Moscow later conducted similar experiments.

2032 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 12, December 2017

Figure 2. Vera I. Shakhmatova, one of the pioneers of infection 
experiments with the northern strain of Taenia saginata 
tapeworms, examining parasitologic specimens during a field 
expedition in northern Siberia, Russia, 1975. Photograph courtesy 
of the Institute of Systematics and Ecology of Animals, Siberian 
Branch of the Russian Academy of Sciences.
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A research group from the K.I. Skrjabin Institute of Hel-
minthology in Moscow conducted a series of experiments 
during the 1980s (17,21,22) that essentially duplicated the 
previous study conducted by Mozgovoy et al. (16). Eggs of 
the northern strain were obtained from 2 Nenets children 
from a small settlement (Novyi Port) on the Yamal Peninsula 
(17,21). The only meat the 2 children consumed was rein-
deer meat, and the children never left the territory. Compara-
tive specimens for the southern strain were obtained from 
Moscow and Uzbekistan. Results confirmed the previous 
findings of Mozgovoy et al. (16). On the basis of a slightly 
higher number of experimental animals (online Technical 
Appendix Table 1), the affinity of the northern strain for rein-
deer brain was demonstrated. Low viability in cattle was also 
shown. In addition, 3 naturally infected reindeer were found 
among 413 carcasses examined in Novyi Port (17). All in-
fected reindeer were >2 years of age (this group included 
201 animals), and 1 or 2 cysticerci of T. saginata per animal 
were found (all in the brain). This finding was probably the 
only confirmed observation of natural infections in reindeer.

During an initial experiment, Kirichek et al. reported 
that “two reindeer died 14 and 28 days after infection with-
out visible clinical signs of cysticercosis” (17). However, 
there was a dramatic story behind this laconic sentence. 
Reindeer used for experiments were born and reared isolat-
ed from natural herds in a vivarium in Salekhard (17). Ac-
cording to an anonymous eyewitness, the infected reindeer 
(2 adults and 1 calf) were transported to Moscow for obser-
vation. Just after arrival, both adult reindeer escaped. One 
soon died in a car accident, but the other one ran away and 
spent 2 weeks in parks in Moscow, until it was found and 
killed. These reindeer were unlikely to have been exposed 

to additional T. saginata eggs during their escape. More 
than 1,000 degenerating cysticerci were found in their bod-
ies. However, heads of these animals were not examined, 
possibly because of unscheduled dissections (17).

In 1986, successful self-infection was performed by 
Kirichek et al. with cysticerci from the brain of an experi-
mentally infected reindeer (21) (online Technical Appen-
dix Table 2). Cysticerci, collected 115 days postinfection 
were infective. The clinical course, including the prepatent 
period (97 days), signs (periodic diarrhea, light meteorism 
[rapid accumulation of gas in the intestine], anal irritation 
caused by actively moving proglottids, pyrosis, vomiting, 
and lack of appetite), and excretion of proglottids (21), cor-
responded to that of taeniasis caused by T. asiatica or the 
beef-derived southern strains of T. saginata (1–3).

Cerebral Cysticerci and Morphologic  
Characterization of Adult Tapeworms
Histopathologic analysis of northern strain cysticerci was 
performed by parasitologists from the Soviet Union and 
Czechoslovakia (22) for specimens from the experimental 
studies of the K.I. Skrjabin Institute (17,21). Viable cysti-
cerci in reindeer were located in the subarachnoid space but 
were not found in brain tissue or spinal cord (22). Larval 
structure and tissue reactions corresponded to those of the 
southern strain in cattle muscle (22). The infection typical-
ly caused a nonpurulent meningoencephalitis with neuro-
logic symptoms (e.g., reeling and walking in circles) (17). 
Cysticerci in reindeer muscles and heart died at an early 
developmental stage, possibly because of nutritional defi-
ciency and immunologic response, and were fully resorbed 
within 3 months (17,22). It was assumed that immunologic 
responses appear later in the brain than in other tissues or 
are less effective (22).
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Figure 3. Researcher Anatoly M. Serdyukov with a calf 
experimentally infected with Taenia saginata tapeworms, Sovkhoz 
Rossia, Altai Krai, western Siberia, Russia, 1975. Photograph 
courtesy of the Institute of Systematics and Ecology of Animals, 
Siberian Branch of the Russian Academy of Sciences.

Figure 4. Muscle cysticerci of the northern strain of Taenia 
saginata tapeworms in an experimentally infected calf, western 
Siberia, Russia. Photograph courtesy of the Institute of 
Systematics and Ecology of Animals, Siberian Branch of the 
Russian Academy of Sciences.
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Cerebral localization of cysticerci explained the un-
successful attempts of previous researchers to find larvae 
of T. saginata in reindeer carcasses. The nonindigenous 
population in northern Siberia eagerly consumes venison, 
often undercooked. However, raw brain is consumed only 
by the native population. Given the extremely limited natu-
ral resources in northern Siberia, raw brain and other tis-
sues have traditionally been a common source of nutrition 
for many indigenous peoples in this region (Figure 5).

Morphologic studies of northern T. saginata adult 
stages are limited. The literature does not provide data de-
scribing detected cestodes but refers only to their specific 
identification. It seems logical that expelled fragments were 
identified after diagnostic deworming, but criteria were not 
provided. We must assume that diagnoses were primarily 
based on 2 widely used attributes: lack of hooks in the sco-
lex and number of uterine branches in mature proglottids 
(Figure 6, panels A, B).

A complete morphologic description of the northern 
strain was reported (23) (original illustrations in Figure 
6). Serdyukov (23) also reported a detailed comparison  

between northern and southern strains by using specimens 
from patients in Gyda (8 specimens) and Novosibirsk (4 
specimens). This study was conducted simultaneously with 
the experimental work of his colleagues (16). Only a few 
minor differences were detected (e.g., the cirrus sac was 
longer and the average number of uterine branches was 
slightly higher in the southern strain). Given the poorly 
understood natural phenotypic variation, the role of these 
differences remains unclear. If one considers the nearly 
complete congruence of morphologic characteristics, spec-
imens of the northern strain were clearly related to T. sagi-
nata (and T. asiatica) and could not represent any other 
known species or group of Taenia tapeworms.

Identification by DNA Barcoding
In the Soviet Union and later in Russia, the northern strain 
of T. saginata was considered a form or isolate confined 
to an atypical intermediate host, the reindeer. This defini-
tion has not been subjected to further questioning, beyond 
the unsupported contention that it might represent a distinct 
species (2). Since the description of T. asiatica, a species 
closely related to T. saginata, a taxonomic reconsideration 
of the northern strain has become relevant. Nonbovid in-
termediate hosts and distinctly different predilection sites 
for cysticerci differentiate T. asiatica and northern T. sagi-
nata from classic T. saginata. Because T. asiatica was not 
known by parasitologists of the Soviet era, host switching 
from pigs to reindeer was not considered, and cysticerco-
sis in pigs was not investigated in disease-endemic areas. 
Pigs are commonly reared for food production in villages in 
northern Russia because they are much easier to keep than 
cattle during the cold season.

A major question is the relationship between the north-
ern strain and other unarmed (no rostellar hooks) Taenia 
spp. Could it represent an independent lineage, or could 
it be related to T. asiatica instead of classic T. saginata? 
On the basis of available descriptions (23–25), all 3 forms 
are virtually morphologically indistinguishable. Thus, mo-
lecular genetic characterization was required to confirm the 
identity of the northern strain.

To resolve this question, we analyzed a formalin-pre-
served archival specimen of the northern strain from the 
collection of the Institute of Systematics and Ecology of 
Animals in Novosibirsk. A fully developed tapeworm was 
expelled from a 7-year-old Nenets child in Gyda in 1974. 
The patient had never consumed beef or pork. Morphol-
ogy of the specimen was reported (23). In addition, we at-
tempted to extract DNA by using cysticerci (all specimens 
were preserved in formalin) from reindeer obtained during 
the experiments of Mosgovoy et al. (16), but PCR amplifi-
cations were unsuccessful.

The specimen from Gyda was characterized on the ba-
sis of a region of the mitochondrial cytochrome c oxidase 
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Figure 5. A Khanty mother and her child eating raw reindeer meat 
in the Yamal Peninsula (Yamalo-Nenets Autonomous Okrug), 
northern Siberia, Russia, 1991. Photograph courtesy of Marianna 
Flinckenberg-Gluschkoff.
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subunit 1 (cox1) gene of T. saginata (mitochondrial ge-
nome DDBJ/EMBL/GenBank accession no. NC_009938), 
which has been used for >20 years in barcoding of taeni-
ids. We isolated genomic DNA from a tapeworm proglot-
tid by using the DNeasy Tissue Kit (QIAGEN, Hilden, 
Germany). Because the DNA was fragmented and dam-
aged by prolonged preservation in formalin, we gener-
ated short overlapping amplicons (≈200 bp each) by using 
specific primer pairs (online Technical Appendix Table 
3). We performed PCR with 40 thermal cycles (94°C for 
30 s, 50°C for 30 s, and 72°C for 30 s) and cloned am-
plicons by using the pGEM-T Vector System (Promega, 
Madison, WI, USA). Procedures for PCR, cloning, and 
sequencing have been reported (26). Overlapping cox1 se-
quences obtained were assembled into a single contiguous 
sequence (426 nt, DDBJ/EMBL/GenBank accession no. 
LC063349). The resultant sequence was phylogenetically 
compared with those of T. saginata, T. asiatica, and T. 
crocutae (an outgroup). We used MEGA6 software (27) 

for alignment, distance calculation, substitution model 
search, and maximum-likelihood estimation.

The sequence of cox1 suggested that the specimen of 
the northern strain represents T. saginata (Figure 7). The 
cox1 fragment differed only by 3 nt from the correspond-
ing reference sequence of T. saginata. Nevertheless, no 
sequences identical to the Gydan specimen were found in 
DNA databases. The difference was within the variation 
that can be detected for sequences of T. saginata in these 
databases (DDBJ/EMBL/GenBank). Unfortunately, a short 
sequence from 1 specimen does not enable estimation of 
phylogeographic relationships of the northern strain.

Taenia asiatica and T. saginata are considered distinct 
species mainly because of differences in life history, local-
ization in the intermediate host, and phylogenetic data in-
dicating a sister species relationship (24,28,29). However, 
genetic studies have shown recent hybridization of these 
parasites, which clearly indicates that the reproductive bar-
rier between them is not complete and is consistent with 
a relatively shallow time frame for divergence (30). This 
finding makes the validity of T. asiatica as a separate spe-
cies questionable. Genetic distance between T. asiatica and 
T. saginata is much higher than between the northern and 
southern strains of T. saginata (Kimura 2-parameter dis-
tance 0.039 vs. 0.007, respectively). The northern strain of 
T. saginata is partially adapted (by unknown mechanisms) 
to the reindeer intermediate host (17,22). Evidence sug-
gests a recent origin of the human–reindeer cycle in this 
geographically restricted area. Therefore, we conclude that 
strain is the most suitable definition for this parasite, as well 
as the basically equal form, which was used by parasitolo-
gists in the Soviet Union. The term isolate, which has also 
been used in Russia for T. saginata from northern regions, 
today refers most often to a particular taeniid specimen or 
materials derived from it.

Origin and Current Situation
The earliest archaeologic evidence of reindeer domestica-
tion comes from the Sayan Mountains on the border of Sibe-
ria and Mongolia and dates from >2,000 years ago (31,32) 
(Figure 1). Reindeer domestication was not an isolated pro-
cess, but in relation to other domesticated animals, includ-
ing cattle (31,32), domestications provided an interface for 
host switching of T. saginata. A recent archaeoparasitologic 
study in the region of the Kan River, which runs northward 
from the Sayans Mountains, reported that human-infecting 
Taenia tapeworms might have established a wildlife-depen-
dent cycle in Siberia before reindeer domestication (33). 
Three taeniid eggs were found in remains of a human buried 
3,000–4,000 years ago, but animal bone findings at archaeo-
logical sites showed that diet during that period was based 
mainly on cervids other than reindeer (33). T. saginata is not 
known to have a life cycle involving wild cervids.
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Figure 6. Original drawings of the northern strain of Taenia 
saginata tapeworms from Gyda, Yamalo-Nenets Autonomous 
Okrug, northern Siberia, Russia, by Serdyukov (23). A) Scolex 
showing the lack of a rostellar hook crown in the middle of the 
scolex, which is a synapomorphy in T. saginata and T. asiatica 
tapeworms. B) Gravid proglottid showing the number of uterine 
branches, which is a commonly used character in species 
identification. C) Mature proglottid. Scale bars indicate 1 mm. 
Image courtesy of the Institute of Systematics and Ecology of 
Animals, Siberian Branch of the Russian Academy of Sciences.
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Reindeer herding (and probably related parasites) 
spread widely across Siberia. Dominating cultures have 
later repressed old food habits. For example, in Yakutia, 
the Yakuts, who came relatively recently from the south, 
do not consume raw brain, but the Evenki, who are descen-
dants of the first reindeer herders who migrated north and 
northeast from the region of Lake Baikal (32), still continue 
to locally maintain old dietary practices.

Genetic evidence indicates that reindeer were domes-
ticated independently in Fennoscandia (northern Europe) 
(34). The indigenous reindeer-herding Sámi people do not 
eat raw reindeer tissues and have not done so in recent cen-
turies (35,36). In Finland, for example, the traditional Sámi 
diet included reindeer brain in cooked brain cakes; only 
blood was occasionally consumed raw to provide health 
benefits (36). These findings indicate that there was no eco-
logic niche for a brain-associated parasite in the western 
part of the reindeer husbandry area of Eurasia, or it became 
extinct a long time ago.

Today, YaNAO appears to be the only region to which 
the northern strain of T. saginata is endemic. Epidemio-
logic studies have shown that 10–25 cases are reported 
annually in YaNAO; virtually all cases are linked to raw 
reindeer brain consumption (37,38). Most of these cases 
were identified in the native population, which is deeply 
committed to traditions. Tapeworm carriers are typically 
nomadic reindeer herders.

Approximately 50,000–60,000 reindeer are slaugh-
tered annually in YaNAO (37–39). Reindeer heads are 
not used for commercial food production or otherwise by 
industry. Thus, reindeer brains are not routinely inspected 

for T. saginata cysticerci. According to the regional gov-
ernment of YaNAO, the reindeer population of the district 
is 730,000 animals, which is the largest herd in the world 
(39,40). More than 16,000 persons are involved in reindeer 
herding and migrate on the tundra. These persons have tra-
ditional nomadic lifestyles, food habits, and minimal ac-
cess to healthcare. These facts, together with the long life 
span of the parasite, ensure that the northern strain of T. 
saginata will survive in this region for many years. Never-
theless, the modern world (globalization, oil drilling, and 
climate change) casts a dark shadow over the parasite life 
cycle, which is dependent on fragile traditional cultures of 
native populations in these regions.
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In January 2017, a yellow fever outbreak occurred in Espirito 
Santo, Brazil, where human immunization coverage is low. 
Histologic, immunohistologic, and PCR examinations were 
performed for 22 deceased nonhuman New World primates; 
typical yellow fever features were found in 21. Diagnosis in 
nonhuman primates prompted early public health response.

Yellow fever is a reemerging, zoonotic, noncontagious 
viral hemorrhagic disease endemic to Africa and 

South America; outbreaks occasionally occur among hu-
man and nonhuman primates (1). It is caused by the yellow 
fever virus (family Flaviviridae, genus Flavivirus), which 
is carried by the vector mosquitoes Haemagogus and Sa-
bethes (sylvatic cycle) and Aedes aegypti (urban cycle) (2).

Presumptive first reports of infection with yellow fever 
virus occurred ≈500 years ago (San Domingo, 1498; west-
ern Africa, 1585), and the first epidemics were recorded in 
the 17th century (Barbados, Cuba, and Mexico) (3–5). By 
the 18th century, epidemics were already deemed a threat 
for public health in the Old and New Worlds; transoceanic 
migrations played a major role in virus spread (3,6). After 
entering Brazil by the coast in the 17th century, the virus 
was gradually displaced to northwestern and midwestern 
areas. Since the 19th century, yellow fever outbreaks oc-
curred in many cities in Brazil, until 1942, when the urban 
cycle was eradicated. By the late 1900s through the first 
decade of the 21st century, beginning in 1997, intense virus 
circulation extended from the Amazon region to the con-
tiguous states of Goiás and Mato Grosso do Sul (central 
Brazil). During 2008–2009, a new outbreak was registered 
and the virus reached southern and southeast regions of 
the country (1). In 2017, an epizootic occurred in Espirito 

Santo state, Brazil, where yellow fever virus has not circu-
lated in the past 50 years and human vaccination coverage 
is low. We performed diagnostics on a small cohort of New 
World nonhuman primates in this state.

The Study
In January 2017, an outbreak involving deaths of humans 
and New World nonhuman primates (hereafter nonhu-
man primates [NHPs]) spread from Minas Gerais state to 
Espirito Santo state. Espirito Santo is located in a forest 
along the Atlantic coast of southeastern Brazil and borders 
Minas Gerais, Rio de Janeiro, and Bahia states. The virus 
advanced through Atlantic forest fragments (7), areas pre-
viously considered not at risk for yellow fever virus trans-
mission. We performed histopathologic analyses, immuno-
histochemical analyses (IHC), and PCRs on 22 NHPs that 
died early in the Espirito Santo outbreak (Figure 1).

Veterinarians trained by health authorities performed 
standardized necropsies under the yellow fever national 
surveillance program (8). Of 22 NHPs found dead, 2 were 
howler monkeys (Alouatta spp.) and 20 were NHPs not 
further identified. Liver, spleen, kidney, heart, and lung 
samples were collected and fixed in 10% neutral buffered 
formalin and processed for routine histopathology and in 
liquid nitrogen for RNA real-time reverse transcription 
quantitative PCR.

Histologic examination indicated the following for 
all animals: zonal bridging (largely midzonal and centri-
lobular) or massive liver necrosis with Councilman bodies,  
varying degrees of macrovacuolar and microvacuolar ste-
atosis, and pleocellular (mainly lymphohistiocytic) inflam-
matory infiltrates, accompanied by hemorrhage and hemo-
siderosis (Figure 2, panels A, B; online Technical Appendix 
Table 1, https://wwwnc.cdc.gov/EID/article/23/12/17-0685-
Techapp1.pdf). Additional liver lesions were microabscesses 
(6), endothelial necrosis (5), oval cell hyperplasia (2), mas-
sive macrovacuolar steatosis with rare midzonal to random 
single-cell necrosis (1) (Figure 2, panel C), and fibrin mi-
crothrombi in sinusoids (1). Other consistent findings were 
splenic lymphoid depletion and follicular necrosis/lympho-
cytolysis (19), acute renal tubular necrosis with protein casts 
and hemoglobin casts (6), and multisystemic hemorrhage, 
more prominent in lungs (6).

For IHC, we tested liver tissue sections with an in-
house primary polyclonal anti–yellow fever virus antibody 
(1:40,000, derived from hyperimmune mouse serum); sig-
nal amplification was achieved with a HiDef Detection  
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HRP Polymer System (Cell Marque/Sigma-Aldrich, Rock-
lin, CA, USA) and visualization with diaminobenzidine 
(D-5637; Sigma-Aldrich, St. Louis, MO, USA). We in-
cluded human and nonhuman primate positive and nega-
tive control tissues with omitted first-layer antibody. Tis-
sue from all animals showed positive granular cytoplasmic 
hepatocyte immunolabeling, with varying percentages of 
involvement and immunolabeling intensity (online Techni-
cal Appendix Table 2). Immunopositivity was more intense 
in degenerating and remaining hepatocytes, most often en-
compassing periportal cord segments and terminal plates 
(Figure 2, panel D). Necrotic hepatocytes consistently 
lacked immunoreactivity.

For PCRs, we extracted viral RNA from whole blood 
(n = 6); serum (n = 1); and liver, kidney, and spleen (n = 
4) tissue samples by using a QIAamp RNA Blood Mini Kit 
(QIAGEN, Valencia, CA, USA), following the manufac-
turer’s instructions. We amplified virus fragment by using 
the protocol designed by Drosten et al. (9), which targets 
the 5′ noncoding region (112-bp long) of the genome. All 
samples were positive; cycle thresholds were 11–26 (cutoff 
value 38; online Technical Appendix Table 2).

Brazil has an established yellow fever national sur-
veillance program (e.g., postmortem NHP studies, vector 
analyses) focused on early detection of virus circulation, 
which enables prompt implementation of vaccination 
and vector control (8). Yellow fever diagnosis under this 
program is achieved by histopathologic, IHC, and PCR 
results from liver samples of NHPs, performed by refer-
ence laboratories (e.g., Adolfo Lutz Institute, São Paulo, 
Brazil). A multidisciplinary work team and combination 
of laboratory techniques are essential for a quick, high-
quality response that initiates field actions (e.g., vaccina-
tion, vector control).

We observed classic histopathologic commonalities 
with yellow fever–associated disease in humans (mid-
zonal lytic necrosis, apoptotic bodies, steatosis, and 
scarce paucicellular inflammation) (10,11). The severity 
and extent of these lesions probably accounted for severe 
hepatic failure and death of the animals. The knowledge 
of naturally occurring yellow fever–associated disease in 
NHPs gained since the early 1900s is fragmentary (12) 
and mainly limited to Alouatta spp. and Callithrix spp. 
NHPs (6,11). Alouatta spp. monkeys are very susceptible 
to yellow fever; fatal disease has supported a sentinel role 
for yellow fever virus circulation since the 1930s (11). 
Hepatic lesions of several NHP species, experimentally 
or naturally infected, are similar to those in humans (11). 
In this study, 1 animal had atypical liver histopatholog-
ic features, characterized by massive steatosis with rare 
midzonal to random single-cell necrosis/apoptosis. Ad-
ditional liver findings were multifocal microabscesses, 
probably the result of acute bacterial ascending (intesti-
nal) infection or concomitant septicemia; endothelial ne-
crosis; and attempted hepatic regeneration as suggested 
by oval cell hyperplasia. The pathologic signature of yel-
low fever–associated disease in NHPs (≈150 species) is 
not fully resolved. Ongoing comparisons between yellow 
fever–associated disease in humans and NHPs may help 
elucidate convergent and divergent pathogenetic mecha-
nisms and characterize typical and atypical features, thus 
delineating the pathologic signature in NHPs.

Before the advent of PCR, the method of choice for 
diagnosing yellow fever was IHC, which remains a highly 
reliable diagnostic tool (13), even in the presence of some 
autolysis (14). In our study and the ongoing outbreak, his-
topathologic analyses and IHC were vital for successful 
diagnosis, enabling detection of atypical presentation, par-
alleling the sensitivity and specificity of PCRs. In a public 
health context, IHC will greatly aid in yellow fever diagno-
sis when molecular analysis is not an option, as occurred 
for 11 of 22 cases in this study. Although RNA extraction 
from paraffin-embedded tissues is possible, it is not exten-
sively applied and the degradation of RNA may lead to 
false-negative results.

Figure 1. Locations (red shading) of nonhuman primates that died 
of yellow fever, Espirito Santo, Brazil, January 2017. Inset shows 
location of Espirito Santo (light gray shading) and 4 other states 
within Brazil. GO, Goias; MG, Minas Gerais; MT, Mato Grosso do 
Sul; SP, São Paulo.
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Conclusions
During January–July 2017, yellow fever was diagnosed for 
150 of 1,000 tested NHPs (15% occurrence) from southern 
states of Brazil. NHPs were effective yellow fever sentinels 
and enabled rapid government response (8,15). Although 
the Espirito Santo outbreak had damaging socioeconomic 
and environmental consequences, adequate case conduc-
tion and diagnosis may have prevented further human 
deaths and diminished disease expansion. In contrast, the 
effects of yellow fever virus spreading among NHPs in the 
Atlantic forest are expected to be devastating. 
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To identify potential reservoirs/vectors of Mycobacterium 
ulcerans in northern Queensland, Australia, we analyzed 
environmental samples collected from the Daintree River 
catchment area, to which Buruli ulcer is endemic, and ad-
jacent coastal lowlands by species-specific PCR. We de-
tected M. ulcerans DNA in soil, mosquitoes, and excreta of 
bandicoots, which are small terrestrial marsupials.

Mycobacterium ulcerans infections, which cause the 
chronic, necrotizing skin disease Buruli ulcer (BU), 

occur mainly in focalized areas in West Africa but have 
also been reported in Australia, Asia, and the Americas (1). 
Much of the pathology of this debilitating disease is caused 
by mycolactone, a macrolide toxin (2) unique for members 
of the species M. ulcerans, which are also referred to as 
mycolactone-producing mycobacteria (3).

Although the definite route of infection with M. ulcer-
ans remains obscure, in Victoria, Australia, small arboreal 
marsupials (possums) have been implicated as reservoirs 
of the pathogen, and mosquitoes have been implicated as 
vectors of the pathogen (4,5). In a second BU-endemic area 
of Australia, in Far North Queensland (6), a similar animal 
reservoir has not been identified. In this region, outbreaks 
of BU occur in waves, separated by several years, and 
are believed to be associated with environmental changes 
caused by heavy rainfall.

The major region in Far North Queensland to which 
BU is endemic is a rim of valleys and lowlands surrounding 
the Dagmar Range and extending from Daintree and Forest 
Creek in the northern region to Mossman in the southern 
region (6). In this area, a BU outbreak with 64 reported 
cases occurred in 2011 after the exceptionally long and wet 

rainy season during 2010–2011, which led to flooding of 
the Daintree River basin (7). An additional 23 cases were 
identified in 2012, but numbers subsequently reported have 
been sporadic.

Although proximity to stagnant water bodies and hy-
dromorphologic alterations are well-established risk fac-
tors for emergence of M. ulcerans infection foci (8), defi-
nite ecologic factors leading to focal emergence of BU in 
humans have not been determined. The aim of this study 
was to identify potential reservoirs and vectors of M. ul-
cerans in the BU-endemic area of Far North Queensland 
by analyzing environmental samples for the presence of 
species-specific DNA sequences.

The Study
We collected 102 environmental samples (55 from soil/
mud/vegetation, 35 from insects or small insect pools, and 
12 from animal excreta) in September 2013 from different 
locations within the Daintree River basin, in which BU cas-
es were reported during the outbreak in 2011. Global posi-
tioning system coordinates were recorded for all sampling 
locations (Figure 1). Specimens were collected in sterile 
plastic containers and shipped to the Victorian Infectious 
Disease Reference Laboratory (Melbourne, Victoria, Aus-
tralia) for PCR analysis.

We extracted DNA by using the FastPrep Instrument 
(MP Biomedicals, Solon, OH, USA) as described (4). 
We used the FastDNA Kit (MP Biomedicals) for insect 
samples and the FastDNA Spin Kit (MP Biomedicals) for 
soil, mud, vegetation, and feces samples. We analyzed 
DNA extracts by using semiquantitative real-time PCRs 
optimized for detection of M. ulcerans in environmental 
samples (9). We first screened all extracted DNA samples 
for M. ulcerans insertion sequence element IS2404. Sub-
sequently, we analyzed IS2404-positive samples in a sec-
ond real-time PCR to detect 2 additional regions in the 
genome of M. ulcerans: IS2606 and a sequence encoding 
the ketoreductase B domain of the mycolactone polyketide 
synthase genes.

Of the 102 samples, 5 (1 soil specimen, 2 bandicoot 
[Isoodon macrourus] feces samples, 1 sample of an indi-
vidual mosquito, and 1 pool of 2 mosquitoes) were posi-
tive for IS2404. Although 3 of the 5 specimens did not 
contain sufficient amounts of DNA to identify IS2606 and 
the ketoreductase B domain of the mycolactone polyketide  
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synthase genes, as indicated by the high cycle threshold 
(Ct) values for multicopy IS2404 (Table), these markers 
were detectable in the other 2 samples (bandicoot feces and 
the pool of 2 mosquitoes) (Figure 1). The IS2404–positive 
soil sample and the 2 bandicoot feces specimens were col-
lected at the same location (Figure 1), close to a small pond 
(Figure 2, panel A), and 2 positive mosquito samples were 
collected at Wonga Beach (Figure 1).

As reported (9), analysis of difference in real-time 
PCR cycle thresholds between IS2606 and IS2404 (ΔCt 
[IS2606 – IS2404]) enables differentiation between strains 
of M. ulcerans known to cause BU in humans and other 
mycolactone-producing mycobacteria strains that contain 
IS2404 but have fewer copy numbers of IS2606 and are 
not known to cause disease in endotherms. Thus, DNA in 
bandicoot feces could be attributed to the M. ulcerans gen-
otype known to cause BU (Table). Conversely, the mos-
quito pool contained DNA of a closely related M. ulcerans 
subspecies that had a low copy number for IS2606 (Table), 
which is usually not associated with disease in endotherms.

The location at which the bandicoot specimen contain-
ing M. ulcerans DNA was collected was situated in a na-
ture refuge. In October 2013, we performed a follow-up  
environmental study that focused on environmental samples, 
predominantly animal excreta, collected in this refuge. Of 
18 soil/mud/vegetation specimens, 12 insects/insect pools, 
and 74 animal excreta samples collected, only 1 sample, a 
bandicoot feces specimen found at almost the same location 
as the M. ulcerans–positive bandicoot feces specimens col-
lected during the first sampling (Figure 1), was also positive 
for all M. ulcerans DNA markers tested (Table).

Conclusions
Motivated by increased evidence for the role of M. 

ulcerans–infected possums in the ecology of human BU 
in southeastern Australia (4,5), we searched for a similar 
animal reservoir of M. ulcerans in a BU-endemic area of 
northern Queensland. Detection of M. ulcerans DNA in 
bandicoot feces at 2 sampling time points separated by 4 
weeks suggests that small mammals might be a potential 

Figure 1. Sample collection 
for detection of Mycobacterium 
ulcerans DNA in Buruli 
ulcer–endemic area, northern 
Queensland, Australia. 
Environmental samples were 
collected in the Daintree River 
basin during September (yellow) 
and October (green) 2013. 
Red indicates locations where 
Bandicoot feces and mosquito 
pool samples with positive 
results by real-time PCR for  
all 3 M. ulcerans targets 
were collected. Inset shows 
specimens from bandicoots  
and mosquitoes. Map created  
by using Google Earth  
(https://www.google.com/earth/). 

 
Table. Molecular genetic analysis of environmental samples for Mycobacterium ulcerans DNA in Buruli ulcer–endemic area, northern 
Queensland, Australia* 

Sample 
Real-time PCR analysis 

IS2404 IS2606 IS2606–IS2404 KR 
Bandicoot feces 1† 37.3 ND ND ND 
Bandicoot feces 2† 27.8 29.1 1.3 28.9 
Soil 36.3 ND ND ND 
Mosquito 39.2 ND ND ND 
Mosquito pool 31.0 38.6 7.6 31.9 
Bandicoot feces‡ 31.4 33.9 2.5 33.9 
*Values are mean cycle thresholds of duplicate tests. IS, insertion sequence; KR, ketoreductase B domain of mycolactone polyketide synthase genes; 
ND, not detected. 
†Collected in September 2013. 
‡Collected in October 2013. 
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reservoir for this pathogen. Our data provide a basis for 
future investigations, which should include a survey of the 
local animal population for lesions of BU. Similar studies 
have not identified a mammalian animal reservoir in BU-
endemic regions of West Africa (10). Therefore, investi-
gations should be conducted to determine whether at least 
some marsupial species are more susceptible to M. ulcer-
ans infection than other mammals.

In Far North Queensland, the Daintree River obtains 
its waters from the mountainous rainforest region north-
west of the small town of Mossman and flows into the sea 
at Cape Tribulation. The wet season is November/Decem-
ber–April, and the dry season is May–October/November. 
We encountered different environmental conditions at the 2 
sampling time points. In September, water bodies, includ-
ing creeks, small lakes, and swamps, were filled with water 
(Figure 2, panel A). However, water levels were compara-
tively low at the end of the dry season in October; some wa-
ter bodies had even dried up (Figure 2, panel B). Samples 
from other water bodies, such as creeks (Figure 2, panel C) 
or biotopes near houses (Figure 2, panel D) in which the 
presence of M. ulcerans was suspected, all showed nega-
tive results for IS2404.

Because outbreaks of BU in Far North Queensland 
were historically related to heavy rainfalls and flooding, 
future studies in this region should be performed during or 
shortly after the rainy season. Although mosquitoes seem 
to be involved in the ecology of BU in Victoria (5,11,12), 
the mosquito sample positive for M. ulcerans in this study 
did not have a bacterial genotype that is known to com-
monly cause disease in endotherms.
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An outbreak of influenza A(H7N2) virus in cats in a shelter in 
New York, NY, USA, resulted in zoonotic transmission. Virus 
isolated from the infected human was closely related to vi-
rus isolated from a cat; both were related to low pathogenic-
ity avian influenza A(H7N2) viruses detected in the United 
States during the early 2000s.

Avian influenza viruses occasionally cross the species 
barrier, infecting humans and other mammals af-

ter exposure to infected birds and contaminated environ-
ments. Unique among the avian influenza A subtypes, both 
low pathogencity and highly pathogenic H7 viruses have 
demonstrated the ability to infect and cause disease in hu-
mans (1,2). In the eastern and northeastern United States, 
low pathogenicity avian influenza (LPAI) A(H7N2) viruses  

circulated in live bird markets periodically during 1994–
2006 (3) and caused poultry outbreaks in Virginia, West 
Virginia, and North Carolina in 2002 (4). During an out-
break in Virginia in 2002, human infection with H7N2 vi-
rus was serologically confirmed in a culler with respiratory 
symptoms (5). In 2003, another human case of H7N2 infec-
tion was reported in a New York resident (6); although the 
source of exposure remains unknown, the isolated virus was 
closely related to viruses detected in live bird markets in the 
region. Because of the sporadic nature of these and other 
zoonotic infections with influenza H7 viruses throughout 
the world, the World Health Organization (WHO) recom-
mended development of several candidate vaccine viruses 
for pandemic preparedness purposes, including 2 vaccines 
derived from North American lineage LPAI viruses, A/tur-
key/Virginia/4529/2002 and A/New York/107/2003 (7).

The Study
On December 19, 2016, the New York City Department of 
Health and Mental Hygiene collected a respiratory speci-
men from a veterinarian experiencing influenza-like illness 
after exposure to sick domestic cats at an animal shelter 
in New York, NY, USA. The specimen tested positive for 
influenza A but could not be subtyped. Specimen aliquots 
were shipped to the Wadsworth Center, New York State 
Department of Health (Albany, NY, USA), and to the Cen-
ters for Disease Control and Prevention (CDC; Atlanta, 
GA, USA). Next-generation sequencing performed at the 
New York State Department of Health generated a partial 
genomic sequence (6 of 8 influenza A virus gene segments) 
that aligned most closely with North American lineage 
LPAI A(H7N2) viruses. North American lineage H7 real-
time reverse transcription PCR (rRT-PCR) testing and di-
agnostic sequence analysis performed at CDC confirmed 
the sample to be positive for influenza A(H7N2) virus. Vi-
rus isolation was attempted by inoculating the sample in 
10-day-old embryonated chicken eggs and MDCK CCL-34 
and CRFK (Crandell-Rees Feline Kidney) cell lines (Amer-
ican Type Culture Collection). A/New York/108/2016 was 
successfully isolated from eggs but not from MDCK or 
CRFK cells. Codon complete sequencing of the egg-iso-
lated virus (GISAID accession nos. EPI944622–9; http://
www.gisaid.org) showed no nucleotide changes compared 
with the hemagglutinin (HA) and neuraminidase (NA) gene 
segments sequenced directly from the clinical specimen. 
The virus was nearly identical (99.9%) to a virus isolated 
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from a cat, A/feline/New York/16-040082-1/2016, from a 
New York shelter where the veterinarian had worked; the 
cat died of its illness. Phylogenetic analysis of the cat and 
human viruses showed that their genomes were closely 
related to LPAI A(H7N2) viruses that were circulating in 
the northeastern United States in the early 2000s (online 
Technical Appendix Figure, https://wwwnc.cdc.gov/EID/
article/23/12/17-0798-Techapp1.pdf).

Analysis of the HA gene segments revealed that A/
New York/108/2016 and A/feline/New York/16-040082-
1/2016 were phylogenetically related to H7N2 viruses 
isolated from poultry in the eastern United States (New 
York, Virginia, Pennsylvania, North Carolina, Massachu-
setts) during 1996–2005, including 2 influenza A(H7N2) 
WHO-recommended candidate vaccine viruses. Although 
the internal protein coding gene segments (polybasic 1 and 
2, polyacidic, nucleoprotein, matrix, nonstructural) were 
distant to sequences available in databases (average nucle-
otide identity to the closest genetic relative was 97.6%), 
analysis indicated that they were of LPAI virus origin and 
lacked known mammalian adaptive substitutions. The lon-
ger branch lengths of the internal protein coding gene seg-
ments highlighted the scarcity of sequence data available 
for contemporary H7N2 viruses in the United States.

Similar to well-characterized H7N2 viruses, such as A/
turkey/Virginia/4529/2002 and A/New York/107/2003, A/
New York/108/2016 had deletion of amino acids 212–219 
in the mature HA protein (H7 numbering), known as the 
220-loop of the HA receptor binding domain (8). Such de-
letion has been previously shown to enhance binding and 

infectivity of H7 viruses to the mammalian respiratory tract 
and increase direct contact transmission between mam-
mals (9). Glycan microarray analysis showed that A/New 
York/108/2016 bound preferentially to α-2,3 avian-like re-
ceptors but also showed binding to the α-2,6 glycan with 
internal sialoside (LSTb, glycan #60), as well as to gly-
cans with mixed α-2,3/α-2,6 receptors (Figure 1). Strong 
binding to the LSTb glycan has been previously reported 
for North America H7N2 viruses of avian origin (8,9) and 
2013 human H7N9 viruses (10). The role of the LSTb gly-
can binding remains unknown; it has been identified only 
in human milk (11).

Additional molecular characterization of the HA1 
protein showed 20 aa differences between A/New 
York/108/2016 and A/turkey/Virginia/4529/2002 (26 aa 
in both HA1 and HA2; Figure 2). The substitution A125S 
resulted in a gain of glycosylation in the HA protein of A/
New York/108/2016, previously correlated with increased 
replication efficiency and wider tissue distribution of A/
Netherlands/219/2003 (H7N7) (12). The substitution of 
T183I was shown in other avian influenza viruses (e.g., 
H5N1) to enhance binding to mammalian sialic acid recep-
tors (13). Four of the 20 aa changes were in residues associ-
ated with antibody recognition at antigenic site B (E177G, 
S180N, T183I, and S188N) and antigenic site C (R269G). 

Figure 1. Receptor binding specificity of A/New York/108/2016 
(H7N2) influenza virus isolated from a human who experienced 
influenza-like illness after exposure to sick domestic cats at an 
animal shelter in New York, NY, USA, 2016. Figure indicates 
glycan microarray analysis. Colored bars represent glycans that 
contain α-2,3 sialic acid (SA) (blue), α-2,6 SA (red), α-2,3/α-2,6 
mixed SA (purple), N-glycolyl SA (green), α-2,8 SA (brown), β-2,6 
and 9-O-acetyl SA (yellow), and non-SA (gray). Error bars reflect 
SE in the signal for 6 independent replicates on the array. RFI, 
relative fluorescence intensity.

Figure 2. Receptor binding specificity of A/New York/108/2016 
(H7N2) influenza virus isolated from a human who experienced 
influenza-like illness after exposure to sick domestic cats at an 
animal shelter in New York, NY, USA, 2016. Figure shows A/
New York/108/2016 hemagglutinin (HA) monomer structure. 
HA1 is shown in gray, HA2 in light purple, amino acid changes 
in comparison with reference virus A/turkey/Virginia/4529/2002 
(H7N2) in red. On the cartoon view (left), all amino acid changes 
in the HA protein are labeled. The location of the receptor binding 
site (blue circle) includes the 120-loop and the 180-helix. The 
220-loop is missing due to deletion of amino acids 212–219 in the 
mature HA protein (H7 numbering). On the surface model (right), 
only amino acid substitutions adjacent to the antigenic sites 
and receptor binding site are labeled. Antigenic site B is yellow, 
antigenic site C green.

Avian Influenza A(H7N2) Virus in Human, New York
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To determine the effect of these differences on anti-
genicity, we assessed the relationships in a 2-way hem-
agglutination inhibition assay, using a panel of ferret 
antisera raised to related H7 viruses (Table). The results 
showed that A/New York/108/2016 and A/feline/New 
York/16-040082-1/2016 reacted with α-A/turkey/Virgin-
ia/4529/2002 postinfection ferret antiserum (2-fold reduc-
tion of the hemagglutination inhibition titer compared with 
the A/turkey/Virginia/4529/2002 homologous titer) and 
α-A/New York/107/2003 antiserum (8-fold reduction com-
pared with the A/New York/107/2003 homologous titer). 
These data suggest that the A/turkey/Virginia/4529/2002 
candidate vaccine virus would provide cross protec-
tion if vaccination against the 2016 H7N2 viruses was 
needed. Both A/turkey/Virginia/4529/2002 and A/New 
York/107/2003, however, reacted poorly with the antise-
rum raised against A/New York/108/2016.

A 20-aa deletion in the NA stalk region, considered a 
genetic marker of poultry-adapted viruses (14), was also 
identified in the human and feline H7N2 viruses. No genet-
ic markers known to reduce susceptibility to the NA inhibi-
tor class of antiviral drugs were identified in the NA gene. 
Results of the NA inhibition assay indicated that the H7N2 
viruses were susceptible to 4 NA inhibitors: oseltamivir, 
zanamivir, peramivir, and laninamivir (data not shown).

Conclusions
The circulation of an influenza A(H7N2) virus at the ani-
mal–human interface, especially among common com-
panion animals such as domestic cats, is of public health 
concern. Moreover, from an epidemiologic perspective, it 
is essential to understand the current distribution of LPAI 
A(H7N2) viruses in both avian and feline hosts. The US 
Department of Agriculture and state departments of agri-
culture have conducted routine avian influenza surveillance 
in live bird markets; 132,000–212,000 tests for avian influ-
enza were performed annually during 2007–2014 (15), but 
LPAI A(H7N2) viruses were not detected. The acquisition 
of many genetic changes throughout the genome of the hu-
man and cat H7N2 viruses we report, however, suggests 

onward evolution of the virus since it was last detected 
in poultry and wild birds. We found that the human virus 
bound to α-2,6–linked sialic acid receptors, which are more 
common in mammals, yet retained α-2,3–linked sialic acid 
binding, indicating that it has dual receptor specificity; this 
information can be used in pandemic risk assessment of 
zoonotic viruses. Although human infections with LPAI 
A(H7N2) viruses have occurred previously, we know of 
no other reported instances of direct transmission from a 
cat to a human.
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Division, National Center for Immunization and Respiratory 
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During autumn–winter 2016–2017, highly pathogenic avian 
influenza A(H5N8) viruses caused mass die-offs among 
wild birds in the Netherlands. Among the ≈13,600 birds re-
ported dead, most were tufted ducks (Aythya fuligula) and 
Eurasian wigeons (Anas penelope). Recurrence of avian in-
fluenza outbreaks might alter wild bird population dynamics.

Since 1996, highly pathogenic avian influenza (HPAI) 
A viruses of the A/goose/Guangdong/1/96 lineage have 

caused major losses in the poultry industry worldwide and 
≈800 confirmed human cases with a mortality rate of ≈50% 
(1,2). Wild waterbirds, the natural reservoir of low patho-
genicity avian influenza viruses, are probably involved in 
long-distance spread of HPAI viruses (3,4).

In May–June 2016, a novel reassortant of HPAI vi-
rus subtype H5N8 clade 2.3.4.4a was detected in diseased 
waterbirds in China (5) and on the border between Russia 
and Mongolia (6). In October 2016, a similar H5N8 strain 
was found in a dead mute swan (Cygnus olor) in Hungary 
(7). H5N8 viruses then spread rapidly across Europe, caus-
ing widespread death among wild waterbirds (8).

The Study
Concurrent with first detections in Austria, Germany, and 
Denmark, an H5N8 outbreak started in the Netherlands in 

early November 2016 (7). Unlike previous H5N8 outbreaks 
in the Netherlands during 2014–2015 (9,10), increased 
deaths among wild birds were observed this time.

To quantify deaths among species groups with known 
susceptibility (4,11) or that tested positive for H5N8 during 
the outbreak, we assembled daily mortality data from or-
ganizations gathering death reports or removing carcasses 
in the Netherlands during November 2016–January 2017 
(online Technical Appendix 1 Table 1, https://wwwnc.
cdc.gov/EID/article/23/12/17-1086-Techapp1.xlsx). This 
collection was facilitated by close cooperation between 
ornithologists, virologists, animal health organizations, 
and other organizations involved in managing the H5N8 
outbreak. After potential double-counts were excluded as 
much as possible, ≈13,600 wild birds of 71 species were 
reported dead (Table); 49% of all carcasses were identified 
by species, most of which were tufted duck (Aythya ful-
igula [39%]) and Eurasian wigeon (Anas penelope [37%]). 
Unidentified waterbird carcasses probably also mostly rep-
resented these species. H5N8 infection was confirmed in 21 
species and not detected among the low numbers of sam-
pled birds representing 13 other species (online Technical 
Appendix 1 Table 2).

After the first H5N8 detection in diseased water-
birds on November 8, hundreds of carcasses were found 
at Gouwzee (52°27′09′′N, 5°04′07′′E) and Wolderwijd 
(52°20′51′′N, 5°34′20′′E). Deaths at these locations peaked 
within 10 days, with ≈5,300 carcasses reported by Novem-
ber 18 (Figure 1). An estimated 85% were tufted ducks. 
Other species found dead during this period included com-
mon pochard (Aythya ferina [6%]) and Eurasian coot (Fu-
lica atra [4%]), in addition to great crested grebe (Podiceps 
cristatus), mute swan, greater scaup (Aythya marila), and 
several goose and gull species (each <1%).

Beginning in late November, outbreak hotspots moved 
from open water to water-rich agricultural areas (Figure 
1; Video, https://wwwnc.cdc.gov/EID/article/23/12/17-
1086-V1.htm). Deaths predominantly among Eurasian wi-
geon were reported from the island of Texel (≈883 birds) 
and the provinces Friesland (≈2,371), Noord-Holland 
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(≈1,375), and Zuid-Holland (≈732). Reports of dead gulls, 
raptors and corvids, presumably infected after scavenging 
on carcasses, also increased.

Because these data are based on numbers of reported 
carcasses, they provide an underestimation of actual deaths. 
Although carcass detection rates during daily searches at 
Gouwzee and Wolderwijd were estimated to be 90%–95% 
(C. Oshaar, pers. comm., June 12, 2017), search efficiency 
was probably much lower at other outbreak hotspots. Col-
lection rates of waterbird carcasses during typical avian 
botulism outbreaks are 10%–25% (12), suggesting that the 
number of carcasses reported during this H5N8 outbreak 
represented a limited proportion of total deaths.

We screened a relatively small proportion of carcasses 
for HPAI virus by real-time reverse transcription on tra-
cheal and cloacal swab samples. We then determined 
pathogenicity and N-subtype by sequencing, as previously 
described (9,13). Testing confirmed H5N8 infection in a 
large proportion of sampled tufted ducks, Eurasian wi-
geons, gulls, raptors, and corvids (Table); another HPAI vi-
rus subtype was detected only twice (H5N5 in tufted duck 
and mute swan). 

We used the public science database of Sovon (Dutch 
Center for Field Ornithology, Nijmegen, the Netherlands) 
to compare the number of deaths per species group dur-
ing November 2016–January 2017 with those occurring in 
the same timeframe from 2010–2011 to 2015–2016 (Fig-
ure 2). Death counts among diving ducks (including tuft-
ed ducks) were >2,000 times higher than average during  

November 2016–January 2017, and the relative prevalence 
of deaths substantially increased (4–177 times) for dab-
bling ducks, herons, geese, swans, and corvids. The same 
analysis based on another database (http://www.waarne-
ming.nl) yielded similar results (online Technical Appen-
dix 2 Figure, https://wwwnc.cdc.gov/EID/article/23/12/17-
1086-Techapp2.pdf).

The elevated number of deaths among wild birds 
raises concern about potential population effects. After 
accounting for detection probability (12), we found that 
up to 5% of the wintering populations of tufted ducks and 
Eurasian wigeons in the Netherlands might have died. In 
addition, 2%–10% of the wintering population of great 
black-backed gulls (Larus marinus) and 11%–39% of the 
wintering population of peregrine falcons (Falco pereg-
rinus) were similarly affected. Stronger effects were ob-
served locally. At Gouwzee, ≈6,000 tufted ducks were 
counted in December after ≈2,000 of them had died in 
November. Assuming that no migration occurred, we esti-
mate that up to 25% of the local population of tufted ducks 
might have died, which might affect population dynamics 
substantially. Additional studies are needed to evaluate 
long-term impacts on these populations and to elucidate 
why high numbers of birds survived or escaped infection.

The first H5N8 outbreak among poultry in the Nether-
lands occurred on November 25, two weeks after the first 
detection in wild waterbirds and coinciding with increasing 
death reports in Eurasian wigeons. This time lag might be 
related to the limited mobility of wintering Aythya ducks, 

 
Table. Reported bird species, winter population size estimates, number of carcasses, and rRT-PCR test results per incident during 
outbreak of HPAI A(H5N8) virus, the Netherlands, November 2016–January 2017* 

Avian family and species (common name) 
Maximum estimated winter 

population, 1,000†  No. carcasses HPAI incidents tested‡ 
Anatidae (waterbirds) 

 
7,326 51/134 

 Anas penelope (Eurasian wigeon) 680–920 2,511 18/18 
 Aythya fuligula (tufted duck) 190–230 2,633 8/11 
Unidentified waterfowl 

 
1,771 23/95 

Podicipedidae (grebes) 
 

31 3/5 
Ardeidae (herons)§ 

 
165 0/13 

Phalacrocoracidae (comorants) 
 

50 1/2 
Rallidae (rallids) 

 
279 1/9 

Scolopacidae (shorebirds)¶ 
 

103 0/2 
Laridae (gulls) 

 
698 12/28 

 Larus marinus (great black-backed gull) 7.4–13 78 5/5 
Accipitridae (hawks) 

 
119 4/17 

Falconidae (falcons)  23 3/4 
 Falco peregrinus (peregrine falcon) 0.36–0.52 16 3/4 
Corvidae (corvids) 

 
88 3/10 

Aves indet. (unidentified)   4,708 4/28 
Total  13,590 84/255 
*Incidents are defined as death reports of a species per site per day. HPAI, highly pathogenic avian influenza; rRT-PCR, real-time reverse transcription 
PCR. 
†Population estimates represent the lowest and highest yearly maxima for the Netherlands during 2009–2014. Data from Sovon (Dutch Center for Field 
Ornithology, Nijmegen, the Netherlands).  
‡Number of positive versus all tested incidents are presented (number positive/number tested), based on infection data from the Netherlands Food and 
Consumer Product Safety Authority, Dutch Wildlife Health Center, Wageningen Bioveterinary Research, and Erasmus Medical Center.  
§H5N8 HPAI virus infection in grey heron (Ardea cinerea) was confirmed elsewhere in Europe (8).  
¶Eurasian woodcocks (Scolopax rusticola) are more prone than other species to window collisions during nocturnal migration; thus, their deaths (54 
carcasses reported) might not be related to HPAI. 
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which, in contrast to Eurasian wigeons, rarely fly over land 
between foraging and roosting sites. Wild bird ecology 
might thus affect infection risk among poultry, which was 
further explored by researchers using network analyses of 
virus sequences obtained from wild birds and poultry dur-
ing the same outbreak (14).

The quality of reporting of wild bird deaths during this 
H5N8 outbreak was vastly improved compared with earlier 
outbreaks, when species names, death rates, and spatiotem-
poral patterns of deaths were rarely recorded. However, 
documentation and management of future outbreaks in 
wild birds can be further improved. To contain outbreaks 
and minimize losses in the poultry sector, early HPAI virus 

detection in wild birds is crucial. Monitoring of wild bird 
deaths can be optimized (e.g., by timely investigation at 
sites where migratory birds first arrive, especially when sur-
rounding countries report outbreaks). Awareness of clinical 
signs in wild birds (online Technical Appendix 2) might 
facilitate this effort. Detailed, real-time, active and passive 
surveillance during outbreaks might help assess acute risk 
for infection in poultry. Such surveillance would require 
central coordination of information exchange during out-
breaks, which would also facilitate evaluation afterward.

Readily available specific guidelines would help 
management of HPAI virus outbreaks in wild birds. Na-
tional HPAI preparedness plans should include specific 

Figure 1. Spatiotemporal pattern of wild bird deaths during an outbreak of HPAI A(H5H8) virus, the Netherlands, November 2016–January 
2017. A) Outbreak chronology in tufted duck (red); Eurasian wigeon (blue); unidentified carcasses (light gray), probably also mostly tufted 
duck and Eurasian wigeon; and all other species combined (dark gray). Dashed vertical lines depict the first detections in wild birds and in 
poultry in the Netherlands. B–D) Spatial overview of the reported cumulative number of deaths in November 2016 (B), December 2016 (C), 
and January 2017 (D). Each point on the maps is a pie chart giving the proportions of the respective species (groups) at that location and 
their size is scaled to the log10 of the number of reported carcasses. Yellow triangles mark the locations of outbreaks in commercial poultry 
holdings. Only locations where >3 dead birds were reported are shown. HPAI, highly pathogenic avian influenza.
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protocols about how to handle carcasses (e.g., biosafety 
and disposal instructions) and what to report (e.g., spe-
cies, number of birds, demographic parameters, and pres-
ence of leg bands). Moreover, sufficient resources should 
be available for adequate sampling and testing of speci-
mens to rule out other diseases and to track virus dynam-
ics during an outbreak.

Conclusions
Our findings indicate that the 2016–2017 H5N8 outbreaks 
in the Netherlands were associated with unprecedented 
high HPAI-related mortality rates in a wide range of wild 
bird species. These latest H5N8 outbreaks have shifted the 
paradigm of wild birds as unaffected agents of HPAI virus-
es, with increasing concerns about potential effects on their 
populations. The Netherlands and other important staging 
areas for migratory waterbirds across Eurasia that have 
been affected by the 2016–2017 H5N8 outbreaks (3,15) are 
at risk for substantial numbers of bird deaths during future 
HPAI outbreaks. International responsibilities regarding 
migratory bird populations should stimulate national au-
thorities to avert HPAI outbreaks not only in poultry and 
humans but also in wild birds.
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Multiregional outbreaks of meningitis-like disease caused 
by Elizabethkingia miricola were confirmed in black-
spotted frog farms in China in 2016. Whole-genome se-
quencing revealed that this amphibian E. miricola strain 
is closely related to human clinical isolates. Our findings 
indicate that E. miricola can be epizootic and may pose a 
threat to humans.

Elizabethkingia is a genus of gram-negative, nonmo-
tile, non–spore-forming bacilli occasionally associated 

with human clinical infections (1–6). Although E. menin-
goseptica is the most commonly identified nosocomial 
pathogen of the genus (2), many descriptions of this spe-
cies are misidentifications of E. anophelis and E. miricola 
(3–5). E. anophelis, initially isolated from the midgut of 
mosquitoes, caused a large outbreak centered in Wisconsin 
during 2015–2016 (5). E. miricola was found in 2003 in 
condensation water at the Mir space station (7). The first 
reported case of E. miricola infection was in a hematology 
patient in the United States in 2008 (8). Subsequently, E. 
miricola has been increasingly documented as causing bac-
teremia and sepsis in immunocompromised and immuno-
competent patients, mostly in European countries (6). Until 
now, pathogenic E. miricola has seldom been isolated from 
Asia, and whether E. miricola can be pathogenic to animals 
is unknown.

The black-spotted frog, Pelophylax nigromaculatus, 
is a typical amphibian species, largely endemic to east 
Asia. Owing to the success of rearing it on an artificial 
diet, this frog has been widely farmed under special gov-
ernment approval as an edible animal in south-central 
China in recent years. In 2016, epidemic meningitis-like 
disease outbreaks in cultured black-spotted frogs occurred 
in separate farms. We identified E. miricola as the pre-
dominant pathogen and used whole-genome sequencing 
(WGS) to further characterize this Asian epizootic isolate 
and phylogenetically compare it with the available typical 
Elizabethkingia genomes.

The Study
Since May 2016, many black-spotted frogs in farms in Hu-
nan Province in south-central China have experienced an 
emerging, contagious disease characterized mainly by se-
vere neurologic dysfunction. The first clinical sign is inter-
mittent swimming in circles. Thereafter, the frogs develop 
signs of torticollis (Figure 1, panel A), disorientation (Vid-
eo, https://wwwnc.cdc.gov/EID/article/23/12/17-0942-V1.
htm), and anepithymia or meteorism (Figure 1, panel E). 
These signs are followed by cataracts (Figure 1, panel C); 
proptosis or hyperemia (Figure 1, panels B, D); agitation 
or lethargy; and, ultimately, death. The frogs are farmed 
in artificial ecologic wetlands or ponds with running water 
and shelter (online Technical Appendix Figure 1, https://
wwwnc.cdc.gov/EID/article/23/12/17-0942-Techapp1.
pdf). Most ponds in 1 farm, which share a common wa-
ter supply, were infected sequentially within a short time. 
More than 60% of the frogs in the infected farms had signs 
of varying appearance, and 60%–90% of the diseased frogs 
died in the next few days or weeks. The disease continued 
until hibernation and returned the following spring.

During July–October 2016, we collected 213 ab-
normal frogs from 7 separate farms in Hunan Province, 
China (online Technical Appendix Figure 2). Histopath-
ologic examination showed severe meningitis with dena-
tured, incrassate meninges. We observed inflammatory 
infiltrates, moderate multifocal gliosis, and perivascular 
cuffing in the cerebellum (online Technical Appendix 
Figure 3). Results of the diagnostic tests for Batracho-
chytrium dendrobatidis and ranaviruses were negative 
(Table 1). Although we observed Myxosporidia proto-
zoa in the gallbladder and some protists in the intestine, 
they were not identified as the etiologic agents, consid-
ering the proportion of infection (online Technical Ap-
pendix Figure 4). 

We confirmed bacterial infections in 190 (89.2%) 
of the 213 frogs; 90% were E. miricola according to the 
16S rRNA gene sequence, which shared 99.36%–99.86% 
similarity with E. miricola DSM14571 (online Techni-
cal Appendix). We selected bacterial strain FL160902, 
isolated from frog no. 160, as the representative isolate 
and conducted experimental pathogenicity testing by 
various infection routes, including intramuscular injec-
tion, immersion infection, and cohabitation with infect-
ed frogs. All animal handling was done in compliance 
with the National Institutes of Health protocols (online  
Technical Appendix). After 2 weeks of observations 

Pathogenic Elizabethkingia miricola Infection 
in Cultured Black-Spotted Frogs, China, 2016
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(Table 2), we found that the cumulative mortality (10%–
70%) increased with dose in the injection trial and that 
100% of frogs exposed to E. miricola by immersion died. 
In the cohabitation studies, 30% mortality was recorded, 
indicating cross-infection. Koch’s postulates were satis-
fied by identification of isolates from dead frogs as E. 
miricola, identical to FL160902.

To characterize E. miricola FL160902, we conducted 
WGS with the Illumina HiSeq 2500 platform (Illumina Inc., 
San Diego, CA, USA), producing 2 × 150-bp paired-end 
reads. We assembled the trimmed reads using SOAPde-
novo (http://soap.genomics.org.cn/soapdenovo.html). We 

constructed a phylogenetic tree (Figure 2) of orthologous 
genes using RAxML (9) with 100 bootstrap replicates to 
examine the evolutionary relatedness between E. miricola 
FL160902 (GenBank accession no. NHPR00000000) and 
other Elizabethkingia genomes. The results showed that 
FL160902 was most closely related to CSID_3000517120, 
a clinical isolate of E. miricola from the United States se-
quenced by the Centers for Disease Control and Preven-
tion (CDC) (10), revealing the potential of E. miricola 
FL160902 for pathogenicity in humans.

Before WGS was commonly used, E. meningosep-
tica (previously Flavobacterium meningosepticum) was 

Figure 1. Clinical signs (arrows) in frogs with 
Elizabethkingia miricola infection in Hunan 
Province, China. A) Diseased frogs had neurologic 
signs of torticollis. B–D) Clinical signs with different 
appearances showing cataracts, proptosis, or 
hyperemia. E) Symptoms of abdominal distension. 
Scale bars indicate 1 cm.

 
Table 1. Results from etiologic detection in 213 frogs collected in Hunan, China, July–October 2016* 

Pathogen 
Tested organ No. 

positive Skin Liver Spleen Kidney Brain Intestine Muscle Gallbladder Heart 
Bacteria NT + + + + NT NT NT NT 190† 
Parasite‡ – – – – – – – + – 9 
Fungus§ – NT NT NT NT NT NT NT NT 0 
Ranaviruses NT NT – – NT NT – NT NT 0 
* NT, not tested; +, positive; –, negative. 
†Predominant bacterial infection. The results were considered positive if any one of the tested organs was positive. 
‡Class Myxosporea. 
§Batrachochytrium dendrobatidis. 

 
 
 
Table 2. Results of the experimental exposure of frogs to Elizabethkingia miricola isolate FL160902, China, 2016* 

Route of infection 
Concentration, 

CFU/mL 
No. frogs 
per trial 

Cumulative no. deaths, by days after exposure† 
Mortality, % 2 4 6 8 10 12 14 

Intramuscular injection‡ 105 10 0 1 1 1 1 1 1 10 
 106 10 0 0 1 1 5 5 5 50 
 107 10 1 3 6 7 7 7 7 70 
 SPSS§ 10 0 0 0 0 0 0 0 0 
Immersion inoculation¶ 106 10 3 7 10 10 10 10 10 100 
Cohabitation inoculation# NA 10 0 0 1 3 3 3 3 30 
Control NA 10 0 0 0 0 0 0 0 0 
*NA, not applicable. 
†Deaths after 14 d were not included. 
‡Injection volume 200 μL. 
§An equivalent volume injection of 0.70% stroke-physiologic saline solution. 
¶Immersed for 30 min in E. miricola suspension. 
#Frogs in this trial cohabited with frogs previously infected with E. miricola. 
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found to be separated into 2 main hybridization groups, 
UBI and UBII, that were ≈40%–55% interrelated; UBII 
could be further divided into 4 subgroups (11,12). How-
ever, because the isolates from different groups are phe-
notypically very similar, these genomic groups remain 
assigned at this time to E. meningoseptica (13). In our 

phylogenetic tree, UBI group E. meningoseptica iso-
lates did not group with the other Elizabethkingia spp. 
and were distantly related to UBII. Considering the low 
DNA–DNA relatedness (<70%) between the 2 groups 
and phylogenomic analysis based on WGS (3,11,12), 
we propose that UBII are not E. meningoseptica. The 

Figure 2. Maximum-likelihood phylogenetic tree of Elizabethkingia miricola FL160902 from an infected frog in Hunan Province, 
China, and reference genomes. The tree was constructed by using the single-copy orthologous genes of all the 38 genomes 
with 100 bootstrap replicates. Species identifications strictly followed the National Center for Biotechnology Information 
submitted names. Isolates assigned into UB groups and subgroups are according to Holmes et al. (12) and Bruun and Ursing 
(13).Solid circles indicate type strains; open circle indicates a former type strain. Bold indicates strain isolated in this study. 
Scale bar indicates nucleotide substitutions per site.
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found to be separated into 2 main hybridization groups, 
UBI and UBII, that were ≈40%–55% interrelated; UBII 
could be further divided into 4 subgroups (11,12). How-
ever, because the isolates from different groups are phe-
notypically very similar, these genomic groups remain 
assigned at this time to E. meningoseptica (13). In our 

phylogenetic tree, UBI group E. meningoseptica iso-
lates did not group with the other Elizabethkingia spp. 
and were distantly related to UBII. Considering the low 
DNA–DNA relatedness (<70%) between the 2 groups 
and phylogenomic analysis based on WGS (3,11,12), 
we propose that UBII are not E. meningoseptica. The 

Figure 2. Maximum-likelihood phylogenetic tree of Elizabethkingia miricola FL160902 from an infected frog in Hunan Province, 
China, and reference genomes. The tree was constructed by using the single-copy orthologous genes of all the 38 genomes 
with 100 bootstrap replicates. Species identifications strictly followed the National Center for Biotechnology Information 
submitted names. Isolates assigned into UB groups and subgroups are according to Holmes et al. (12) and Bruun and Ursing 
(13).Solid circles indicate type strains; open circle indicates a former type strain. Bold indicates strain isolated in this study. 
Scale bar indicates nucleotide substitutions per site.
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During 2008–2015 in South Africa, we conducted West 
Nile virus surveillance in 1,407 animals with neurologic dis-
ease and identified mostly lineage 2 cases in horses (7.4%, 
79/1,069), livestock (1.5%, 2/132), and wildlife (0.5%, 
1/206); 35% were fatal. Geographic correlation of horse 
cases with seropositive veterinarians suggests disease in 
horses can predict risk in humans.

West Nile virus (WNV) circulates between ornitho-
philic mosquitoes and birds. Birds are used as WNV 

sentinels, but in Africa, birds rarely die of infections, prob-
ably because of genetic resistance (1). Therefore, another 
animal is needed to predict risk for WNV disease in Africa. 
Humans and horses are considered incidental dead-end 
hosts for WNV (2). Although ≈20% of infections in these 
species are symptomatic, ≈1% of human cases involve neu-
rologic disease, with 1%–10% fatality rates (3), but 90% 
of horse cases involve neurologic disease, with 30%–40% 
fatality rates (4). Monitoring equine populations living near 
human populations might enable prediction of human out-
breaks in Africa (5).

WNV is endemic to South Africa (1). The largest 
human outbreak occurred in 1974 in Karoo (1); during 
1983–1984, a smaller epizootic outbreak occurred in Wit-
watersrand (Gauteng Province) (6). During 2010–2011, 
screening of the cerebrospinal fluid of patients in hospitals 
in Gauteng Province indicated WNV was present in 3.5% 
of unsolved cases of neurologic disease, suggesting severe 
WNV cases might be missed because of a lack of clinical 
awareness of the pathogenic potential of this virus (7).

WNV isolates are divided into 2 lineages (8): lineage 1, 
which predominates in the Northern Hemisphere and Aus-
tralia, and lineage 2, which is endemic to southern Africa 
and Madagascar and started emerging in central Europe in 
2008 (9). Lineage 2‒associated encephalitis outbreaks have 
been occurring in Greece since 2010, causing hundreds of 
neurologic cases in humans (fatality rate 17%) and horses 
(3). Lineage 2 was first associated with severe neurologic 
disease in horses in South Africa in 2009 (8). Neurologic 
signs of infection in horses are similar for both lineages 
and include ataxia, weakness, recumbence, seizures, and 
muscle fasciculation (8,10). However, epidemiologic data 
are lacking.

South Africa conducts active surveillance for infec-
tious pathogens in horses, such as African horse sickness 
virus (AHSV), to help the horse industry maintain disease-
free status, as required by the World Organisation for Ani-
mal Health. Equine WNV is also a World Organisation for 
Animal Health‒listed disease, enabling researchers to use 
horses for WNV surveillance internationally. To assist with 
predicting WNV human cases and managing outbreaks in 
susceptible animals, we sought to define the epidemiology 
of WNV in horses in South Africa.

The Study
We prospectively investigated horses and other animals 
with fever or neurologic signs during 2008–2015 and 
compared the geographic range of WNV-positive animals 
with that of WNV-seropositive veterinarians involved in 
equine, wildlife, and livestock disease management dur-
ing 2011‒2012 (11). A total of 210 veterinarians from all 
9 South Africa provinces submitted blood, neurologic tis-
sue, and visceral tissue specimens from horses (acquired 
during 2008–2015) and wildlife and livestock (acquired 
during 2010–2015) that displayed acute fever, neurologic 
disease, or other signs of acute infection, accompanied by 
their demographic and disease data, to the Centre for Vi-
ral Zoonoses, University of Pretoria (Pretoria, South Af-
rica). A total of 1,407 samples (64% blood/serum, 25% 
tissue, 6% both blood/serum and tissue, 4% viral RNA) 
were received.

We tested all specimens for WNV, Shuni virus, alpha-
viruses, and equine encephalitis virus and submitted samples 
for rabies virus testing, if suspected, to Onderstepoort Vet-
erinary Research, Onderstepoort, South Africa, as previously  
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described (12). All WNV-positive cases were tested for 
AHSV (13). We screened all equine serum and plasma 
specimens for WNV IgM (WNV IgM Capture ELISA 
Test; IDEXX Laboratories, Montpellier, France) and con-
firmed by neutralization assay (8). Reverse transcription 
PCR‒positive cases were sequenced (GenBank accession 
nos. KY176717‒36) and subjected to maximum likelihood 
analysis (online Technical Appendix Figure, https://wwwnc.
cdc.gov/EID/article/23/12/16-2078-Techapp1.pdf). We com-
pared WNV positivity with clinical signs in horses by logistic 
regression using crude odds ratios (ORs) and adjusted ORs 
(aORs) with 95% CIs (Stata 14; StataCorp LLC, College Sta-
tion, Texas, USA) (online Technical Appendix Table).

Most clinical cases were in horses (76.0%, 
1,069/1,407), followed by wildlife (14.6%, 206/1,407) 
and livestock (9.4%, 132/1,407). We detected most WNV 
cases in horses (7.3%, 79/1,069; p<0.001), and 1 (0.5%) 
case in wildlife (imported North American white-tailed 
deer [Odocoileus virginianus]), and 2 in (1.5%) livestock  

(locally bred Ayreshire cow [Bos taurus], boer goat [Capra 
aegagrus hircus]).

Real-time PCR results were positive for 24 cases; 20 
isolates could be sequenced, and 18 clustered with lineage 
2 (online Technical Appendix Figure). A mare and her 
miscarried fetus were the only animals infected with lin-
eage 1 viruses (14). We detected 14 (17.7%) co-infections 
in WNV-infected horses (Table 1), with high fatality rates 
for most co-infecting viruses: MIDV (100%, 4/4); AHSV 
(66.7%, 2/3); SINV (100%, 3/3); Shuni virus (33.3%, 1/3); 
and equine encephalitis virus (0%, 0/1).

Most (77.2%) WNV cases occurred in Southern Hemi-
sphere autumn (March‒May) (Figure 1), 2–3 months after 
peak precipitation. The interannual detection rate among 
horses was 2.1–12.7% (Table 1). Most specimens came 
from Gauteng (n = 400) and Western Cape (n = 296) Prov-
inces (Figure 2, panel A). Most WNV-positive cases were 
from Gauteng Province (7.3%, 29/400), but detection rates 
were highest in Northern Cape (10.2%) and Eastern Cape 

 
Table 1. WNV infection, co-infection, disease, and death in horses, by year, South Africa, 2008–2015* 

Category 
No. (%) horses 

2008 2009 2010 2011 2012 2013 2014 2015 Total 
Total specimens 71 76 150 164 89 138 193 188 1,069 
Confirmed WNV positive† 9 (12.7) 6 (7.9) 18 (12.0) 12 (7.3) 3 (3.4) 4 (2.9) 23 (11.9) 4 (2.1) 79 (7.4) 
WNV PCR positive† 5 (7.0) 3 (3.9) 8 (5.3) 2 (1.2) 0 (0) 1 (0.7) 4 (2.1) 1 (0.5) 24 (2.2) 
WNV IgM positive† 5 (7.0) 3 (3.9) 12 (8.0) 10 (6.1) 3 (3.4) 3 (2.2) 20 (10.4) 3 (1.6) 59 (5.5) 
Deaths‡ 5 (55.6) 3 (50.0) 8 (44.4) 3 (25.0) 1 (33.3) 1 (25.0) 5 (21.7) 1 (25.0) 27 (34.2) 
Any neurologic signs‡ 8 (88.9) 6 (100.0) 16 (88.9) 11 (91.7) 2 (66.7) 4 (100.0) 21 (91.3) 4 (100.0) 72 (91.1) 
Fever‡ 2 (22.2) 2 (33.3) 3 (16.7) 6 (50.0) 1 (33.3) 1 (25.0) 10 (43.5) 3 (75.0) 28 (35.4) 
Co-infections‡ and co-
infecting viruses 

2 (22.2), 
2 AHSV 

2 (33.3), 
2 SINV 

1 (5.6), 
1 SHUV 

2 (16.7), 
2 MIDV 

2 (66.7), 
1 AHSV, 
1 SINV 

0 4 (17.4), 
2 MIDV, 
1 SHUV, 
1 EEV 

1 (25.0), 
1 SHUV 

14 (17.7), 
3 AHSV, 
3 SINV, 
3 SHUV, 
4 MIDV, 
1 EEV 

*AHSV, African horse sickness virus; EEV, equine encephalitis virus; MIDV, Middleburg virus; SHUV, Shuni virus; SINV, Sindbis virus; WNV,  
West Nile virus. 
†Percentage of total number of specimens tested. 
‡Percentage of total number of confirmed WNV-positive cases. Confirmed cases were those that tested positive by PCR plus those that tested positive by 
WNV IgM Capture ELISA (IDEXX Laboratories, Montpellier, France) followed by neutralization assay. 

 

Figure 1. Seasonal occurrence of WNV in horses, South Africa, 2008–2015. Rainfall levels are indicated as a potential correlate for 
increases in the prevalence of the WNV mosquito vector Culex univitattus. WNV, West Nile virus.

West Nile Virus Lineage 2 in Horses, South Africa
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(10.5%) Provinces. Of 152 samples from Limpopo and 
Mpumalanga Provinces, 99 of which came from wildlife 
species, none were WNV positive. The geographic distri-
bution of WNV-seropositive veterinarians (11) was similar 
to that of WNV-positive horses (Figure 2 panel B).

Older horses (>15 y) were least likely (4.9%, 3/61) 
and 1–4-year-old horses most likely (41.0%, 25/61) to test 

WNV positive (Table 2); 35.4% of WNV-positive horses 
were febrile, 93.7% displayed neurologic signs, and 34.2% 
died. WNV-associated signs included ataxia, paralysis, 
paresis, seizures, and tongue paralysis. Multiple logistic 
regression models (online Technical Appendix Table) con-
firmed neurologic signs as a strong predictor (aOR 4.12, 
95% CI 1.59–10.70) and fever a weak predictor (aOR 1.25, 

Figure 2. Distribution of WNV 
cases among horses, livestock 
animals, and wildlife species 
during 2008–2015 and of WNV 
neutralizing antibody‒positive 
veterinarians involved in equine, 
wildlife, and livestock disease 
management during 2011‒2012, 
South Africa. A) Samples were 
collected from horses during 
2008–2015 and from livestock 
and wildlife 2010–2015. Samples 
were considered positive if they 
tested positive for WNV genome 
by PCR or for WNV IgM by WNV 
IgM Capture ELISA (IDEXX 
Laboratories, Montpellier, France) 
and WNV neutralizing antibody by 
neutralization assay. B) Distribution 
of veterinarians described in 
previous report (11). Human serum 
was considered positive if virus 
neutralization was observed at a 
titer of 1:10 and higher. WNV,  
West Nile virus.



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 12, December 2017 2063

West Nile Virus Lineage 2 in Horses, South Africa

95% CI 0.75–2.06) of WNV positivity. Paresis (aOR 2.74, 
95% CI 1.30–5.79) and tongue paralysis (aOR 7.73, 95% 
CI 1.27–47.18) were both predictive of WNV positivity.

Conclusions
This 8-year surveillance confirmed annual WNV outbreaks 
among horses in South Africa, most cases being lineage 
2. The neurologic signs and fatality rate among WNV 
lineage 2‒infected horses correlated with those described 
for lineage 1 in Europe and the United States (4). Locally 
bred and imported horses appeared similarly susceptible 
to WNV neurologic disease. Younger animals were more 
likely to be infected, although all age groups had fatalities. 
Generalized neurologic signs, such as paresis and paraly-
sis with death, positively correlated with WNV infection in 
horses. Fatal WNV encephalitis was diagnosed in a giraffe 
at Onderstepoort Veterinary Research (M. Romito, unpub. 
data), suggesting certain wildlife species in Africa might 
be more susceptible; however, we did not detect WNV-
positive local wildlife in our sample. WNV-induced fetal 
death was recorded only once, with lineage 1 infection, but 
should continue to be monitored.

The geographic distribution of WNV is mainly de-
pendent on favorable ecology, rainfall, and competent 
vectors. The range of Culex univitattus mosquitoes, the 

predominant WNV vector, correlated with the geographic 
distribution of equine cases in South Africa (6). The dis-
tribution of WNV exposure among horses correlated with 
that among humans (Figure 2, panels A, B), suggesting 
horses could serve as sentinels for human risk for WNV 
disease in South Africa. Horses have low WNV viremia, 
precluding them from transmitting infections and estab-
lishing epidemics in humans; however, those handling 
horse central nervous system tissue should do so with cau-
tion (15). Vaccination before the start of the rainy season 
could reduce the risk for WNV in horses.

In summary, surveillance for neurologic disease in 
animals across South Africa showed WNV lineage 2 as the 
primary cause of annual outbreaks, with high fatality rates 
in horses. Horses proved to be good sentinels for WNV in 
Africa and can be used to determine geographic and sea-
sonal risk patterns for human WNV disease.
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Table 2. Characteristics of 1,069 horses positive and negative for WNV infection, South Africa, 2008–2015* 

Variable 
No./total (%) 

Crude OR (95% CI) WNV negative, n = 990 WNV positive, n = 79 
Detection method and result    

PCR+ IgM‒ NA 20/79 (25.3) 
 

PCR‒ IgM+ NA 55/79 (69.6) 
 

PCR+ IgM+ NA 4/79 (5.1) 
 

Age, y†    
<1 64/617 (10.4) 6/61 (9.8) 1.00 (Reference) 
1–4 170/617 (27.6) 25/61 (41.0) 1.57 (0.62–4.00) 
5–9 152/617 (24.6) 15/61 (24.6) 1.05 (0.39–2.84) 
10–14 145/617 (23.5) 12/61 (19.7) 0.88 (0.32–2.46) 
>15 86/617 (13.9) 3/61 (4.9)‡ 0.37 (0.09–1.54) 

Died or euthanized§ 240/976 (24.6) 27/79 (34.2) 1.59 (0.98–2.59) 
Fever¶ 389/981 (39.7) 28/79 (35.4) 0.84 (0.52–1.35) 
Neurologic signs    

Any neurologic sign# 785/990 (79.3) 74/79 (93.7) 3.86 (1.54–9.68) 
Ataxia¶ 249/981 (25.4) 21/79 (26.6) 1.06 (0.63–1.79) 
Paralysis¶ 67/981 (6.8) 10/79 (12.7) 1.98 (0.97–4.01) 
Paresis** 71/980 (7.2) 13/79 (16.5) 2.52 (1.33–4.79) 
Recumbent¶ 105/981 (10.7) 6/79 (7.6) 0.69 (0.29–1.62) 
Seizure¶ 35/981 (3.6) 4/79 (5.1) 1.44 (0.50–4.16) 
Tongue paralysis¶ 5/981 (0.5) 2/79 (2.5) 5.07 (0.97–26.56) 

Other signs    
Anorexia¶ 132/981 (13.5) 6/79 (7.6) 0.53 (0.23–1.24) 
Icterus** 63/980 (6.4) 8/79 (10.1) 1.64 (0.76–3.56) 
Rectal prolapse¶ 6/981 (0.6) 2/79 (2.5) 4.22 (0.84–21.27) 

*NA, not applicable; OR, odds ratio; WNV, West Nile virus; +, positive; –, negative. 
†Data on age were missing for 391 of 1,069 horses. Test for trend p = 0.036. 
‡p = 0.035. 
§Data on this disease characteristic were missing for 14 of 1,069 horses. 
¶Data on this neurologic sign were missing for 9 of 1,069 horses. 
#Defined as the presence of any specific neurologic sign or the clinician indicated that it was a neurologic case without indicating specific neurologic 
signs. 
**Data on this neurologic sign were missing for 10 of 1,069 horses. 
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December 1 is World AIDS Day, an opportunity for people 
to work actively and collaboratively with partners around 
the world to raise awareness about HIV and help us move 
closer to the goal of an AIDS-free generation. This year’s 
theme, “The Time to Act Is Now,” calls us to act with  
urgency to implement the latest high-impact, evidence-
based HIV prevention strategies.
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Little is known about the occurrence of tick-borne encepha-
litis in Romania. Sheep are an infection source for humans 
and are useful sentinels for risk analysis. We demonstrate 
high antibody prevalence (15.02%) among sheep used as 
sentinels for this disease in 80% of the tested localities in 5 
counties of northwestern Romania.

Tick-borne encephalitis (TBE) virus (family Flaviviridae, 
genus Flavivirus), is a zoonotic pathogen that causes se-

vere neurologic disease in humans. In Europe, most cases of 
TBE are reported in Scandinavia and in countries in Central 
and Eastern Europe countries, but little is known about the 
current TBE epidemiologic situation in Romania.

The main tick vector for TBE virus, Ixodes ricinus, 
prefers leaf litter and the lower vegetation layers of temper-
ate deciduous and mixed forests. In areas with high rainfall, 
I. ricinus ticks also occur in high densities in coniferous 
forests and in open areas such as grasslands (1). I. ricinus 
ticks are widely distributed in Romania (2) and are the most 
common ticks found on a variety of vertebrate hosts, in-
cluding humans (3,4). 

Large domestic animals such as goats, sheep, and cattle 
are potential hosts for I. ricinus ticks. These animals may 
also develop an antibody response after infection with TBE 
virus without showing clinical signs and thus are a source 
of TBE virus among humans who consume nonpasteurized 
milk and milk products, which makes them valuable senti-
nels for the identification of TBE risk areas (5). 

Romania has the third largest sheep flock in the Euro-
pean Union (EU), after Great Britain and Spain, totaling 
≈9.5 million sheep, which accounts for 11% of the total 
EU flock. Most of the animals are used for milk and meat 
production. The purpose of this study was to determine the 
current TBE virus infection status in northwestern Roma-
nia by using sheep as sentinels for TBE virus circulation.

The Study
In September 2016, we randomly selected 519 serum ali-
quots from adult sheep from samples previously collected 
(July–August 2016) by the National Program for Surveil-
lance, Prevention, Control and Eradication of Animal Dis-
eases in 5 counties in northwestern Romania (Figure). The 
counties, number of samples, and number of sampling sites 
were Bihor, 119 samples, 12 locations; Bistrița-Năsăud, 
100 samples, 10 locations; Cluj, 100 samples, 7 locations; 
Mureș, 100 samples, 11 locations; and Sălaj, 100 samples, 
10 locations). We froze the aliquots at –20°C before pro-
cessing. We used the IMMUNOZYM FSME (TBE) IgG 
All-Species kit (Progen GmbH, Heidelberg, Germany) 
ELISA to detect TBE virus antibodies. We retested sam-
ples exhibiting ≥25 Vienna units/mL by using virus neu-
tralization test (VNT) as described previously (6).

We tested samples from 168 (32.37%) sheep with 
borderline or positive results from ELISA by using VNT, 
and this method identified 78 (15.02%) animals as positive 
for antibodies specifically neutralizing TBE virus (online 
Technical Appendix Table, http://wwwnc.cdc.gov/EID/
article/23/12/17-0166-Techapp1.pdf). Positive results were 
distributed among the counties we investigated: the high-
est seroprevalence was identified in sheep in Bihor County 
(27.73%) and the lowest seroprevalence in Mureș County 
(2%) (Table; Figure). We found positive sheep samples in 
40 (80%) of 50 examined locations.

Conclusions
TBE has been reported previously in Romania, but few 
studies confirmed the presence of the virus (7–10). How-
ever, in the past 3 decades, except for a few occasional re-
cords (11) and small-scale serologic surveys during clini-
cal outbreaks, there have been large knowledge gaps in the 
studies on TBE in Romania, and the prevalence and distri-
bution remain fairly unknown. We used sheep as sentinels 
for TBE virus distribution in northwestern Romania and 
identified the virus  by VNT in 15.02% of sheep in 40 of 50 
examined localities in 5 counties.

According to the latest technical report by the Eu-
ropean Centre for Disease Control and Prevention (12), 
during 2008–2010, only 14 cases of TBE were reported 
among humans in Romania. All 14 cases originated in 
5 counties in northwestern Romania; incidence was low 
(<0.5/100,000 inhabitants) in Bihor, Bistrița-Năsăud, 
Cluj, and Mureș and moderate (0.5–4.0/100,000 inhabit-
ants) in Sălaj. In a recent survey done by collecting I. rici-
nus ticks from vegetation, livestock, and reptiles in central  
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and southeastern Romania, the prevalence of the TBE vi-
rus estimated by using molecular methods was <1% (13). 
Coipan et al. evaluated the seropositivity for TBE in 51 
patients who had neurologic signs and were admitted to a 
hospital in Sibiu County, Romania; specific TBE antibod-
ies were found in samples from 38 (75%) patients (14). 
An outbreak of rural TBE was reported in the central Ro-
mania region of Transylvania, related to consumption of 
infected goat milk; specific serology in 41.5% of the pa-
tients was positive for TBE virus (15). Similar seropreva-
lence studies in other outbreaks found lower seropositiv-
ity values (5.8%–11.6%) in human patients (15); the same 
study randomly evaluated 1,669 human serum samples 
from Transylvania and reported a 0.5% seroprevalence for 
TBE. Taken together, these results suggest that clinical 

cases of TBE in Romania are largely underreported, and 
many case-patients are misdiagnosed.

Our study confirms that TBE virus is endemic in north-
western Romania and should be considered a public health 
risk in this country. Considering the number of sheep and 
their almost ubiquitous presence in this country, their sen-
tinel role in countrywide mapping of the TBE distribution 
should be evaluated.
This study was partially supported by the Czech Science  
Foundation (project No. 16-20054S) and by project LO1218 
with financial support from the Ministry of Education, Youth 
and Sports of the Czech Republic under the NPU I program. J.S. 
was supported by project QJ1510104 of the Ministry of Agricul-
ture of the Czech Republic. The work has been done under the 
frame of COST Action TD1303 “EurNegVec.”

Figure. Locations in northwestern Romania where sheep were positive for tick-borne encephalitis virus–specific antibodies, determined 
by using virus neutralization test (6). BH, Bihor; BN, Bistriţa-Năsăud; CJ, Cluj; MS, Mureş; SJ, Sălaj.

 
Table. Seroprevalence of tick-borne encephalitis in sheep, northwestern Romania* 

County No. samples No. locations 
ELISA-positive samples, 

%† 
VNT-positive samples, 

% 
No. VNT-positive 

locations 
Bihor 119 12 29.41 27.73 11 
Bistrița-Năsăud 100 10 18.00 12.00 5 
Cluj 100 7 67.00 11.00 5 
Mureș 100 11 16.00 2.00 2 
Sălaj 100 10 32.00 20.00 9 
Total 519 50 32.37 15.2 32 
*Testing locations were within communes subdivision of counties in Romania. 
†Includes all positive and suggestive samples with antibody titer ≥25 Vienna units /mL. 
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An increase in typhus group rickettsiosis and an expand-
ing geographic range occurred in Texas, USA, over a de-
cade. Because this illness commonly affects children, we 
retrospectively examined medical records from 2008–2016 
at a large Houston-area pediatric hospital and identified 36 
cases. The earliest known cases were diagnosed in 2011.

Typhus group rickettsiosis (TGR) is a vectorborne zoo-
notic disease most commonly caused by the bacte-

ria Rickettsia typhi, the etiologic agent of murine typhus. 
Since 2003, the annual incidence of TGR cases in Texas 
has increased and expanded geographically (1). Recently, 
a study conducted in Galveston County found that 7 of 
18 persons with acute fever were positive for R. typhi (2). 
In the Houston/Harris County metropolitan area, which 
is adjacent to Galveston County, TGR was first reported 
to the Texas Department of State Health Services (TXD-
SHS) in 2007 (1). By 2013, 27 cases had been reported to 
the state. Because the highest attack rate occurs in chil-
dren 5–19 years of age, we became concerned that chil-
dren with possible R. typhi infection were brought to Tex-
as Children’s Hospital (TCH), a large, 692-bed pediatric 
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hospital system in Houston. To evaluate this recent emer-
gence, we retrospectively searched the hospital diagnostic 
testing database to identify all TGR-positive patients.

The Study
We conducted a retrospective review to identify TGR pa-
tients seen at TCH from January 1, 2008, through Decem-
ber 31, 2016. We identified cases by searching all laborato-
ry orders for rickettsial panel immunofluorescent antibody 
(IFA) testing. We determined these patients’ case status 
by following guidance from TXDSHS (1). We defined a 
confirmed case as 1 of the following: 1) IFA assay titer 
>1:1024 and a titer for R. typhi >2-fold greater than that 
for R. rickettsii; 2) a positive PCR result; or 3) a >4-fold  

increase in titer between acute and convalescent specimens. 
We defined a probable case as IFA titer >1:128 and a titer 
for R. typhi >2-fold greater than that for R. rickettsii; and a 
clinically compatible illness involving fever with rash. We 
defined a suspected case as IFA titer >1:64 and negative 
titer for R. rickettsii; and clinically compatible illness. We 
abstracted demographic and clinical data on all identified 
TGR case-patients.

When searching diagnostic laboratory orders for rick-
ettsial IFA, we identified 425 test submissions. On the 
basis of diagnostic results and clinical compatibility, we 
identified 36 TGR cases: 18 confirmed, 13 probable, and 
5 suspected cases. One case was additionally confirmed R. 
typhi–positive by PCR at the Centers for Disease Control 

 
Table. Demographic, social, and clinical characteristics of pediatric typhus group rickettsiosis case-patients, Houston, TX, USA,  
2008–2016* 

Characteristic All cases, n = 36 Confirmed cases, n = 18 
Probable cases,  

n = 13 
Suspected 

cases, n = 5 
Median age (range), y 11 (2–23) 9 (2–23) 9 (4–17) 16 (8–19) 
Sex     
 M 18 (50) 7 (39) 7 (54) 4 (80) 
 F 18 (50) 11 (61) 6 (46) 1 (20) 
Race/ethnicity     

White 19 (53) 8 (44) 9 (69) 2 (40) 
Hispanic 15 (42) 9 (50) 4 (31) 2 (40) 
Other or unknown 2(6) 1 (6) 0 1 (20) 

Exposures     
Dogs 17 (47) 9 (50) 8 (62) 0 
Cats 16 (44) 8 (44) 6 (46) 2 (40) 
Opossums 2 (6) 1 (6) 0 1 (20) 
Fleas 8 (22) 4 (22) 3 (23) 1 (20) 

History of travel     
To endemic area of Texas 4 (11) 4 (22) 0 0 
To endemic area outside United States 2 (6) 2 (11) 0 0 
To area with no known Rickettsia typhi 4 (11) 3 (17) 1 (8) 0 

Signs and symptoms     
Fever 35 (97) 17 (94) 13 (100) 5 (100) 
Rash 26 (72) 13 (72) 10 (77) 3 (60) 
Headache 14 (39) 8 (44) 3 (23) 3 (60) 
Malaise 13 (36) 8 (44) 5 (39) 2 (40) 
Vomiting 12 (33) 7 (39) 4 (31) 1 (20) 
Anorexia 11 (31) 7 (39) 4 (31) 0 
Classical triad† 11 (31) 5 (28) 3 (23) 3 (60) 
Lymphadenopathy 10 (28) 4 (22) 4 (31) 2 (40) 
Abdominal pain 10 (28) 5 (28) 4 (31) 1 (20) 
Conjunctivitis 9 (25) 4 (22) 4 (31) 1 (20) 

Clinical findings 
 

   
Hepatosplenomegaly 6 (19) 4 (22) 2 (15) 1 (20) 
Altered mental status 3 (8) 3 (17) 0 0 
Elevated aminotransaminases 

 
   

Aspartate aminotransaminase 31 (86) 16 (89) 11 (85) 4 (80) 
Alanine aminotransaminase 32 (89) 17 (94) 11 (85) 4 (80) 

Hypoalbuminemia 11 (31) 6 (33) 3 (23) 2 (40) 
Thrombocytopenia 22 (61) 11 (61) 9 (69) 2 (40) 

Median days hospitalized (range) 5 (0–14) 6 (1–14) 5 (0–10) 4 (0–5) 
PICU admissions 7 (19) 5 (28) 2 (15) 0 
Median titer for R. typhi (range) 1:1,024 (1:64–16,384) 1:2,048  (1:1,024–1:16,384) 1:256 (1:128–1:512) 1:64 (1:64) 
*Values are no. (%) except as indicated. A confirmed case was defined by one of the following: 1) immunofluorescent antibody (IFA) assay titer >1:1,024, 
and a titer for R. typhi >2-fold greater than that for R. rickettsii to rule out cross-reactivity; 2) PCR positive; or 3) >4-fold increase in titer between acute 
and convalescent specimens. A probable case was defined as 1) an IFA titer >1:128, and a titer for R. typhi >2-fold greater than R. rickettsii and 2) 
clinically compatible illness involving fever with rash. A suspected case was defined as 1) IFA titer >1:64 and negative titer for R. rickettsii and 2) clinically 
compatible illness. 
†Symptoms were fever, headache, and rash. 
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and Prevention (Atlanta, GA, USA). Only 3 case-patients 
had convalescent specimens collected, and each yielded 
>4-fold increase in titer, thereby confirming infection.

The case population was predominantly non-Hispanic 
whites (53%) (Table), which were overrepresented when 
compared with the proportion of 31% from the Houston/
Harris County US Census population for mid-2016 (3). 
Hispanics represented 42% of the patient population, 
which matched the known census population (42%) The 
black population was underrepresented (0% of patients vs. 
20% Census population) (3).

Upon review of the medical records, nearly all case-
patients (35/36; 97%) were febrile when they sought care 
(median temperature 103°F) (Table). Eleven (31%) case-
patients had the classical triad for typhus of fever, rash, 
and headache. Other common symptoms included malaise, 
vomiting, anorexia, abdominal pain, lymphadenopathy, 
and conjunctivitis. Approximately one fifth had hepato-
splenomegaly noted on physical exam. Most case-patients 
also had elevated transaminases (86%) and thrombocyto-
penia (61%). A median of 8 days elapsed between symp-
tom onset and arrival at the hospital for medical care and 13 
days from symptom onset to defervescence. Whereas the 
median time from symptom onset to initiation of treatment 
was 12 days, the median time from initiation of doxycy-
cline treatment to defervescence was only 1 day.

Most case-patients (30/36; 83%) were admitted for hos-
pitalization, with a median length of stay of 5 days. Of those, 
7 (19%) required intensive care due to severity of illness. 
Hispanic patients were significantly more likely to be admit-
ted to the pediatric intensive care unit (86% of these patients 
were Hispanic; odds ratio 12.7, 95% CI 1.2–612.3; p = 0.027 
by 2-tailed Fisher exact test). No deaths occurred.

All but 2 case-patients had reported animal exposure, 
and 27 (75%) had reported exposure to either domestic 

dogs or cats. Two case-patients reported contact with an 
opossum; 1 of these had no contact with domestic pets. 
Eight case-patients reported contact with fleas, and all 8 
also reported animal contact. Most cases were reported 
during summer months when fleas are most prevalent 
(Figure 1, panel A). No TGR cases of were diagnosed in 

Figure 1. Temporal distribution of Rickettsia typhi–positive 
pediatric case-patients by time of symptom onset, Houston, Texas, 
USA, 2011–2016. A) By month of symptom onset. B) By year of 
symptom onset.

Figure 2. Spatial distribution 
of Rickettsia typhi–positive 
pediatric case-patients with no 
history of travel by location of 
residence around the Houston/
Harris County, Texas, USA, 
metropolitan region.
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2008–2010. The year with the highest number of cases 
was 2016 (Figure 1, panel B).

Thirty (83%) case-patients resided in the Houston met-
ropolitan area; cases were geographically clustered in west-
ern Houston (Figure 2). Of these case-patients, 26 (72%) 
had no history of travel. Three cases were within 70 miles 
of the Louisiana border. In Louisiana, TGRs are not report-
able diseases (4).

Recently, we demonstrated evidence of TGR re-
emergence into new geographic areas of Texas, including 
Houston/Harris County, the third most populated county 
in the United States (1). Here we present the clinical find-
ings of pediatric patients with TGRs in the Houston met-
ropolitan area, starting in 2011. To track this evidence of 
emergence, it is critical to raise clinical awareness and 
encourage testing, diagnosis, and public health reporting 
of new cases.

Rickettsial infections are reportable in Texas, with cas-
es passively reported by medical care providers. In working 
with TXDSHS, we cross-referenced our patient list with 
the public health surveillance database and found only 15 
(48%) of the 31 confirmed or probable cases were reported, 
highlighting a critical gap in passive surveillance. Report-
ing did improve over time, with 71% (10/14) of 2015–2016 
cases reported to TXDSHS, compared with only 29% (5/17) 
of 2011–2014 cases. Barriers to reporting could be related 
to low awareness of reporting requirements, complexity of 
patient care, and the inherent delays in receiving testing re-
sults, typically after discharge. Public health surveillance is 
critical for disease tracking, prevention, and control efforts; 
therefore, further work is needed to optimize public health 
reporting of rickettsial infections.

Approximately one third of the pediatric TGR cases 
we report exhibited the classic triad of fever, headache, and 
rash, which is considered the hallmark of R. typhi infection. 
Another pediatric study also reported similar findings (5). 
The severity of illness in our patients was remarkable, with 
1 in 5 patients requiring intensive care. Early clinical sus-
picion, diagnosis, and appropriate treatment of suspected 
rickettsial infections is critical to shorten the duration of 
illness and prevent serious, life-threatening outcomes.

Our study documents the identification and clinical de-
scription of pediatric cases of TGRs in the Houston area. 
While we believe TGR is emerging locally, it is plausible 
that prior cases simply went undetected and undiagnosed. 
A study conducted in 2004 found that 10% of homeless 
persons in Houston tested seropositive for R. typhi (6). That 
study looked only at past exposure, however, so we do not 
know where those persons acquired the infection. Because 
studies are lacking in this region regarding the specific  

reservoirs and vectors responsible for transmission, estab-
lishing research in this area is critical.

Conclusions
The recent emergence of TGRs in Houston poses a public 
health threat. Our report provides insight into the presenta-
tion and epidemiology of disease in a pediatric population. 
It is still unknown what factors put these children at risk for 
infection. The sylvatic and domestic transmission cycles of 
R. typhi, including vectors and mammalian reservoirs, re-
quire further investigation. Improved physician awareness 
through reporting of clinical studies and case series will 
assist in appropriate diagnosis and management of disease 
throughout Texas and the southern United States.
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From a migrating golden jackal (Canis aureus), we retrieved 
21 live male Dermacentor reticulatus ticks, a species not 
previously reported from wildlife in Denmark. We identified 
Rickettsia raoultii from 18 (86%) of the ticks. This bacterium 
is associated with scalp eschar and neck lymphadenopathy 
after tick bite syndrome among humans.

Since 2012, Denmark has received a sudden and poorly 
understood wave of gray wolves (Canis lupus) and 

golden jackals (C. aureus) migrating long distances from 
their birthplaces in eastern and central Europe (1). These 
long-distance dispersals create a risk for introducing tick 
vectors and pathogens to new geographic areas. We report 
discovery of Dermacentor reticulatus ticks infected with 
Rickettsia raoultii from a wild golden jackal in Thors-
minde, in the western region of Denmark.

The Study
In February 2017, the wildlife service delivered the body of 
a golden jackal from Western Jutland, >200 km north of the 
Denmark–Germany border, to the National Veterinary In-
stitute (Lyngby, Denmark). During necropsy, we collected 
21 male Dermacentor reticulatus ticks, a species that had 
not previously been reported among wildlife in Denmark. 
We screened the ticks and a blood sample from the jackal 
for tickborne pathogens by using a high-throughput real-
time PCR (2). This assay enables simultaneous detection of 
37 European tickborne pathogens, including the spotted fe-
ver group (SFG) Rickettsia, and specifically the species R. 
conorii, R. slovaca, R. massiliae, and R. helvetica, as well 
as confirmation of 4 tick species, including D. reticulatus 
(2). Tick DNA was extracted as previously described (3).

PCR confirmed the morphologic characterization: 
all the ticks collected from the jackal were D. reticulatus. 
One tick contained Anaplasma phagocytophilum, and 18 
ticks contained SFG Rickettsia spp.; however, the specific 
Rickettsia species was not among the 4 species included 
in the PCR. To identify the species, we PCR amplified the 
ompA, ompB, and gltA genes for a subset of 4 samples and  

sequenced them as previously described (4,5). For the re-
maining 14 samples, we sequenced the ompA gene. A BLAST 
search (http://www.ncbi.nlm.nih.gov/BLAST/) identified 
the ompB gene as 100% and the ompA and gltA genes as 
99% identical to the genome sequence of the type strain of 
Rickettsia raoultii sp. nov. strain KhabarovskT (CSUR R3T, 
ATCC VR-1596T) (6). The specific primers used for gene 
amplification and sequencing of bacteria identified from D. 
reticulatus ticks by real-time PCR are provided in the Table. 
We deposited the sequences we obtained into GenBank (ac-
cession nos. MF166729–36 and MF166741–44).

The surge of large carnivores, reaching countries in 
northern Europe from breeding areas in central Europe, is 
a recent development that appears to be caused by reduced 
hunting resulting from effective wildlife protection (1,7). 
This migration may facilitate the spread of vectors and zoo-
notic pathogens into new regions. Even if these migrations 
do not result in the establishment of a new carnivore popula-
tion, Denmark has high fox and deer densities in the forests, 
as well as farm animals grazing on pastures, that can support 
tick species such as D. reticulatus or D. marginatus.

D. reticulatus ticks are spreading rapidly through Eu-
rope, and changes in the environment, climate, or both seem 
to be favorable to the establishment of this tick in areas not 
previously supporting populations of the species (8). D. re-
ticulatus ticks are established in the southern United King-
dom, and recently, also in the Netherlands. Both countries 
lack wolf and jackal populations (9). Therefore, it is the 
actual process of migration and not the establishment of the 
carnivores in Denmark that constitutes a risk.

However, for these migrations to result in the in-
troduction of ticks, the migrations must first originate 
in Dermacentor tick–endemic areas, which are located 
several hundred kilometers south of the Danish border. 
Second, the migrations must be rapid enough for the ticks 
to remain attached to the migrating carnivores during the 
entire migration. Individual gray wolves are indeed ca-
pable of migrating distances of 800–1,200 km within a 
short period; the first wolf known to arrive in northern 
Jutland has been genetically traced to the border area be-
tween Germany, the Czech Republic, and Poland, >800 
km away from Denmark (1).

The finding of 21 adult male D. reticulatus ticks on a 
jackal hunted in western Denmark strongly indicates that 
jackal migrations are also long enough to originate from 
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Ticks Carrying Rickettsia raoultii on  

Migrating Jackal, Denmark

Author affiliations: National Veterinary Institute, Lyngby, Denmark

DOI: https://doi.org/10.3201/eid2312.170919



 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 12, December 2017 2073

Dermacentor tick–endemic areas and fast enough to allow 
the ticks to complete the migration to Denmark. The origin 
of the jackal received at the National Veterinary Institute is 
unknown, but the nearest known breeding populations of 
golden jackals are in Austria and Hungary (7). Female ticks 
were absent on the jackal because they drop off after feed-
ing, but each female D. reticulatus tick can lay up to 7,200 
eggs (8), which would have been deposited somewhere be-
tween the endemic tick region and Denmark. Some of those 
eggs may have landed in a favorable environment.

The SFG Rickettsia R. slovaca and R. raoultii, which 
are exotic to Denmark, are the most consequential zoo-
notic pathogens carried by D. reticulatus ticks. These 
bacteria are a public health concern because they cause 
scalp eschar and neck lymphadenopathy after tick bite 
(SENLAT) syndrome (10,11). SENLAT is an emerging 
tickborne infection and among the most common tick-
borne rickettsiosis in Europe (8). The disease is defined as 
the association of a tick bite, an inoculation eschar on the 
scalp, and cervical adenopathies (10,11). The main signs 
and symptoms are a crustaceous lesion (early) or eschar 
(late) at the site of the tick’s attachment and regional pain-
ful lymph nodes (10,11).

R. raoultii was only recently characterized and named 
from bacteria isolated from Dermacentor tick species col-
lected in Russia and France (6). In 2016, R. raoultii was 
reported for the first time in Austria and the Czech Repub-
lic (12,13). A relatively high prevalence of R. raoultii has 
been reported in ticks from various regions of Europe, from 
14.9% in Austria (12) to 58% in Hungary (14). In the case 
we report, the high prevalence (85.7%) of R. raoultii–in-
fected ticks from the jackal may have been accentuated by 
co-feeding transmission between ticks on the same host (8).

We did not identify any rickettsiae from the blood of 
the jackal by PCR. However, because ticks are able to sus-
tain rickettsial transmission cycles transovarially and trans-
stadially, it is possible that there is, in fact, no host reser-
voir of R. raoultii (8). If the ticks serve as a reservoir of R. 
raoultii, the distribution of this bacterium will be identical 
to that of the tick’s area of dispersal (15). D. reticulatus 
males remain on the host for 2–3 months and have an inter-
mittent feeding behavior (8). This trait makes them vectors 
of pathogenic agents, and recent studies have also shown 
that male D. reticulatus ticks play a strategic role in the 
transmission of R. slovaca and R. raoultii to humans (8).

Although SENLAT is a milder rickettsiosis, physi-
cians should be aware of the potential diagnosis of this 
emerging tickborne disease. A reason for concern is that 
the intracellular Rickettsia infections require treatment 
with different antimicrobial drugs than, for example, Bor-
relia infections.

Conclusions
The simultaneous finding of a new carnivore, a new tick 
vector, and a new zoonotic pathogen in Denmark dem-
onstrates that the unexpected recent wave of large carni-
vores migrating over long distances into Denmark is more 
than a theoretical risk to human and animal health. Ixodes 
ricinus ticks are abundant in most forests in Denmark. 
However, forests cover only 14% of Denmark’s area, 
and the preference of D. reticulatus ticks for more open 
areas could dramatically increase the area of Denmark  
and northern Europe with a risk for tick bites and tick-
borne infections.
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etymologia revisited
Rickettsia [rĭ-ket′se-ə]  

Genus of gram-negative, rod-shaped or  
coccoid bacteria that are transmitted by lice, 
fleas, ticks, and mites. Named after American 
pathologist Howard Taylor Ricketts; despite the 
similar name, Rickettsia spp. do not cause  
rickets (from the Greek rhakhis, “spine”),  
a disorder of bone development caused by  
vitamin deficiency. 

Source: Dorland’s illustrated medical dictionary. 
30th ed. Philadelphia: Saunders; 2003.
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Infection with La Crosse virus can cause meningoen-
cephalitis, but it is not known to cause acute flaccid pa-
ralysis (AFP). During 2008–2014, nine confirmed or prob-
able La Crosse virus disease cases with possible AFP 
were reported in Ohio, USA. After an epidemiologic and 
clinical investigation, we determined no patients truly  
had AFP.

La Crosse virus is an Orthobunyavirus transmitted to 
humans primarily through the bite of Aedes triseria-

tus (eastern treehole) mosquitoes; the virus is endemic 
to the midwestern and Appalachian areas of the United 
States (1,2). Infection with La Crosse virus can result in 
severe disease, such as meningoencephalitis, which is 
primarily seen in children. Most infections do not usu-
ally result in permanent motor sequelae, but some have 
resulted in longer term learning difficulties and behavior 
changes (2). Although other mosquitoborne viral diseases 
(e.g., West Nile virus) have been associated with acute 
flaccid paralysis (AFP)—a clinical syndrome of rapidly 
progressive flaccid paralysis typically caused by dysfunc-
tion of the anterior horn cells, peripheral motor nerves 
or nerve roots, neuromuscular junction, or muscle—La 
Crosse virus has not been identified as a cause (3,4). Dur-
ing 2008–2014, nine of the total 148 confirmed or proba-
ble La Crosse virus disease cases in Ohio were reported as 
having AFP by local health departments, per the national 
arboviral case definition (5–7). We performed an investi-
gation to describe the clinical features and outcomes for 
these cases and determine if the La Crosse virus infec-
tions were associated with AFP.

The Study
We reviewed medical records from all 9 case-patients’ 
initial illnesses and abstracted data using a standard 
form. We contacted patients and, after obtaining con-
sent, administered a questionnaire to assess any residual 
weakness in the patients and their current functional 
status according to the modified Rankin scale (a stan-
dardized measure of disability for persons with neuro-
logic conditions, by which a score of 0 is normal and 
5 denotes severe disability) (8). If the patient was <18 
years of age at the time of the follow-up interview, we 
obtained permission from a parent or guardian and ad-
ministered the questionnaire to the parents. For patients 
with unclear neurologic findings or diagnosis, a board-
certified neurologist performed a follow-up neurologic 
examination. We obtained human ethics approval for 
this investigation from the Centers for Disease Control 
and Prevention Institutional Review Board.

We defined AFP as a clinical syndrome of rapid-onset 
extremity weakness, sometimes accompanied by weak-
ness in a facial or respiratory muscle that is flaccid (i.e., 
without any upper motor neuron signs in the affected areas 
suggestive of central nervous system motor tract pathol-
ogy) (4). Upper motor neuron signs included increased 
muscle tone or spasticity, increased deep-tendon reflexes, 
the presence of Babinski and Hoffmann signs, abnormally 
slow finger or toe taps out of proportion to weakness, or a 
clear upper motor neuron pattern of weakness (e.g., hemi-
paresis involving the face, arm, and leg). In addition, a 
brain lesion that corresponded to the patient’s weakness 
identified by magnetic resonance imaging (MRI) or sug-
gested by electroencephalography (EEG) provided cor-
roborating evidence of an upper motor neuron or central 
nervous system motor tract pathology that would not be 
consistent with AFP. Finally, any residual weakness with 
a clear upper motor neuron pattern (e.g., hemiparesis in-
volving the face, arm, and leg) or any residual upper mo-
tor neuron signs in the previously affected areas were also 
used to rule out AFP.

Of the 9 La Crosse virus disease case-patients with 
AFP, 8 had confirmed infections and 1 probable. At the 
time of disease diagnosis, the median age of the 9 case-
patients was 12 years (range 4–78 years); 5 (56%) were 
male. Illness onset dates ranged from September 2008 to  
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September 2013, and case-patients were residents of 8 
counties located throughout the state. During their acute 
illness, all patients experienced fever, altered mental status, 
and weakness (Table 1). Other common symptoms that pa-
tients reported were seizures (7, 78%), headache (7, 78%), 
and nausea or vomiting (6, 67%). After a median hospital-
ization of 17 days (range 5–28 days), 7 patients were dis-
charged to their homes, 1 patient to an acute rehabilitation 
facility, and 1 to a skilled nursing facility.

Of the 9 case-patients, we reached 7 (78%) by tele-
phone to determine their current clinical status; 1 patient 
could not be reached for follow-up, and the other patient 
had died (Table 2). The cause of death for this patient was 
unclear, but after we reviewed the medical and death re-
cords, we did not believe it was directly associated with La 
Crosse virus infection. Of the 7 patients we evaluated, 2 
(29%) reported residual focal weakness related to their pre-
vious La Crosse virus disease, and 3 (47%) had a current 
modified Rankin scale score of >1 (median 1), indicating 
some sort of residual disability.

We saw in our review of case-patients’ medical re-
cords that all 9 had rapid-onset focal muscle weakness dur-
ing their illness. Seven patients had upper motor signs or a 
clear upper motor neuron pattern of weakness in the affect-
ed areas and were therefore determined not to have AFP. 
Furthermore, all 7 had evidence of a brain lesion that cor-
responded to their weakness pattern (5 by MRI, 1 by EEG, 
and 1 by both MRI and EEG). For the other 2 patients, we 
found insufficient evidence in the medical records to de-
termine whether they had AFP and performed in-person 
neurologic exams. One patient had no residual weakness 
but had residual upper motor neuron signs in the previously  

affected areas. The other patient had both residual weak-
ness and upper motor neuron signs in the affected areas. 
Therefore, none of the 9 cases were determined to have 
AFP by our definition.

Conclusions
Although all 9 La Crosse virus disease case-patients we 
investigated had acute weakness or paralysis, none met 
the definition for AFP. The most likely explanation for the 
initial AFP reports was difficulty in distinguishing flaccid 
or lower motor neuron weakness due to peripheral ner-
vous system pathology (i.e., pathology at or distal to the 
anterior horn cells) from spastic or upper motor neuron 
weakness due to central nervous system pathology (i.e., 
pathology in the spinal cord or brain motor tracts). Thus, 
we found no evidence of AFP being associated with La 
Crosse virus infection. 

To further assist in classifying cases as having AFP, 
we propose the following surveillance definition for AFP, 
based on a World Health Organization technical docu-
ment: a clinical syndrome of rapid-onset extremity weak-
ness, sometimes accompanied by facial or respiratory 

 
Table 1. Clinical symptoms reported at time of acute illness for 9 
patients with La Crosse virus infection and reported acute flaccid 
paralysis, Ohio, USA, 2008–2014 
Clinical sign/symptom No. (%) patients 
Fever 9 (100) 
Altered mental status 9 (100) 
Weakness 9 (100) 
Seizure 7 (78) 
Headache 7 (78) 
Nausea/vomiting 6 (67) 
Muscle pain/myalgia 1 (11) 

 

 
Table 2. Clinical characteristics and follow-up for 9 patients with La Crosse virus infection and reported acute flaccid paralysis, Ohio, 
USA, 2008–2014* 

Case-
patient no. 

At time of acute illness 

 

At time of follow-up investigation 

Age, y/sex 
Upper motor neuron† 

 
Brain lesions‡ Upper motor neuron† Reported 

weakness 
Modified 

Rankin score§ Signs Pattern MRI EEG Signs Pattern 
1 12/F Yes Yes  Yes No  –¶ – No 0 
2 4/M Yes Yes  Yes No  – – – – 
3 12/M Yes No  Yes Yes  – – No 0 
4 12/M Yes No  Yes No  – – – 6# 
5 78/F Yes No  Yes –  – – Yes 3 
6 8/M No Yes  Yes –  – – No 0 
7 13/M No Yes  – Yes  – – No 0 
8 7/F No No  – –  Yes No No 1 
9 12/F No No  – –  Yes Yes Yes 1 
*EEG, electroencephalography; MRI, magnetic resonance imaging. 
†Upper motor neuron signs included increased tone, increased reflexes, Babinski sign, or abnormally slow finger or foot taps, and patterns of weakness 
included hemiparesis or weakness preferentially involving the distal extensor muscles. 
‡A brain lesion identified by MRI or EEG consistent with the patient’s pattern of weakness provided corroborating evidence of an upper motor neuron 
pathology. 
§Modified Rankin score measures disability or dependence in daily activities for patients who have had a stroke or other neurologic disability. Scores 
range 0–6 as follows: 0, No symptoms; 1, No substantial disability and carries out all usual activities despite some symptoms; 2, Slight disability and able 
to look after own affairs without assistance but unable to carry out all previous activities; 3, Moderate disability requiring some help but able to walk 
unassisted; 4, Moderate disability requiring help with bodily needs and unable to walk unassisted; 5, Severe disability that requires constant nursing care; 
6, Deceased. 
¶Information was not available or not assessed. 
#Patient had a primary immunodeficiency that required chronic steroid replacement. Several years after his acute La Crosse virus disease, the patient 
experienced acute gastroenteritis and subsequently died of an unknown etiology; no autopsy was performed. 
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muscle weakness, that is flaccid (i.e., without any upper 
motor neuron signs in the affected areas suggestive of cen-
tral nervous system motor tract pathology) (4). AFP can 
include clinical syndromes caused by acute dysfunction 
of the anterior horn cells (e.g., acute flaccid myelitis), pe-
ripheral motor nerves or nerve roots (e.g., Guillain-Barré 
syndrome), neuromuscular junction (e.g., botulism or my-
asthenic crisis), or muscle (e.g., acute myopathies) (3,4). 
Rarely, a sudden-onset spinal cord injury or myelopathy 
can cause a temporary AFP referred to as spinal shock, 
although it is typical for upper motor neuron signs to de-
velop eventually in these cases (4). The Centers for Dis-
ease Control and Prevention will continue to work with 
public health partners to adopt a standardized surveillance 
definition for AFP, which we hope will mitigate the risk 
of an incorrect association between certain infections, like 
La Crosse virus, and AFP.
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Two cases of Crimean-Congo hemorrhagic fever were re-
ported in Spain during 2016. We obtained the virus from a 
patient sample and characterized its full genomic sequence. 
Phylogenetic analysis indicated that the virus corresponds 
to the African genotype III, which includes viruses previous-
ly found in West and South Africa.

Crimean-Congo hemorrhagic fever (CCHF) is a severe 
disease transmitted to humans mainly by ticks, pri-

marily of Hyalomma spp. This zoonotic disease is caused 
by CCHF virus (CCHFV), a nairovirus in the family Bun-
yaviridae, which was detected first in Crimea in 1944 and 
isolated 12 years later in the Democratic Republic of the 
Congo. Since the beginning of the 21st century, CCHFV 
has been spreading from disease-endemic areas to new re-
gions previously considered free of the disease, particularly 
in areas where Hyalomma spp. ticks are present. In nature, 
CCHFV usually circulates between asymptomatic animals 
and ticks in an enzootic cycle.

CCHFV has a negative-sense and tripartite RNA ge-
nome (small [S], medium [M], and large [L] segments) 
with high genetic diversity. The sequences of the S seg-
ment, which is the most conserved at the nucleotide lev-
el, could be distributed in 6 lineages (1–6). Each genetic 
lineage has been linked to geographic regions in Africa, 
the Middle East, Asia, and Europe, where Hyalomma spp. 
ticks are present (7). Genotypes I, II, and III have been de-
scribed in Africa; genotype IV in Asia; and genotypes V 
and VI in Europe. However, strains have moved between 
geographic regions; migrating birds, unregulated wildlife 
trade, livestock import and export, and a global movement 
of humans could have dispersed the virus or CCHFV-in-
fected ticks (8).

In western Europe, the presence of the virus had only 
been detected indirectly by means of serologic methods in 

the serum of 2 people from southern Portugal (9). How-
ever, genotype III CCHFV was detected in ticks from deer 
captured in western Spain in 2010 and ticks from birds mi-
grating from Morocco in 2013 (10,11). No cases among 
humans in Spain had been reported until 2016, when 2 
autochthonous cases were diagnosed (12). Here, we re-
port the complete genomic sequence of the virus from 1 of 
these case-patients and show the phylogenetic relationships 
among the 3 segments.

The Study
We previously detected CCHFV in serum samples from 
the 2 patients in Spain with autochthonous CCHV (12); 
the index case-patient died. For this study, we obtained 
viral RNA (3.6 × 107 copies/mL) from the secondary 
case-patient in a sample taken 4 days after onset of 
symptoms by using the QIAamp viral RNA Mini kit 
(QIAGEN, Hilden, Germany). We then amplified the vi-
rus in a single-step reverse-transcription PCR by using 
the SuperScript III One-Step RT-PCR system with the 
Platinum Taq High Fidelity DNA Polymerase kit (Invi-
trogen Life Technologies, Barcelona, Spain) with over-
lapping primers throughout the complete genome (Ta-
ble). PCR conditions were amplification at 52.5°C for 30 
min, 94°C for 2 min, and then 40 cycles at 94°C for 15 s, 
48°C –55°C for 30 s, and 68°C for 1 min/kb, with a final 
extension cycle at 68°C for 5 min. We designed primers 
for each segment in most conserved regions after align-
ing available CCHFV sequences from all genotypes re-
trieved from GenBank (Table). We directly sequenced 
purified amplicons by using additional internal primers 
(data not shown). We assembled and analyzed the con-
sensus sequence of each segment by using SeqMan Pro 
from the Lasergene Suite 12 (DNASTAR Inc., Madison, 
WI, USA). To get complete finished genomes, we used 
a hybrid-capture method as described by Blackley et al. 
(13) by using probes designed against the CCHFV se-
quences obtained from amplicon sequencing.

To characterize the complete CCHFV genome, 
we performed a phylogenetic analysis of the full S, M, 
and L segments (Figure, https://wwwnc.cdc.gov/EID/
article/23/12/17-1002-F1.htm). The 3 segments were 
aligned by using ClustalW in MEGA 5.2 (http://www.
megasoftware.net) and representative available CCHFV 
sequences from GenBank of all genotypes. We generated 
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a phylogenetic tree by using neighbor-joining algorithms 
and analyzed 1,000 replicates for bootstrap testing. Gen-
Bank accession numbers for sequences used in this study 
are MF287636 for the S fragment, MF287637 for the M 
fragment, and MF287638 for the L fragment.

The nucleotide sequence of the different CCHFV 
segments from the infected patient we analyzed in this 
study showed 99% identity with the Sudan AB1–2009 
CCHFV strain (5) in S, M, and L segments (Gen-
Bank accession nos. HQ378179.1, HQ378187.1, and 
HQ378183.1, respectively) (Figure) and were grouped 
within genotype III (Africa 3). CCHFV found in ticks 
from Spain in 2010 and from birds from Morocco in 
2011 also clustered in this group (10,11). In addition, no 
reassortant segment has been found in the analysis of the 
full genome, even though reassortant strains have been 
described in this genotype (2). 

Conclusions
The results of the sequence analysis we describe corrob-
orate our previous results (12), obtained by analyzing a 
small fragment in the S segment, showing that CCHFV 
from genotype III (Africa III) is circulating in south-
western Europe. CCHFV circulating in Spain caused 
2 autochthonous cases that resulted in the death of the 
index case-patient and a serious illness in the second 
case-patient, providing evidence of its pathogenicity. The 
risk for infection in Spain is considered low, but human 
infection caused by the bite of an infected tick has oc-
curred 6 years after the virus was discovered in ticks (10).  

Because the virus is circulating in Spain, additional studies 
will be required to establish the distribution of the virus in  
this country.
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Table. RT-PCR primers used for generation of amplicons used for sequencing CCHFV full genome from strains isolated from patient 
samples in Spain, 2016* 

Primer pair 5′  3′ sequence 
5′  3′ position relative to 
reference strain AB1-2009 

Amplified 
segment, kb 

Temperature, 
°C† 

CRCON+1 RWAAYGGRCTTRTGGAYACYTTCAC 123–147  S, 1.4 50.5 
CRCON1R-S TCTCAAAGATAYCGTTGCCGCAC 1,651–1,673   
CRCON1F-M TCTCAAAGAAAATACTTGCGGC 1–22  M, 2.3 48 
CRCON4R-M GCATYTCAGCATCTATTGCATT 2,326–22,347   
CRCONF4F-M TTGTAGAYCAAAGACTRGGCAG 1,775–1,796 M, 2.1 48 
CRCON6R-M GCCYGCTTCAATCAAGCTACA 3,829-3,849   
CRCON6F-M TCAATTGAGGCACCATGGGG 3,280–3,299 M, 2.1 50 
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CRCON9R-L TCATGCATGCAACCACTGAAAT 6,948-6,969   
CCHF-L2F GAAGAGCTATATGACATAAGGC 6,137–6,158 L, 1.6 48 
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CCHF-L2R TCTCAAAGAAATCGTTCCCCCCAC 12,149–12,172   
*F, forward; L, large segment; M, medium segment; R, reverse; RT-PCR, reverse transcription PCR; S, small segment. 
†Melting temperature used. 
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In December 2014, Ebola virus disease (EVD) was diag-
nosed in a healthcare worker in the United Kingdom after 
the worker returned from an Ebola treatment center in Si-
erra Leone. The worker flew on 2 flights during the early 
stages of disease. Follow-up of 238 contacts showed no 
evidence of secondary transmission of Ebola virus.

More than 28,000 cases of Ebola virus disease (EVD) 
were reported during the epidemic in West Africa in 

2014–2015 (1). International healthcare workers (HCWs) 
responded, and a number subsequently became infected 
with EVD, including those given a diagnosis after their re-
turn travel (2). There is international guidance for follow-
up of aircraft contacts of case-patients with EVD (3–5).

We report contact tracing after EVD was diagnosed in 
an HCW in the United Kingdom who had worked in an Ebo-
la treatment center in Sierra Leone. This worker had become 
ill while traveling back to the United Kingdom via Morocco.

The Study
For this investigation, a multiagency incident control team 
and contact tracing teams were established with staff of Pub-
lic Health England (PHE) and Health Protection Scotland. 
We undertook a risk assessment that included interviewing 
the case-patient about symptoms, travel, and contacts. We 
used preexisting guidance (6) to classify classified contacts 
according to their degree of exposure to the case-patient 
and to other persons with EVD on the basis of the degree of 
infectiousness and physical contact (Table). The degree of 
public health follow-up of contacts was formulated accord-
ing to their exposure category (Table).

We asked airlines to provide passenger manifests; 
advanced passenger information (nationality, passport  

numbers, date of birth); and contact details. If contact 
details were missing or incorrect, we sought additional 
information from Her Majesty’s Passport Office, the UK 
Border Agency, PHE port entry screening and returning 
workers information, the National Health Service Pa-
tient Demographic Service, and online social networks. 
For contacts with UK addresses, we conducted a home 
visit if telephone contact was unsuccessful. For foreign 
national contacts, PHE also contacted the National Focal 
Point of the relevant country as per International Health 
Regulations. Public helplines were established to provide 
a contact point for those potentially affected. PHE provid-
ed public health advice to United Kingdom airline staff, 
and Moroccan authorities provided public health advice 
to Morocco airline staff. Moroccan authorities led contact 
tracing for the flight to Morocco, which is not reported in 
this article.

The case-patient was a UK national HCW (39-year-
old woman) who had worked in an Ebola treatment center 
in Sierra Leone and had direct patient contact. On Decem-
ber 28, 2014, she flew from Sierra Leone to Glasgow on 3 
flights and 2 aircraft of 2 airlines: from Freetown, Sierra 
Leone, to Casablanca, Morocco (3 h, 40 min); Casablanca 
to London, England (3 h, 30 min); and London to Glasgow, 
Scotland (1 h, 20 min).

During exit screening before boarding in Freetown 
and Casablanca, the case-patient was reported to have 
been apyrexial. Symptoms of fever and malaise began 
during the Casablanca to London flight. At London Heath-
row Airport, several readings of temperatures <37.6°C 
were made by screening staff before onward travel. In 
Glasgow, after the case-patient took a taxi home, her 
symptoms worsened, and she telephoned local health ser-
vices. The case-patient did not report vomiting, diarrhea, 
or bleeding before diagnosis and admission. Contacts had 
not been exposed to body fluids.

The case-patient was admitted to a hospital in Glasgow 
and given a diagnosis of EVD on December 29, 2014. The 
patient was subsequently transferred by military plane to 
a specialist infectious diseases hospital in London on De-
cember 30, 2014. She survived her illness.

Aircraft passengers in the same seat row and 2 rows 
in front of and behind the case-patient were classified as 
category 2 contacts. All other passengers and crew were 
classified as category 1 contacts. Border Force staff, health 

Lack of Secondary Transmission of Ebola  
Virus from Healthcare Worker to 238 Contacts, 

United Kingdom, December 2014

Author affiliations: Public Health England, London, UK  
(P. Crook, H. Maguire, N. McCarthy, H. Kirkbride, B. Court,  
S. Kanagarajah, D. Turbitt, P. Cosford, I. Oliver); Health Protection 
Scotland, Glasgow, Scotland, UK (A. Smith-Palmer, S. Ahmed); 
University College London, London (H. Maguire)

DOI: https://doi.org/10.3201/eid2312.171100



DISPATCHES

2082 Emerging Infectious Diseases • www.cdc.gov/eid • Vol. 23, No. 12, December 2017

screeners, and HCWs were classified as category 1 con-
tacts, and a community contact was classified as category 
2 contact (Table).

A total of 238 persons, including 185 category 1 con-
tacts and 24 category 2 contacts, were assessed as having 
sufficient exposure to the case-patient to warrant further 
public health follow-up (Table). Although no contacts were 
classified as being category 3 (direct contact with high ex-
posure risk) because of exposure to the case-patient, 29 
contacts were classified as category 3 because of other Eb-
ola exposures, including healthcare work in Sierra Leone.

All 16 non–flight-related contacts were successfully 
followed up. Passengers on the Casablanca to London 
flight represented 17 nationalities, and 59 (45%) of 132 
had non-UK passports. We successfully contacted all pas-
sengers on both flights, except for 3 category 1 passengers 
who had non-UK passports (199/202, 99%); a total of 162 
(80%) passengers were contacted within 48 h of diagnosis 
for the case-patient.

We provided information for the 3 passengers we 
could not contact to their respective countries through their 

National Focal Point. Two persons in the United Kingdom 
required home visits. All flight crew were contacted. No 
additional cases of EVD were identified among contacts.

Conclusions
We report no evidence of secondary transmission of Ebola 
virus to contacts of a case-patient who contracted EVD dur-
ing the Ebola epidemic in West Africa in 2014–2015 and 
who was given a diagnosis in the United Kingdom. There 
have been few reports of symptomatic EVD case-patients 
traveling by commercial airline, and secondary transmis-
sion has not been documented (7–10). The case-patient we 
report was probably in the early stages of illness, and there 
was no evidence of high-risk exposure to body fluids on 
board the aircraft.

A precautionary approach was taken regarding clas-
sification of contacts on the aircraft. We used a wider 
definition for the closest contact category than that rec-
ommended by international guidance (1 seat in either di-
rection of the case-patient) (3–5) but consistent with that 
used for the response to a case diagnosed in the United 

 
Table. Characteristics of 238 contacts of a healthcare worker with Ebola virus disease and summary of public health action, by 

exposure  category, United Kingdom, December 2014* 

Characteristic 

No. contacts by exposure category 

Total 1; No direct contact 
2; Direct contact with low 

risk for exposure 
3; Direct contact with high 

risk for exposure 
Exposure setting 

   
 

 Casablanca–LHR passengers 109 23 0 132 
 Casablanca–LHR crew 13 0 0 13 
 LHR PHE screeners 4 0 0 4 
 LHR Border Force 7 0 0 7 
 LHR–Glasgow passengers 62 8 0 70 
 LHR–Glasgow crew 7† 0 0 7 
 Healthcare workers 4‡ 0 0 4 
 Glasgow community 0 1 0 1 
 Total§ 185 24 29¶ 238 
Summary of public health action Risk assessment 

questionnaire completed; 
provided telephone advice 

on symptoms of EVD;  
action to take if they had 

fever or symptoms 
consistent with EVD in the 
21 d after their most recent 

exposure; advised that there 
was no reason to stop their 
day-to-day activities during 

the surveillance period 
provided they remained well; 
advised that their family and 
household contacts were not 

at risk for EVD if contact 
remained asymptomatic 

As for category 1 plus 
provided written advice and 
a temperature monitoring 
kit, advised to take their 
temperature twice a day 
and to contact the local 

public health team if they 
had a fever or symptoms 

consistent with EVD in the 
21 d after their most recent  
exposure; advised to delay 

any nonessential 
healthcare treatment until 
after the 21-d period; local 

public health teams 
assessed the contact after 

21 d and reported their 
completion of public health 

follow-up 

As for category 2 plus 
required to contact the 
local public health team 

daily to report their 
temperature and advised 

not to undertake healthcare 
activity; if contact was not 

made, the local public 
health team contacted 

them 

NA 

*In England a home visit was attempted if no telephone contact was possible. EVD, Ebola virus disease; LHR, London Heathrow Airport; NA, not 
applicable; PHE, Public Health England. 
†Includes 3 cabin staff and 4 land customer services staff. 
‡Includes 2 doctors and 2 nurses who provided dedicated care to the patient while in the specialist infectious diseases unit. 
§Reflects overall number of persons categorized according to their highest category, including those categorized because of their healthcare work contact 
in Sierra Leone. Numbers in each category do not represent a sum of a column. 
¶29 contacts who flew Casablanca–LHR were classified as category 3 because of their healthcare-related activity in West Africa. 
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States (10). The decision to contact all persons on the af-
fected aircraft was taken to inform and reassure contacts, 
not just to prevent transmission.

The limited information on passengers initially avail-
able hampered the ability to make contact promptly and 
resulted in extensive efforts to trace persons. Further-
more, flight manifests included passengers who had not 
flown. Issues with flight information have arisen before in 
the United Kingdom related to contact tracing (11). The 
need for airlines to collect personal rather than agency 
contact details should be stressed. To ensure a rapid re-
sponse, public health agencies need to work with airlines 
and other international organizations to ensure access to 
a minimum dataset that would support rapid notification 
of contacts. In the United Kingdom, the National Health 
Service Patient Demographic Service was essential for 
obtaining contact details and identifying whether contacts 
were likely to be UK residents. In addition, the Ebola port 
entry screening and returning workers scheme provided 
rapid information on 37 contacts whose journey originat-
ed in Ebola-affected countries.

Temperature screening while the case-patient trans-
ferred through Heathrow Airport did not confirm fever, and 
the patient was allowed to continue the journey. In the pres-
ence of exit screening, airport entry screening might not 
detect imported EVD (12,13). However, one  purpose of 
this screening has been to ensure that persons receive infor-
mation to enable them to seek care quickly and in a manner 
that helps prevent transmission. Advice provided during 
airport screening and healthcare deployments aims to en-
sure that when symptoms develop, exposed persons contact 
health services early and by telephone, enabling responders 
to take appropriate measures to reduce transmission. In this 
instance, early contact with health services resulted in only 
a small number of contacts outside the flights. An evalua-
tion of EVD port entry screening and a scheme for return-
ing workers in the United Kingdom is under way.

This study provides support for the conclusion that there 
is low risk for transmission of Ebola virus on aircraft from 
EVD case-patients in the early stages of disease. Providing 
information and advice to contacts can be a helpful public 
health intervention in minimizing virus transmission.
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Singapore experienced its first documented Zika virus 
outbreak in 2016. We identified clinical and laboratory 
parameters that increase the probability for Zika or den-
gue virus infection. Early during the illness, combinations 
of key parameters obtained through clinical assessment 
and hematologic tests can help distinguish between  
these infections.

Zika virus recently emerged as a clinically important ar-
bovirus that can cause fetal complications in infected 

pregnant women and Guillain-Barré syndrome in adults 
(1–3). Since the first reported large Zika outbreak on Yap 
Island in 2007 (4), widespread community outbreaks have 
been reported in many other countries (4,5).

Dengue virus (DENV) threatens the 50% of the world’s 
population who live in at-risk areas and causes ≈390 mil-
lion infections annually (6). The frequency and magnitude 
of epidemic dengue have increased exponentially during 
the past 4 decades because of such factors as population 
growth and rising temperatures (7). Severe dengue can re-
sult in plasma leakage, systemic shock, multiorgan failure, 
and eventual death (8).

Zika and dengue have similar presenting symptoms 
(including fever, rash, arthralgia, myalgia, and headache) 
(4,9); incubation periods; and transmission routes through 
Aedes mosquitos (5,6). Accurate and early diagnosis is 
essential to properly manage the unique complications of 
each disease.

In Singapore, a tropical island city-state in Southeast 
Asia, DENV is endemic. Dengue epidemics have been re-
corded every few years since the 1990s and now predomi-
nantly affect adults (8). In August 2016, Singapore experi-
enced its first documented Zika outbreak (10). Before that 
outbreak, national surveillance of community-based pa-
tients (ongoing since 2014) had not detected any local Zika 
cases (11). The Zika outbreak occurred on the background 
of ongoing DENV circulation, and medical practitioners 
had to consider concurrent testing for both infections as 
part of clinical management.

Using the likelihood ratio approach, we identi-
fied clinical and laboratory parameters that increase the  

likelihood of a laboratory-confirmed diagnosis of Zika 
virus or DENV infection at first presentation to clinical 
care. The clinical diagnostic process may lack sensitivity 
and specificity (12). A positive likelihood ratio (LR+) is 
calculated using the proportion of patients with the dis-
ease having a positive clinical or laboratory finding divid-
ed by the proportion of patients without the disease hav-
ing that same finding (13). This information adds value to 
clinical diagnosis by refining the posttest probability of a 
disease. In the absence of confirmatory laboratory tests, a 
thorough assessment of such parameters may help distin-
guish between the 2 diseases.

The Study
We reviewed 2 prospectively recruited cohorts of patients 
with suspected Zika virus and DENV infections treated 
at Tan Tock Seng Hospital (Singapore), an adult tertiary 
care hospital. This hospital also houses the Communicable 
Disease Centre, the designated institution for centralized 
management of emerging infectious diseases in Singapore.

The Zika cohort comprised persons with suspected 
Zika virus infection recruited during August and September 
2016. We followed the case definition used by the Singa-
pore Ministry of Health (i.e., any person living, working, or 
studying in the outbreak area with fever and maculopapu-
lar rash plus >1 additional symptom of arthralgia, myalgia, 
headache, or conjunctivitis). Patients whose illness partial-
ly or fully met the case definition underwent confirmatory 
laboratory testing through detection of Zika virus RNA in 
serum and urine samples using real-time reverse transcrip-
tion PCR (RT-PCR) (14). Confirmed cases were defined 
as a positive result for a Zika virus serum or urine test. We 
excluded patients with laboratory-confirmed dengue co-in-
fection, using dengue NS1 antigen (Bio-Rad Laboratories, 
Marnes-la-Coquette, France) or RT-PCR (15).

The dengue cohort comprised persons with suspected 
DENV infection recruited during January 2010–Septem-
ber 2012. Persons in this cohort had fever (temperature 
>37.5°C), with or without additional signs or symptoms, 
and no alternative diagnosis at the time they sought care. 
Cases were defined as a serum-positive DENV NS1 anti-
gen or RT-PCR.

To evaluate parameters during the early phase of each 
illness, for both cohorts, we limited participant recruitment 
to persons who sought care within 5 days after symptom 
onset. We obtained ethics approval from the National 

Diagnostic Accuracy of Parameters for Zika  
and Dengue Virus Infections, Singapore
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Healthcare Group (NHG Domain Specific Review Board 
reference no. 2016/01027).

The Zika cohort comprised 281 persons with sus-
pected Zika virus infection (online Technical Appendix 
Table 1, https://wwwnc.cdc.gov/EID/article/23/12/17-1224-
Techapp1.pdf): 130 case-patients (without dengue co-infec-
tion) and 151 non–case-patients. The median age of case-pa-
tients (34 years [interquartile range (IQR) 26–49 years]) was 
similar to that of non–case-patients (31 years [IQR 24–38 
years]). Sex distribution was similar between case-patients 
(60% male) and non–case-patients.

The DENV cohort comprised 310 persons with sus-
pected DENV infection: 175 case-patients and 135 non–
case-patients. Age groups were similar for case-patients 
(median age 36 years [IQR 29–43 years]) and non–case-
patients (median age 32 years [IQR 27–42 years]), and both 
groups consisted primarily of male patients.

Zika virus infection case-patients most commonly had rash 
(94%), myalgia (41%), and documented fever (35%) (Figure 
1); non–case-patients mainly had myalgia (62%), documented 
fever (42%), and rash (41%). Low proportions of both groups 
had marked thrombocytopenia (platelets <100 × 109/L [refer-
ence 170–420 × 109/L]), leukopenia, or lymphopenia.

DENV case-patients and non–case-patients most com-
monly had headache, myalgia, and nausea (Figure 2). Eighty-
two percent of case-patients reported gastrointestinal symp-
toms and, compared with non–case-patients, case-patients 
reported much higher proportions of leukopenia (89% vs. 
39%), lymphopenia (81% vs. 37%), and marked thrombocy-
topenia (53% vs. 31%).

For assessment of Zika virus infection, among individ-
ual parameters evaluated, presence of rash gave the highest 
LR+, sensitivity and negative predictive value, and low-
est negative likelihood ratio (Table 1, https://wwwnc.cdc.
gov/EID/article/23/12/17-1224-T1.htm). We obtained the 
highest LR+ using a combination of rash and conjunctivitis 
(LRT+ = 6.73, 95% CI 2.68–16.90).

For assessment of DENV infection, documented fever 
gave the highest individual LR+ of 3.13 (95% CI 2.48–3.94) 
(Table 2, https://wwwnc.cdc.gov/EID/article/23/12/17-
1224-T2.htm). We obtained the highest LR+ using a com-
bination of documented fever, lymphopenia, and thrombo-
cytopenia (LR+ = 5.11, 95% CI 2.51–10.38).

Conclusions
Our study demonstrated some key differences between the 
2 diseases. Presence of rash featured much more promi-
nently in Zika virus infection than DENV infection during 
the first 5 days of illness. For dengue patients, rashes usu-
ally appear during the critical or recovery phases (typically 
around the fifth day of illness or thereafter) (9). Also, in 
contrast with dengue patients, relatively few Zika patients 
had hematologic abnormalities.

Regardless of the patient’s pretest probability for a dis-
ease, the change in posttest probability is approximated by 
a constant (13). In our study, presence of rash with conjunc-
tivitis gave the highest increase in probability (≈40%) of 
Zika virus infection, whereas a combination of documented 
fever, lymphopenia, and thrombocytopenia increased the 
probability for DENV infection by ≈30% (online Technical 
Appendix Table 2). In contrast, absence of rash in a patient 
with suspected Zika or absence of lymphopenia in a pa-
tient with suspected dengue reduced the probability of the 
respective disease by 30%–45%. In countries where these 

Figure 1. Clinical and laboratory parameters of Zika virus cohort, 
Singapore. *Statistically significant differences (p<0.05).
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viruses co-circulate, and where access to confirmatory 
laboratory testing is limited, these may be simple methods 
to help medical practitioners assess a patient suspected to 
have Zika or dengue.

The strengths of our study include the analysis of 
common parameters, standardized to ensure compara-
bility across the 2 cohorts. Our analysis presents likeli-
hood ratios, which are easy to interpret and aid clinical 
diagnosis by refining the posttest probability of a disease. 
The main study limitation is that our analysis compared 
2 cohorts recruited at separate times and hence does not 
directly distinguish between the 2 infections. However, 
hospital workflows and clinical assessment methods  

for patients largely did not change between these periods. 
In both cohorts, cases could have been misclassified as 
noncases because RT-PCR might have missed patients 
who sought care late. We reduced this risk by restricting 
recruitment to patients seeking care within 5 days after 
symptom onset. Our study demonstrates that a thorough 
assessment of clinical and hematologic parameters can 
aid the clinical diagnosis of Zika virus and DENV infec-
tions in the early stages.
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In 2015, we identified an avian hepatitis B virus associated 
with hepatitis in a group of captive elegant-crested tinamous 
(Eudromia elegans) in Germany. The full-length genome of 
this virus shares <76% sequence identity with other avihe-
padnaviruses. The virus may therefore be considered a new 
extant avian hepadnavirus.

Hepatitis B virus (HBV) belongs to the family Hepad-
naviridae, members of which constitute 2 major ex-

tant genera: Orthohepadnavirus, which infect mammals, 
and Avihepadnavirus, which infect birds (1). Recently, evi-
dence of a likely third genus was found with the discovery 
of a new fish hepadnavirus (2). In addition, HBV-derived 
endogenous viral elements have been reported in several 
neoavian birds (e.g., budgerigars and several finches) (3,4) 
and reptiles (e.g., turtles and crocodiles) (5). 

Hepadnaviruses generally are characterized by their 
narrow host range and strong hepatotropism (1). They 
are enveloped, partially double-stranded DNA viruses 
with a small circular genome (≈3 kb) and at least 3 open 
reading frames (ORFs) (1). In orthohepadnaviruses, a 
fourth ORF encodes the X protein, which is associated 
with hepatocellular carcinoma in their respective host 
species. Avihepadnaviruses appear to have an X-like 
protein region; however, either a premature stop codon 
is present or no ORF is found in most cases (6). We de-
scribe a new avian HBV causing severe hepatitis in the 
elegant-crested tinamou (Eudromia elegans), a member 
of the ancient group of birds the Palaeognathae, which 

includes emus (Dromaius novaehollandiae) and ostrich-
es (Struthio spp.).

In 2015, a deceased adult elegant-crested tinamou 
kept at Wuppertal Zoo (Wuppertal, Germany) underwent 
necropsy at the University of Veterinary Medicine Han-
nover, Foundation (Hannover, Germany). Initial histologic 
examination revealed moderate, necrotizing hepatitis and 
inclusion body–like structures within the hepatocytes. To 
identify a putative causative agent, we isolated nucleic ac-
ids from the liver and prepared them for sequencing on an 
Illumina MiSeq system (Illumina, San Diego, CA, USA) 
(online Technical Appendix, https://wwwnc.cdc.gov/EID/
article/23/12/16-1634-Techapp1.pdf). We compared ob-
tained reads with sequences in GenBank using an in-house 
metagenomics pipeline. Approximately 78% of the reads 
aligned to existing avihepadnavirus sequences. A full ge-
nome (3,024 bp) of the putative elegant-crested tinamou 
HBV (ETHBV) was subsequently constructed by de novo 
assembly mapping >2 million reads (88.6%) to the virus 
genome (GenBank accession no. KY977506).

The newly identified ETHBV shared <76% nt sequence 
identity with other avian HBVs (online Technical Appen-
dix Table 1). Phylogenetic analysis showed that ETHBV 
clustered within the genus Avihepadnavirus, forming a new 
clade (Figure, panel A). The organization of the ETHBV 
genome was similar to other avian HBVs because all 3 
overlapping ORFs (polymerase, nucleocapsid [preC/C], 
and presurface [preS/S] antigen) and several essential se-
quence motifs (e.g., the epsilon element, TATA boxes, and 
direct repeat sites DR1 and DR2) were identified (online 
Technical Appendix Figure 1). We also found an X-like se-
quence. However, similar to duck HBV, ETHBV lacks a 
putative translation start site. It has been suggested that the 
X protein evolved later in mammalian hosts (5), which ex-
plains the absence of X-like ORF in the ETHBV genome. 
Comparison of pairwise amino acid identities between 
ETHBV and other avihepadnaviruses showed low homolo-
gies between their functional proteins (64%–69% similar-
ity to the polymerase, 75%–80% to the preC/C, 52%–62% 
to the preS/S [online Technical Appendix Table 2]).

The identification of ETHBV prompted us to retro-
spectively screen the flock of 7 elegant-crested tinamous 
at Wuppertal Zoo and the 6 that had died within the past 
4 years and had undergone necropsy at the University of 
Veterinary Medicine Hannover, Foundation (online Tech-
nical Appendix Table 4). For that purpose, we designed a 
set of degenerated primers targeting a short region of the 
polymerase–preC/C genome in all avihepadnaviruses (on-
line Technical Appendix). All birds were found positive 
by PCR (online Technical Appendix Table 4), including 
liver tissue from embryonated eggs, implying that ETH-
BV is vertically transmitted (Figure, panel B). We then 
obtained a second ETHBV genome (GenBank accession  1These authors contributed equally to this article.
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no. KY977507) from another tinamou from the same 
flock by deep sequencing; this genome showed 99.8% nt 
sequence identity with the initial ETHBV genome. Tina-
mou serum samples from another zoo were also screened 
but tested negative by PCR (online Technical Appendix 
Table 4).

To further characterize ETHBV, we confirmed infec-
tion in the liver using an in situ hybridization protocol (8) in 
an adult and embryo tinamou (Figure, panel B). In addition 
to ETHBV infection in the liver, we found some positive 
cells in kidney and testis tissue. Although hepadnaviruses 
generally are host restricted, exceptions have been reported 
(e.g., crane HBV) (9). We attempted to infect Pekin duck 
embryos through the allantoic cavity, as well as by intra-
venous infection routes, and were not able to demonstrate 
replication (data not shown).

ETHBV can be considered a new extant hepadnavirus 
associated with hepatitis in the elegant-crested tinamou. 
Whether ETHBV can infect other species within the Pa-
laeognathae or whether it is host restricted within other 
tinamou species remains to be elucidated. The discovery of 
ETHBV suggests that other avian species may harbor as-yet 
undiscovered HBVs. The pathogenesis of avian hepadnavi-
rus infections and the mechanisms of virus transmission in 
captive tinamou flocks warrant further investigation.
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We report an unusual case of myopericarditis caused by 
Rickettsia sibirica mongolitimonae. Because of increasing 
reports of Rickettsia spp. as etiologic agents of acute myo-
pericarditis and the ease and success with which it was treat-
ed in the patient reported here, rickettsial infection should be 
included in the differential diagnosis for myopericarditis.

Myopericarditis is a primarily pericardial inflammatory 
syndrome occurring when clinical diagnostic criteria 

for pericarditis are satisfied and concurrent mild myocar-
dial involvement is documented by elevated biomarkers 
of myocardial damage (i.e., increased troponins). Limited 
clinical data on the causes of myopericarditis suggest that 
viral infections are among the most common causes in de-
veloped countries, although the list of agents is increasing. 
We identified an unusual case of myopericarditis caused by 
Rickettsia sibirica mongolitimonae, an emerging pathogen 
in southern Europe with a broad clinical spectrum (1).

In September 2016, a 39-year-old man with no remark-
able medical history sought care at an emergency depart-
ment in Spain with acute-onset central chest pain and fever. 
The previous week, he had hunted in northeastern Spain. 
Physical examination revealed a systolic blood pressure of 
115 mm Hg, heart rate 80 beats/min, peripheral pulse ox-
imetry of 98%, and an axillary temperature of 38.7°C. No 
murmurs, rales, or gallops were detected on cardiac exami-
nation. A necrotic left gluteus eschar and multiple enlarged 
left inguinal lymph nodes were noted. He had neither lym-
phangitis nor widespread rash, and his mucous membranes 
appeared normal. He did not remember tick bites.

An electrocardiogram demonstrated a sinus rhythm 
with diffuse ST-segment elevation, and a transthoracic 
echocardiogram showed a normal biventricular ejection 
fraction with mild pericardial effusion. High-sensitive T 
troponin level was 575.3 ng/L (reference <14 ng/L), and 
blood cultures and serologic tests for common viruses were 
all negative. He was admitted to the hospital, and a cardiac 
magnetic resonance study performed 48 hours later con-
firmed the suspected diagnosis of myopericarditis.

Because of the eschar, tickborne-related rickettsiosis 
was suspected, and ibuprofen (1,800 mg/d) and doxycy-
cline (100 mg every 12 h) were started. After the third day 
on medical therapy, the patient became afebrile, and the 
electrocardiographic changes gradually resolved. He was 
discharged after 12 days. Doxycycline was maintained for 
14 days. 

Acute-phase serologic tests yielded negative results for 
HIV; Borrelia burgdorferi sensu lato (chemiluminiscence 
immunoassay, Liason, Diasorin, Spain); spotted fever group 
rickettsia (SFGR) (commercial [Focus Diagnostics, Cypress, 
CA, USA] and in-house tests); and Francisella tularensis 
(in-house microagglutination assay). An eschar swab sample 
and an eschar biopsy sample were removed under aseptic 
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conditions and sent together with EDTA-treated blood and 
serum specimens to Spain’s reference center for rickettsio-
ses (Hospital San Pedro–Centro de Investigación Biomédica 
de La Rioja, Logroño, Spain) for molecular analysis. Sam-
ples were tested by PCR for the presence of Rickettsia spp. 
(ompB, ompA, and sca 4 genes). Fragments of ompB rick-
ettsial genes (285/285 bp) were amplified from the eschar 
biopsy and swab. The sequences obtained showed 99.8% 
identity to the corresponding sequences of R. sibirica mon-
golitimonae (GenBank accession no. AF123715).

A convalescent-phase serum specimen collected 7 
weeks after hospital discharge was tested by indirect immu-
nofluorescence assay for IgG against SFGR. Commercial 
(Focus Diagnostics) and in-house R. conorii and R. slovaca 
antibody testing showed an IgG of 1:1,024. In-house micro-
agglutination assay results for F. tularensis were not reactive.

Myopericarditis, a rare complication of human rick-
ettsiosis, usually occurs with acute infection caused by R. 
rickettsii or R. conorii. To our knowledge, there are few 
reports of a myopericarditis due to SFGR infections (Table) 
(2–9), and in PubMed, we found none attributed to R. si-
birica mongolitimonae.

R. sibirica mongolitimonae is an intracellular bacte-
rium that was first reported as a human pathogen in 1996; 
since then, several cases have been reported from France, 
Portugal, Greece, and Spain showing seasonal variations 
with predominance during spring and summer (1). Clinical 
manifestations include fever with or without rash, myal-
gia, and headache. A characteristic rope-like lymphangitis 
from the eschar to the draining lymph node is evident in 
one third of patients (1).

Rickettsiosis is commonly diagnosed on the basis of 
serologic testing, although use of molecular tools or cell 
culture on a skin biopsy specimen from an eschar is one of 
the best methods to identify Rickettsia spp. Swabbing an 

eschar is painless, and its results are similar to skin biopsy 
samples by molecular tools. In the patient we reported, the 
swab sample from the eschar was useful for rickettsial di-
agnosis (10). Negative test results for other agents and the 
clinical response to doxycycline strongly supported the di-
agnosis of acute myopericarditis associated with R. sibirica 
mongolitimonae. Because of increasing reports of different 
species of Rickettsia involved as etiologic agents of acute 
myopericarditis and the ease and success with which this 
infection was treated, we strongly recommend including 
rickettsial infection in the differential diagnosis in the ad-
equate epidemiology context.

Dr. Revilla-Martí is a cardiologist at Hospital Clínico 
Universitario Lozano Blesa in Zaragoza, Spain. His research 
interests include heart failure and myocardial diseases.
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Table. Characteristics of adults previously reported with myopericarditis associated with Rickettsia spp. infection* 
Characteristic Patient 1 (2) Patient 2 (3) Patient 3 (4) Patient 4 (5) Patient 5 (6) Patient 6 (7) Patient 7 (8) Patient 8 (9) 
Age, y/sex 28/M 52/F 74/F 35/M 25/F 54/M Unk/unk 26/M 
Country Spain Australia South Africa South Africa United 

States 
United 
States 

Sri Lanka United 
States 

Signs and symptoms        
 Fever No Yes Yes Yes Yes Yes Yes Yes 
 Rash No Yes Yes Yes Yes No Unk Yes 
 Adenopathy Yes No Yes No Unk Unk Unk Unk 
 Lymphangitis Yes No Yes Yes Unk Unk Unk Unk 
 Headache Yes Yes Yes No Unk Yes Unk Unk 
 Myalgia No Yes No No Unk Yes Unk Unk 
 Chest pain Yes Yes Yes Yes Unk Yes Unk Unk 
 Heart failure No Yes Yes No Unk No Unk Unk 
 Eschar Yes; neck No Yes; unk Yes; 

abdomen 
Unk Unk No No 

Organism R. slovaca R. australis R. africae R. africae R. rickettsii R. rickettsii R. conorii R. rickettsii 
LVD No Yes Unk No Yes Yes Unk Yes 
PE No No Unk No Yes No Unk No 
Treatment Doxycycline Tigecycline, 

doxycycline 
Doxycycline Doxycycline Unk Doxycycline Doxycycline Doxycycline 

*LVD, left ventricular dysfunction; PE, pericardial effusion; unk, unknown. 
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Serogroup O80 was detected in 40% of 104 enteropatho-
genic Escherichia coli isolates from calves with diarrhea 
from 42 farms in Belgium during 2008‒2015. These isolates 
harbored the eae-ξ and fliCH2 genes, similar to the O80 
attaching-effacing Shigatoxigenic E. coli isolates found in 
humans in France. This strain might be emerging.

Enteropathogenic and attaching-effacing Shigatoxi-
genic Escherichia coli (EPEC and AE-STEC) cause 

bloody diarrhea in humans and young calves. For clarity, 

we use the term AE-STEC instead of enterohemorrhagic 
E. coli, similar to a previous publication (1), to refer to 
STEC isolates from animals that produce attaching-ef-
facing lesions. EPEC and AE-STEC that infect humans 
are diverse and comprise scores of serotypes (2); in con-
trast, most calf AE-STEC strains comprise a few sero-
types, mostly O5:H-, O26:H11, O111:H-, and O118:H16 
(3). The O26:H11 serotype is also the most common 
among calf EPEC. However, most serotypes that infect 
calves have not been identified (3). Therefore, during No-
vember 2008‒June 2015, we conducted a study on 104 
EPEC and 153 AE-STEC isolates collected from the fe-
ces or the intestinal contents of calves suffering diarrhea 
(1 isolate/calf) at the Association Régionale de Santé et 
d’Identification Animales in Ciney, Belgium. Isolates 
were screened by PCR for genes of the 10 most pathogen-
ic and common calf and human O serogroups: O5, O26, 
O103, O104, O111, O118, O121, O145, O157, and O165. 
Confirming published results (3), 80% (122/153) of AE-
STEC isolates and only 21% (22/104) of EPEC isolates 
tested positive for 1 of these (J.G. Mainil, unpub. data) 
(4). We sought to further characterize this collection of 
calf EPEC with unidentified O serogroups.

We submitted 9 calf EPECs with unidentified sero-
groups to the O-typing multiplex PCR platform (5); 6 of 
9 EPEC isolates contained the O80 serogroup‒encoding 
gene, and 3 belonged to 3 other O serogroups. We subse-
quently performed an O80 serogroup‒specific PCR (5) of 
all 31 AE-STEC and 82 EPEC isolates with unidentified 
serogroups, along with one O80-positive E. coli strain and 
negative controls; 42 EPEC isolates and the O80-positive 
E. coli strain but no AE-STEC isolates or negative controls 
tested positive.

We further tested the calf EPEC isolates and 3 hu-
man Shiga toxin 2‒encoding gene (stx2)‒positive AE-
STEC O80 isolates from the STEC National Reference 
Center (Brussels, Belgium) by PCR for fliCH2 and eae-ξ 
genes found in human AE-STEC O80 strains. For ampli-
fying eae-ξ, we used previously published PCR condi-
tions (6), and for amplifying fliCH2, we used primers H2_F 
(5′-TGATCCGACATCTCCTGATG-3′) and H2_R (5′-CC-
GTCATCACCAATCAACGC-3′) and the following ther-
mocycler conditions: initial denaturation at 94°C for 1 min; 
30 cycles of denaturation for 30 s at 94°C, annealing for 30 
s at 58°C, and elongation for 1 min at 72°C; and final elon-
gation at 72°C for 2 min. All 42 calf EPEC and 3 human 
AE-STEC isolates tested positive by both PCRs.

Among the 104 calf EPEC isolates, O80:H2 was fre-
quently found (40% were PCR positive) and, thus, could 
be considered emerging. Indeed, the EPEC O80 isolates 
were isolated from calves from 42 farms. The yearly 
EPEC O80:H2 isolation rate varied from 12% in 2009 to 
40%–50% during 2010‒2013 to as high as 73% for the 
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first 6 months of 2015 (Table). In comparison, the rate 
for EPEC O26 serotype was 5%‒25%. Although preva-
lence data before 2009 are lacking, EPEC O80 isolates 
have been found infrequently in animals: 8 in dead poul-
try (7,8), 1 in a piglet with diarrhea (9), 1 in a healthy 
cow (9), and 5 in lambs with diarrhea (10). However, 
even fewer AE-STEC O80 isolates have been found: 2 
in healthy cattle (6); 1 in a calf with diarrhea in January 
1987 (J.G. Mainil, unpub. data); and 1 in raw cow’s milk 
cheese (9). According to the literature, the O80:H2 sero-
type might be emerging in France, where human cases of 
AE-STEC O80:H2 have been reported (9).

Molecular virulotyping results indicate that our calf 
EPEC O80 isolates appeared to be more closely related 
to human AE-STEC (because they all harbored eae-ξ and 
fliCH2) than to ovine and poultry EPEC O80 (which usually 
harbor eae-β and fliCH26) (J.G. Mainil, unpub. data) (8,10). 
Further studies are needed to characterize these calf EPEC 
O80:H2 isolates, and the isolation rate of EPEC O80:H2 in 
calves with diarrhea must be tracked. Additional PCR viru-
lotyping should be performed with our isolates to identify, 
if present, other EPEC-related virulence genes and extrain-
testinal E. coli‒related virulence genes. Some genes could 
be located on plasmids, like those that were found in AE-
STEC O80:H2 patients with bacteremia and internal organ 
infections (9), although the infected calves from which 
our isolates were taken did not show evidence of septice-
mia before or after necropsy. The relationship among calf 
EPEC O80:H2 isolates (which are all independent isolates, 
not constituting a single strain until proven otherwise) and 
between calf and human isolates needs to be further char-
acterized with pulsed-field gel electrophoresis and whole-
genome sequencing. The prevalence of O80:H2 EPEC and 
AE-STEC in healthy cattle at slaughterhouses and farms 
in Belgium should be examined. Finally, we need to de-
termine whether these calf EPEC O80:H2 isolates are true 
EPEC, AE-STEC derivatives that have lost stx genes, or 
AE-STEC precursors that could acquire stx genes in the 
future. This work will aid in the detection, prevention, and 
control of this potentially emerging pathogen.
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Table. Comparison of yearly isolation rates of EPEC O80:H2  
and O26 from calves with diarrhea, Belgium, January 2009‒ 
June 2015* 

Year 
EPEC 

Total no. O80:H2, % O26, % 
2009 17 24 12 
2010 19 47 5 
2011 12 50 33 
2012 9 33 22 
2013 15 47 20 
2014 20 25 25 
2015 11 73 9 
Total 104 41 16 
*In 2008, only isolates collected in November and December were studied, 
and 1 EPEC was identified. EPEC, enteropathogenic Escherichia coli. 
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The knowledge, attitudes, and practices surrounding bush-
meat consumption and importation in the United States are 
not well described. Focus groups of West African persons 
living in Minnesota, USA, found that perceived risks are low 
and unlikely to deter consumers. Incentives for importation 
and consumption were multifactorial in this community.

Bushmeat hunting and butchery are risk factors for 
zoonotic disease transmission (1–3). However, less is 

known about health risks to those who consume products 
that are already butchered when purchased. Bushmeat in 
this report refers to meat from wild African animals such as 
rodents, hooved animals, carnivores, primates, and bats (3). 

Thousands of pounds of bushmeat are illegally import-
ed into the United States annually (4), mostly from West 

Africa (5). A previous study of bushmeat consumption by 
African immigrants in the United States described mixed 
perceptions regarding the risks and benefits of consuming 
bushmeat (5). Improved understanding of the complex so-
cial drivers of these practices is needed to better character-
ize risk and formulate communication strategies.

To identify the cultural perspectives and knowledge, 
attitudes, and practices surrounding bushmeat importation 
and consumption, we held focus groups with members 
of the Liberian community living in the Minneapolis–St. 
Paul area of Minnesota, USA. Minneapolis–St. Paul has 
the largest Liberia-born population in the United States, 
and ranks fifth in overall African populations in US met-
ropolitan areas (6). Recognizing the history of stigmatiza-
tion associated with increased risk for Ebola virus among 
persons from West Africa, we engaged a community-based 
organization to partner in the planning and execution of 
this study (7,8). Creating a comfortable environment 
where participants share personal experiences and insights 
freely is a key tenet of focus group methodology (9); this 
partnership was essential in gaining trust and maintaining 
cultural sensitivity.

Inclusion criteria for participant selection included: 1) 
minimum age 18 years, 2) self-identification as West Afri-
can, and 3) willingness to discuss bushmeat in a group set-
ting. The partner organization recruited community mem-
bers by using a combination of purposeful sampling and 
social media advertisement and facilitated 3 focus groups 
(10–12 participants, each for 90 min) in January and Feb-
ruary 2016; a designated research team member attended 
each session. A standard guide for questions was used for 
each session (online Technical Appendix, https://wwwnc.
cdc.gov/EID/article/23/12/17-0563-Techapp1.pdf). The 
University of Minnesota Institutional Review Board ap-
proved this study.

Sessions were audio recorded and transcribed; par-
ticipants were not identified. Nonverbal cues (i.e., ges-
tures, emotions, points of hesitation, nods of agreement) 
and other participant interactions were added to the tran-
script by a notetaker. We analyzed the collected data by 
using a modified grounded theory method with inductive 
analysis as previously described (10). Two authors (E.W., 
J.D.A.) analyzed each transcript by using an open and se-
lective coding approach. Subsequently, all transcripts were 
analyzed together by using axial coding further describing 
relationships among themes (Table); representative quotes 
from participants were selected to exemplify a relationship 
or common theme (9) (Table). We supported validity of 
findings by using member-checking, triangulation of find-
ings with multiple sources, and peer debriefing (9). Many 
themes were repeated in all groups; however, this study 
was limited by inability to confirm that we had reached sat-
uration of perspectives. According to Creswell, it is ideal 1These senior authors contributed equally to this article.
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to repeat focus group sessions with new participants until 
novel perspectives no longer arise (9).

Participants had resided in the United States from 6 
months to 35 years; approximately half were female (on-
line Technical Appendix Table 1). All had consumed bush-
meat, either abroad or in the United States. The 2 funda-
mental drivers of consumption in the United States were to 
1) strengthen connection with African roots or 2) share the 
social experience with friends or relatives (Table). Many 
participants also reported frequent consumption of bush-
meat while visiting West Africa (Table).

Most participants reported preference for what they 
described as “dried bushmeat.” “Drying” involved varying 
degrees of smoking, aging, and desiccation. Dried bush-
meat, compared with raw or partially smoked products, 
was preferred for importation because its decreased odor is 
believed to reduce detection. 

Concern about zoonotic or foodborne disease dis-
suaded few participants from obtaining or consuming 
bushmeat, despite heightened awareness that wildlife could 
harbor Ebola virus. Among those who acknowledged this 
potential, most believed careful preparation and thorough 
cooking mitigated risk. For instance, participants cited tra-
ditional Liberian cooking techniques (extensive boiling for 
long durations) as a protective factor (Table). 

Some participants were knowledgeable of hunting 
and butchering techniques, but most participants pur-
chased dried consumer products and had not participated 
in the processing of carcasses. Although there were con-
sistent gaps in knowledge of import regulations, it was 

commonly perceived that political, public health, or dis-
criminatory (e.g., racist, xenophobic) justifications were 
factors (Table).

These focus groups yielded detailed and nuanced 
information on the knowledge, attitudes, and practices 
related to bushmeat use and consumption among Libe-
rians and Liberian Americans in a US metro area. Al-
though this study did not directly enumerate the volume 
and type of bushmeat imported into the United States, 
our results provide a description of sociocultural fac-
tors involved on the demand side of the supply chain, a 
common gap in most risk assessments, and give insight 
into potential education and risk management strategies. 
We found that engaging the community in a culturally 
appropriate manner encouraged open dialogue, creating 
opportunities for education regarding import regulations 
and risk mitigation strategies (e.g., careful preparation 
and thorough cooking).
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Table. Representative quotations and associated themes discussed by Liberian immigrants in bushmeat focus groups,  
Minnesota, USA* 
Theme Key quotation 
1. Nostalgia/cultural connection is a 
driver for consumption 

“So it goes back to the cultural thing, like she said. The taste and that which you're used to. I 
mean it's how you're brought up, and all that stuff. It's just something like you go away to 
school and you just miss your mom's cooking. So that's just what it is.” 

2. Bushmeat is readily accessible and 
consumed when visiting 
friends/relatives in West Africa 

Moderator: So for those that I hear, you know, about the regulations, about disease and all of 
that, do you think that if they were to go back home, would they still eat bushmeat? 
“Oh yeah.” 
“Yeah.” (Many others nodding) 

3. Skepticism over potential zoonoses 
from bushmeat 

“I don't believe that monkey or bat is carrying this virus. But these beliefs come from my 
experience. When I was growing up, I would talk to my grand uncle and we used to walk in the 
forest, teaching me how to survive in the forest… And he taught me one thing, anything that 
can kill any animal can kill you. And anything an animal carries that can kill it… When you see 
the animal, you’ll see it’s sick and you see it dead. So anything that can kill me, the animal 
will not survive. So monkey cannot carry a virus that can kill me [and not look sick].” 

4. Cooking and proper food 
preparation can mitigate disease risk 
 

“When you kill the bushmeat in Africa, before you even eat it, it goes over the fire, they dry the 
meat, and there it goes in the pot and we are cooking it in Africa—we are not cooking for five 
minutes. I don’t care how the virus or bacteria is, when you put it in the fire it will not 
survive for a minute. When we start talking about Ebola, well, Ebola did not come from 
eating bushmeat, but the Ebola virus might have been on the meat, but when you put it 
on the fire, I don’t think that the Ebola virus could survive.” 

5. African bushmeat may be banned 
in the United States due to human 
health risks 

“So if you tell somebody, you know someone who don’t know anything about Africa or West 
Africa and you tell a person, ‘I eat bushmeat,’ right, and they think ‘do you know how many 
animals over there… who have XYZ, difficult diseases?’ So, from their perspective, I’m going 
to freak out, like, why are you bringing this into my country, where most likely, I don’t 
know what it carries, or it could be transmitted and there’ll be a big epidemic.” 

*Bold text indicates emphasis of quotation.  
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Using next-generation sequencing, we identified and geneti-
cally characterized a porcine astrovirus type 3 strain found 
in tissues from the central nervous system of 1 piglet and 3 
sows with neurologic signs and nonsuppurative polioenceph-
alomyelitis. Further studies are needed to understand the po-
tential for cross-species transmission and clinical impact.

Astroviruses have been identified in a variety of mam-
mals and birds; infection is often asymptomatic (1). 

Recently astroviruses have been implicated in cases of en-
cephalomyelitis in humans, mink, cattle, and sheep (2‒5). 
We describe the use of unbiased next-generation sequenc-
ing to identify and genetically characterize a porcine astro-
virus type 3 (PoAstV-3) in central nervous system (CNS) 
tissues of a 5-week-old piglet and 3 sows with neurologic 
signs and histopathologic lesions compatible with a neuro-
tropic viral infection.

A multisite swine production farm submitted swine 
neurologic cases on 3 different occasions over a 9-month 
period to the Iowa State Veterinary Diagnostic Laboratory 
(Ames, Iowa, USA); 1 submission (2 live piglets) repre-
sented a population of 4–12-week-old pigs and 2 submis-
sions (submission 2, two live sows; submission 3, head 
and tissue of sow) representing sows. In all cases, affected 
swine exhibited clinical signs that ranged from hind limb 
weakness to quadriplegia and occasionally convulsions 
(Video, https://wwwnc.cdc.gov/EID/article/23/12/17-
0703-V1.htm). The sow farm reported a case-fatality 
rate of 100%. The young pigs, which were farrowed 
from sows from the aforementioned sow farm, originated  
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from 2 commercial grow-out facilities that reported a 
case-fatality rate of 75%. Histologic lesions in the CNS 
were consistent with a viral etiology. The following vi-
ruses were not detected in CNS samples by PCR: por-
cine reproductive and respiratory syndrome virus types 
1 and 2, porcine circovirus 2, suid alphaherpesvirus 1,  

teschovirus A, sapelovirus A, or atypical porcine pesti-
virus. No pathogens were isolated by bacterial culture. 
Because of the persistence and severity of clinical signs, 
histologic lesions, and lack of detection of a viral etiol-
ogy, two 5-week-old piglets and 4 sows with neurologic 
signs were submitted by a veterinarian for diagnostic  

Figure. Phylogenetic trees of capsid protein (A), RNA-
dependent RNA polymerase protein (B), and whole-genome 
nucleotide (C) sequences of a PoAstV type 3 strain (PoAstV3/
USA/IA/7023/2017, filled circle) from central nervous system 
tissues of sows with neurologic signs and histopathologic 
lesions compatible with neurotropic viral infection compared 
with 66 reference viruses available in GenBank (accession 
numbers shown in parentheses), which came from multiple 
animal species (as indicated). We performed alignment 
using the Muscle model and constructed phylogenetic trees 
using the neighbor-joining method in MEGA6 (http://www.
megasoftware.net). Virus types are labeled. AstV, astrovirus; 
PoAstV, porcine astrovirus. Scale bars indicate nucleotide 
substitutions per site.
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testing by histopathology and next-generation sequenc-
ing. Histologic examination revealed severe, nonsuppura-
tive polioencephalomyelitis in 3 of 4 sows and 1 of 2 pig-
lets (online Technical Appendix Figure, https://wwwnc.
cdc.gov/EID/article/23/12/17-0703-Techapp1.pdf).

We performed metagenomic sequencing for each 
animal using pooled RNA extracted from the cerebrum, 
cerebellum, brain stem, and spinal cord as previously de-
scribed (6,7). We analyzed the sequences obtained using 
the MiSeq System (Illumina, San Diego, CA, USA) by 
using Kraken, an ultrafast and highly accurate program 
for assigning taxonomic labels by examining the k-mers 
within a read and querying a standard Kraken database 
with those k-mers (8). We assembled reads de novo us-
ing CLC Genomics Workbench (QIAGEN, Valencia, CA, 
USA) and identified the contigs by blastn (https://blast.
ncbi.nlm.nih.gov/Blast.cgi). The largest contig, encom-
passing ≈2,000 reads, encoded a near-complete astrovirus 
genome of 6,461 nt and was designated PoAstV3/USA/
IA/7023/2017 (GenBank accession no. KY940545). This 
sequence originated from a sow sample. A near-complete 
astrovirus genomic sequence was also obtained from the 
piglet (contig length 5,935 bp; E = 0) and had 100% nu-
cleotide identity to PoAstV3/USA/IA/7023/2017. We also 
identified porcine endogenous retrovirus (contig lengths 
1,865 bp and 1,317 bp; E = 0) in sow samples. When us-
ing a minimum contig length of 500 nt, we identified ro-
cilivirus (contig length 832 bp; 32 reads; E = 0; GenBank 
accession no. KU058672.1) in piglet samples.

Phylogenetic comparisons of the capsid protein se-
quence, RNA-dependent RNA polymerase protein se-
quence, and whole-genome nucleotide sequence placed 
PoAstV3/USA/IA/7023/2017 in the same cluster as other 
strains of PoAstV-3 (Figure, panels A–C). The isolate we 
identified was most closely related to PoAstV3/USA/US-
MO123 (GenBank accession no. NC_019494.1; 94.1% 
amino acid identity; online Technical Appendix Table 1), 
which was detected in a swine fecal sample (9). On the 
basis of these phylogenetic analyses, PoAstV3/USA/
IA/7023/2017 is more closely related to neurotropic astro-
viruses from humans, minks, cows, and sheep (2‒5) than to 
PoAstV-1, PoAstV-2, PoAstV-4, and PoAstV-5.

We detected viral RNA by using a PoAstV-3 quanti-
tative real-time PCR with previously fresh-frozen CNS 
tissues from animals with polioencephalomyelitis (online 
Technical Appendix Table 2). We did not detect viral RNA 
in serum, feces, lung, liver, kidney, or spleen samples of 
animals with histologic lesions or any sample from animals 
without histologic lesions (9).

We describe the identification and genetic charac-
terization of PoAstV-3 in CNS tissue from a piglet and 
sows with neurologic signs and histologic lesions compat-
ible with a neurotropic virus similar to those described in  

neurotropic astrovirus cases in other species (2‒5). In hu-
mans, disease is primarily associated with immunocom-
promised patients. In cows, the virus is not commonly 
detected in feces, and the disease does not appear to be 
associated with immunocompromised animals (4). In this 
case, PoAstV-3 was not detected in feces of affected ani-
mals, and evidence of immunosuppression was lacking. 
The overall PCR prevalence of PoAstV-3 in feces of pigs 
in North America is reported to be low (1.2%) (10).

The PoAstV-3 we identified had 92.2% nucleotide 
sequence similarity to PoAstV-3 identified from a survey 
that evaluated feces samples from pigs (9).The signifi-
cance of this finding is unclear. Investigations are needed 
to clarify the ecology and epidemiology of PoAstV-3 and 
the pathophysiology of neurotropic astroviruses. Studies 
have demonstrated the potential for recombination be-
tween porcine and human astroviruses, suggesting zoo-
notic potential (9,10).

Dr. Arruda is an assistant professor and diagnostic pathologist at 
the Iowa State University Veterinary Diagnostic Laboratory. Her 
primary field of research is the infectious diseases of swine.
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During 2016–2017, three avian influenza A(H7N9) viruses 
were isolated from chickens in southern China. Each vi-
rus had different insertion points in the cleavage site of the 
hemagglutinin protein compared to the first identified H7N9 
virus. We determined that these viruses were double or 
triple reassortant viruses.

Since its first documentation on March 30, 2013, through 
March 16, 2017, avian influenza A(H7N9) virus has 

caused 5 epidemic waves of infection among humans in 
China, resulting in 1,307 laboratory-confirmed clinical cas-
es and 489 deaths (1). According to reports of H7N9 virus 
outbreaks among humans in China, the virus clustered into 
the Yangtze River Delta lineage and the Pearl River Delta 
lineage (2). As with most low-pathogenicity avian influenza 
viruses, the early H7N9 avian influenza virus produced mild 
symptoms in domestic poultry and was therefore generally 
only detected through active virologic surveillance (3,4).

In April 2017, H7N9 viruses (isolates A/chicken/
Guangdong/Q1/2016, A/chicken/Guangdong/Q26/2017, 
and A/chicken/Guangdong/Q39/2017, hereafter Q1, Q26, 
and Q39) were identified from lung samples of chickens 
that were collected from Guangdong, China, in June 2016 
and January 2017. We sequenced all 8 genes of these vi-
ruses to trace the origin and clarify the genetic properties. 
The nucleotide sequences are available from GenBank (ac-
cession nos. MF280181–204). 

The H7 hemagglutinin (HA) gene of all 3 viruses be-
longed to the Yangtze River Delta lineage A (Figure). How-
ever, unlike the early H7N9 virus, the HA genes were 1,695 
bp and coded 565 aa, and the isolates had 4 inserted amino 
acids at cleavage sites (KRTAR¯G). In addition, Q26 and 
Q39 had 4 continuous basic amino acids at cleavage sites 
(KRKRTAR¯G), which is a characteristic of highly patho-
genic avian influenza virus (Online Technical Appendix, 
Table 1, https://wwwnc.cdc.gov/EID/article/23/12/17-0782-
Techapp1.pdf). Q1 had a mutation (Q226L) at the receptor 
binding site of the HA protein, indicating a higher binding 
affinity for sialic acid α2,6, a characteristic of human cell-
surface receptors (5).

Both Q1 and Q39 had an NA gene of Yangtze River Del-
ta lineage A, whereas the NA gene of Q26 was of Pearl River 
Delta lineage (online Technical Appendix Table 1, Figure). 
A246T and R292K, which are related to drug resistance, had 
no substitution in the NA protein of the viruses we analyzed.

The polymerase basic (PB) 1 and 2, polymerase acidic, 
and nonstructural genes of Q1 and Q39 were all of Yang-
tze River Delta lineage A, and nucleoprotein genes were of 
Yangtze River Delta lineage B. The PB2 and nucleoprotein 
genes of Q26 were of Yangtze River Delta lineage A; PB1, 
polymerase acidic, and nonstructural genes of Q26 were 
clustered to the Pearl River Delta lineage (online Techni-
cal Appendix Table 1, Figure). E627K and D701N had no 
substitution in the PB2 protein of the viruses, which was 
thought to contribute to the adaptation, replication, and 
virulence of influenza viruses in humans and mice (6,7).

Of particular note, the matrix M gene of Q1 clustered 
into A/goose/Guangdong/1/96-lineage (H5N1) (GSGD96 
lineage) and had a nucleotide of 94.8%. However, the ma-
trix genes of Q26 and Q39 clustered into Yangtze River 
Delta lineage B of H7N9 virus (online Technical Appendix 
Table 1, Figure).

To clarify the pathogenicity and transmission of the vi-
rus, we inoculated 11 chickens with each isolate (106 50% 
egg infectious dose [EID50] in 0.1 mL of phosphate-buff-
ered saline) and 3 chickens with 0.1 mL phosphate-buff-
ered saline as the control group. We observed all chickens 
for clinical symptoms for 14 days. The infected chickens 
exhibited anorexia and signs of depression at 2 days post-
inoculation (DPI). The Q1 inoculated group died within 
4 DPI, Q26 within 3 DPI, and Q39 within 2 DPI; contact 1These authors contributed equally to this article.
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groups of Q1, Q26, and Q39 died within 7 DPI, 4 DPI, and 
5 DPI, respectively. These viruses replicated systemically 
in chickens of inoculated groups and were detected in all 
of the tested organs by 3 DPI. The mean virus titers in the  

trachea, liver, spleen, kidney, brain, and lung were 4.92–
8.42 log10 EID50/g/0.1 mL (online Technical Appendix Ta-
ble 2). The Q1, Q26, and Q39 virus titers in lung samples 
for each contact group were 7.5–8.1 log10 EID50/g/0.1 mL.. 

Figure. Phylogenetic analysis of the hemagglutinin gene of 3 
isolates (triangles) of avian influenza (H7N9) virus obtained from 
chickens in southern China, 2016–2017, compared with reference 
isolates. The tree was constructed by using the neighbor-joining 
method with the maximum composite likelihood model in MEGA 
version 5.2 (http://www.megasoftware.net) with 1,000 bootstrap 
replicates, based on the nucleotide sequence 1–1,695. Virus 
lineages are shown at right. Scale bar indicates nucleotide 
substitutions per site.
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Therefore, the new H7N9 viruses were highly pathogenic 
to chickens when compared with the early H7N9 virus and 
could transmit among chickens by contact.

The biological features of H7N9 virus and its pandemic 
potential have caused global concern (8). The early H7N9 vi-
ruses lacked the basic HA cleavage site, exhibited low patho-
genicity, and caused mild or no disease in poultry (9). The 
cleavage site in HA protein of the isolates we analyzed were 
KGKRTAR¯G or KRKRTAR¯G. They had high pathoge-
nicity and replication in chickens and could transmit among 
chickens by contact. Therefore, these new H7N9 viruses could 
cause a pandemic among poultry and humans in China.

Molecular evolution showed that Q1 was a triple reas-
sortant virus (H5, H7, and H9 subtypes) consisting of Yang-
tze River Delta A and B lineages of H7N9 and GSGD96 lin-
eage of H5N1. The Q26 and Q39 viruses were both double 
reassortant avian influenza viruses (H7 and H9 subtype), 
as was the early H7N9 virus (Figure; online Technical Ap-
pendix Table 1, Figure). Therefore, the 3 H7N9 viruses we 
isolated have 2 kinds of insertions in the cleavage sites and 
were likely derived from different lineages of H7N9 virus-
es, or even from different subtypes that were co-circulating 
in southern China during 2016–2017.
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Widespread deaths recently devastated the smallest 
known population of Ethiopian wolves. Of 7 carcasses 
found, all 3 tested were positive for rabies. Two wolves 
were subsequently vaccinated for rabies; 1 of these later 
died from canine distemper. Only 2 of a known population 
of 13 wolves survived.

Canine diseases pose a growing threat to wildlife species 
of conservation concern worldwide. Although exten-

sive oral vaccinations have eliminated rabies virus (RABV) 
from wild carnivore populations in some developed coun-
tries (1), elsewhere, the challenges to controlling diseases 
in endangered wildlife are many and persistent. Massive 
outbreaks of rabies and, more recently, canine distemper 
have repeatedly decimated populations of Ethiopian wolves 
(Canis simensis) in the Bale Mountains of Ethiopia, where 
more than half of a global population of ≈500 wolves live 
(2,3). Extensive efforts to control RABV in the reservoir 
population of sympatric domestic dogs have proved insuffi-
cient. Therefore, reactive vaccination of Ethiopian wolves, 
carried out in response to an outbreak in wolves, has been 
the primary mechanism to curtail mortality in the affected 
wolf populations in the Bale Mountains (4).

The fragile status of the Bale population highlights 
the conservation value of the other remaining, much 
smaller, wolf populations scattered throughout the high-
lands of Ethiopia. Models predict these small populations 
to be particularly vulnerable to disease outbreaks (5); 
however, no outbreaks had been detected outside Bale, ei-
ther because they went unnoticed, because in small popu-
lations outbreaks die out before causing a major epizootic 
event, or both. We report consecutive rabies and canine 
distemper outbreaks among Ethiopian wolves in Delanta, 
in the Wollo highlands. 

This group of wolves is the smallest extant wolf popu-
lation; 13 wolves in 3 family packs lived in the remaining 
20 km2 of Afroalpine habitat in 2015. The first wolf car-
cass was detected in late June 2016; by early September, 7 
deaths had been confirmed. RABV infection was identified 
as the cause of death in all 3 of the carcasses tested, as 

well as in samples from 1 domestic dog concurrently found 
dead within wolf habitat (Table). A vaccination interven-
tion was initiated in September 2016, when only 3 wolves 
were known to be alive; 1 adult male (>2 years of age) and 
1 subadult female (1–2 years of age) were trapped (7) and 
parenterally inoculated with Nobivac Rabies (Merck Ani-
mal Health, Madison, NJ, USA) (4). In December 2016, the 
female wolf was found dead and tested positive for canine 
distemper virus (CDV) (Table); CDV was also detected in 
a dog carcass found concurrently in the vicinity of the wolf 
range. In late May, the vaccinated male was still alive and 
was observed until at least April 2017 with an unknown 
adult female.

Evidence indicates a first outbreak of rabies, overlap-
ping or followed soon after by a canine distemper outbreak. 
Confirmation of disease in contemporarily recovered dog 
carcasses is consistent with a pattern of transmission from 
reservoir domestic dogs to their wild relatives (as observed 
in the Bale Mountains [8]), with disastrous consequences for 
the small Delanta population, which harbored <20 wolves 
before the epizootic events. Although the larger Bale wolf 
population has recovered from epizootic events in the past 
(2,9), smaller populations are expected to be less resilient, a 
factor exacerbated by their virtual isolation from other wolf 
populations. Modeling has predicted a high extinction risk if 
Ethiopian wolf populations are affected by consecutive epi-
zootic events over a short period of time (5). The combined 
exacerbated effects of RABV and CDV infection were first 
described in 2010 in the Bale Mountains (3).

Although the loss of Afroalpine habitats is bound to de-
termine the fate of Ethiopian wolf populations (2 extinctions 
were recorded in areas of a similar size to that of Delaware 
during 1999 and 2010) (2), incursions of infectious diseases 
can drive local extinctions. Preemptive vaccination, in com-
bination with actions to protect the habitat of this specialized 
predator, could greatly reduce the risk of populations becom-
ing extinct, even if a relatively low proportion of the wolves 
is successfully vaccinated (4). Recently, SAG2, an oral rabies 
vaccine, was successfully tested in Ethiopian wolves (10), and 
a CDV parenteral vaccination trial is ongoing, with positive  

 
Table. Characteristics of and test results for Ethiopian wolf and domestic dog carcasses recovered in Delanta, Ethiopia, 2016* 
Date found Species Age and sex Postmortem Tested for RABV† Tested for CDV‡ 
Jun 26 Ethiopian wolf Juvenile female No NA NA 
Jun 28 Ethiopian wolf Juvenile male Yes No No 
Jul 07 Ethiopian wolf Adult male Yes Positive No 
Jul 11 Ethiopian wolf Juvenile female Yes Positive No 
Jul 18 Ethiopian wolf Juvenile female No NA NA 
Aug 12 Ethiopian wolf Adult male No NA NA 
Sep 01 Domestic dog Adult male Yes Positive Negative 
Sep 07 Ethiopian wolf Adult female Yes Positive Negative 
Nov 27 Domestic dog Adult male Yes Negative Positive 
Dec 27 Ethiopian wolf Adult female Yes Negative Positive 
*CDV, canine distemper virus; NA, not applicable; RABV, rabies virus. 
†Rabies diagnostic reverse transcription PCR was performed as described previously (6). 
‡CDV diagnostic reverse transcription PCR was performed as described previously (3). 
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preliminary results. We propose proactive vaccination of 
Ethiopian wolves across their distribution as an effective and 
urgently needed strategy to protect the species from extinc-
tion. This program should be part of an integrated disease 
control plan that also includes controlling disease in domes-
tic dogs, limiting contact between dogs and wolves, and con-
ducting policy and education interventions to reduce the size 
and roaming behavior of local dog populations (2).
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Atypical porcine pestivirus (APPV) was recently reported 
to be associated with neurologic disorders in newborn pig-
lets. Investigations of 1,460 serum samples of apparently 
healthy pigs from different parts of Europe and Asia dem-
onstrate a geographically wide distribution of genetically 
highly variable APPV and high APPV genome and antibody 
detection rates.

Pestiviruses are highly variable RNA viruses within the 
family Flaviviridae. The recently discovered atypical 

porcine pestivirus (APPV) is capable of inducing neuro-
logic disorder in its host, like other pathogens of this fam-
ily (e.g., tick-borne encephalitis virus, Zika virus). Sev-
eral recently published reports demonstrate that APPV is 
a prominent cause of virus-induced congenital tremor in 
pigs (1–4). Serum samples from healthy but viremic ani-
mals can induce birth of clinically affected offspring when 
experimentally transferred to sows during gestation (1,2). 
So far, APPV presence has been reported from the United 
States, some countries within Europe, and China (2,4–7). 
The economic relevance of APPV-related losses in pig 
production remains to be determined, but estimation re-
vealed a drop in reproductive performance of 10% in an 
affected farm (4). Early data from the United States and 
Germany suggested a relatively high abundance (2.4%–
22%) of APPV genomes in apparently healthy pigs (3,6,8) 
that likely play an important epidemiologic role as virus 
carriers. We investigated APPV genome and antibody 
abundance in healthy pigs from different parts of Europe 
and Asia to provide insight into genetic diversity of this 
novel pathogen.

We tested 1,460 serum samples from Germany, Great 
Britain, Italy, Serbia, Switzerland, mainland China, and 
Taiwan by using an APPV-specific PCR and an indirect 
APPV ELISA, as previously described (3,9). The sample 
set comprised 369 serum samples from Germany that were 
previously screened for the presence of APPV genomes (3). 
For our study, serum samples were taken from apparently 
healthy pigs within the framework of national veterinary 
health management in concordance with national legal and 
ethical regulations.

For APPV genome detection, we conducted a PCR 
targeting the nonstructural protein (NS) 3 encoding region 
and confirmed specificity of amplification by gel electro-
phoresis (3). We detected APPV genomes in domestic 
pigs from all investigated regions. In total, 130 (8.9%) 
of the 1,460 tested samples were APPV genome positive 
(Figure). Genome detection rates ranged from 2.3% (2/86 

samples from Great Britain) to 17.5% (35/200 samples 
from Italy). Moreover, we demonstrated that APPV was 
abundant in Asia; we detected the APPV genome in 
11/219 samples (5%) from mainland China and 22/200 
samples (11%) from Taiwan.

We used individual samples with high genome loads to 
generate amplicons in a seminested PCR and subsequently 
performed Sanger sequencing (FlexiRun, LGC Genomics, 
Berlin, Germany). We generated 20 different APPV NS3 
sequences from apparently healthy pigs of all countries 
(sequences deposited into GenBank under accession nos. 
MF279213–32). Genetic differences reflect geographic 
origin to a low degree (Figure); genetic variability even 
within a country is remarkably high (e.g., Germany and 
Italy). Genetic analyses including sequence data obtained 
from samples of diseased piglets revealed no correlation of 
pathogenicity with certain genetic variants (Figure).

In addition to the NS3 fragments, we determined APPV 
complete coding sequences (CDS) from 1 sample from a 
healthy pig from China (deposited into GenBank under 
accession no. MF167292) and 2 samples (accession nos. 
MF167290 and MF167291) obtained from pigs during 
outbreaks of congenital tremors in Germany (3,9). We per-
formed next-generation sequencing as previously described 
(3). The outbreak isolates from Germany were almost 
identical (0.2% genetic distance) and were similar to an 
isolate from northern Germany (accession no. LT594521). 
The APPV from China had a unique 93-nt deletion in the 
NS5A encoding region. A similar genome (97.9% identity) 
is lacking this deletion (Guangxi Province; accession no. 
KY652092). The biological relevance of the deletion re-
mains elusive, but classical pestiviruses show a remarkable 
genetic tolerance in this genomic region (10). The sequence 
data we obtained reveal a high genetic variability (up to 
21% genetic distance), which is comparable to that of clas-
sical swine fever virus (online Technical Appendix, https://
wwwnc.cdc.gov/EID/article/23/12/17-0951-Techapp1.pdf).

We applied an indirect APPV Erns antibody ELISA, 
as described (9), and classified the serologic status into 
low (S/p≤0.5), intermediate (0.5<S/p<1.0), or highly (S/
p≥1.0) reactive. Due to the lack of reference material and 
a standard assay, we could not determine test parameters 
(e.g., sensitivity, specificity) at this stage. Nevertheless, 
the ELISA was a valuable tool for detecting serocon-
version in infected pigs; >60% of the animals showed 
intermediate to high reactivity in the antibody ELISA 
(Figure), which is in line with high APPV genome de-
tection rates. We detected similar frequencies of APPV 
antibody–positive samples for each region, independent 
of the genome detection rates (Figure). We found most of 
the viral genomes (≈86%) in samples with intermediate or 
low antibody status; few (≈14%) of the highly antibody-
positive animals were viremic at the same time. This  
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observation might indicate a degree of protection pro-
vided by the induced antibodies. Of the 40% of the pigs 
that were antibody negative, 10% were genome positive; 
possible explanations are that serum samples were taken 
either from acutely infected animals before induction of a 
detectable antibody response or from persistently infected 

animals lacking a specific humoral immune response due 
to a specifically acquired immunotolerance, a well-known 
consequence of intrauterine pestivirus infections.

Our findings indicate that the recently discovered 
APPV is abundant on several continents. APPV must be 
regarded as a pig pathogen of likely worldwide relevance.

Figure. Detection rates of APPV genome and antibodies and genetic variability in Europe and Asia. A) APPV antibody status in pigs 
from parts of Europe and Asia. The region of origin, the number of investigated samples, and the absolute numbers of APPV genome–
positive samples in dependence on the serologic category (low, intermediate, or high APPV antibody status) are shown in the central 
circle. B) Phylogenetic tree based on a 400-nt fragment in the nonstructural protein 3 encoding region. We calculated genetic distances 
using the Kimura 2-parameter model. We performed phylogenetic analysis by the neighbor-joining method including 1,000 iterations 
for bootstrap analysis. Only bootstrap values ≥700 are indicated. Bold indicates sequences generated in this study; asterisks indicate 
sequences from piglets with congenital tremor. Accession numbers for reference sequences from GenBank are shown in brackets. 
Scale bar indicates nucleotide substitutions per site. APPV, atypical porcine pestivirus; CH, Switzerland; CN, China; GB, Great Britain; 
GER, Germany; IT, Italy; RS, Serbia; TWN, Taiwan.
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We report a case of Streptococcus suis human disease in 
Ontario, Canada, caused by a serotype 2 strain genotypi-
cally similar to those commonly isolated from pigs in North 
America. Initially, the isolate was misidentified as a viridans 
group Streptococcus. Human S. suis infections may be un-
derdiagnosed in North America.

Streptococcus suis is a zoonotic agent responsible for 
both sporadic and outbreak human disease in several 

Asian countries (1–3). However, human S. suis infections 
are less frequent in Western countries, and particularly in 
North America (3,4). We describe a severe human S. suis 
infection in Ontario, Canada.

The patient, a 69-year-old male farmer, was brought to 
the emergency department of a rural community hospital in 
southwestern Ontario after being found unresponsive by his 
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wife. His medical history included congestive heart failure, 
moderate to severe mitral regurgitation, hypertension, micro-
cytic anemia, and bilateral hearing loss. According to his wife, 
he had unintentionally lost 9 kg over the previous 2 months 
and had reported feeling cold the previous evening. He had 
not reported headache, sore throat, chest pain, cough, short-
ness of breath, abdominal pain, nausea, vomiting, or diarrhea, 
and he had not been in contact with persons who were ill.

The patient’s vital signs were normal except for a tem-
perature of 39.9°C. He was comatose and had a Glasgow 
Coma Scale score of 9. There was no evidence of trauma. 
Physical examination was unremarkable except for the pres-
ence of nystagmus. Hematologic studies showed a leukocyte 
count of 11.8 × 109 cells/L with 11% neutrophils; platelet 
count, creatinine, and liver enzymes were all within normal 
limits. Results of computed tomography of the brain were 
normal. A chest radiograph revealed moderate bilateral 
peribronchial thickening with increased interstitial mark-
ings. Empiric treatment with intravenous (IV) piperacillin/
tazobactam for septic syndrome was initiated. The patient’s 
neurologic status rapidly deteriorated (Glascow Coma Scale 
score of 5), and he required intubation. He was transferred 
to a regional hospital, where empiric antibiotic drugs were 
changed to IV vancomycin and ceftriaxone. Blood cultures 
grew a gram-positive α-hemolytic organism, identified by 
using the Vitek II system as Streptococcus thoraltensis, a 
rare viridans group Streptococcus. Treatment was changed 
to IV penicillin G. After 48 hours, the patient improved, was 
extubated, and was transferred back to the rural hospital. 
Upon arrival, he remained confused, was transiently febrile, 
and had visual hallucinations. IV penicillin G was contin-
ued. The patient continued to improve. Repeat blood cultures 
were negative. Transthoracic 2-dimensional echocardiog-
raphy did not identify lesions. The patient was discharged 
on day 10 to complete a 14-day course of IV ceftriaxone at 
home. He has since fully recovered.

As part of standard procedures, the patient isolate was 
sent to the Public Health Ontario Laboratory (Toronto, On-
tario, Canada), where it was identified as S. suis by using 
matrix-assisted laser desorption/ionization time-of-flight 
mass spectrometry. The genome of the isolate was se-
quenced by using Illumina Technology (Illumina, San Di-
ego, CA, USA); bioinformatics-based typing (5) assigned 
the isolate to serotype 2 and sequence type (ST) 25. Further 
phylogenetic analysis determined that the isolate belonged 
to ST25 clade NAV1 (Figure), which is common among 
diseased swine in Canada (6,7) but heretofore not associat-
ed with human disease. The isolate, confirmed as serotype 
2 by using the coagglutination test (8), did not produce the 
virulence markers muramidase-released protein, extracel-
lular factor, or the hemolysin suilysin.

When questioned about swine contact, the patient 
reported raising ≈2,000 pigs on his farm. There was no  

Figure. Phylogenetic relationships among Streptococcus suis 
serotype 2 sequence type (ST) 25 isolate from a patient in Ontario, 
Canada (star), and 51 previously described (6) porcine and human 
serotype 2 ST25 S. suis isolates. The cladogram is based on 
nonredundant single-nucleotide polymorphism loci identified in 
the genome of all isolates relative to the S. suis serotype 2 ST25 
core genome, as defined by Athey et al. (6). The human isolate 
from Ontario is genetically more closely related to serotype 2 
ST25 strains of clade NAV1 (open circles), which are commonly 
recovered from diseased pigs in North America and which have 
not previously been associated with human disease, than to other 
serotype 2 ST25 clades from North America (NAV2, dark gray 
circles, and NAV3, black circle) or serotype 2 ST25 organisms 
from Thailand (light gray circles). Scale bar indicates nucleotide 
substitutions per site. H, isolates recovered from human infections.
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evidence of active disease among these animals. However, 
pigs in porcine farms not deemed of high-health status are 
regularly colonized by S. suis (3). Most cases of S. suis dis-
ease in humans have been linked to accidental inoculation 
through skin injuries (3). The patient reported that in the 
days before his hospitalization, a pig died unexpectedly, and 
he removed it from the pen without using protective equip-
ment such as gloves or safety glasses. However, there was 
no indication that this animal had died of a S. suis infection. 
The patient also described transient worsening of his bilat-
eral hearing loss during hospitalization. Hearing loss from 
S. suis infection occurs frequently (9).

S. suis zoonotic disease has emerged in Asia and oc-
curs frequently in Europe among persons in close contact 
with pigs (3). In contrast, only 8 human S. suis cases have 
been reported in Canada and the United States, which to-
gether are the second largest swine producers worldwide 
(3). This lower number of cases may be related to the 
lower virulence of S. suis serotype 2 genotypes circulat-
ing in North America (ST25 and ST28) in comparison to 
serotype 2 genotypes circulating in Europe and Asia (ST1, 
ST7) (4,6,7). However, S. suis infections may be underdi-
agnosed in North America. Our data and previous reports 
(10) show that the organism is sometimes misidentified as 
other α-hemolytic streptococci by commercial identifica-
tion systems. Here, the isolate was initially identified as 
viridans group Streptococcus, and only the use of matrix-
assisted laser desorption/ionization time-of-flight mass 
spectrometry at the reference laboratory permitted correct 
identification. While proper identification was unlikely to 
have led to a different treatment course in this case, our 
report underscores the need to increase awareness of S. suis 
as a potential agent of human infections and serves as a 
reminder to routinely query patients about animal contact, 
particularly in areas with intensive pig farming operations.
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We report the detection of Moku virus in invasive Asian 
hornets (Vespa velutina nigrithorax) in Belgium. This con-
stitutes an unexpected report of this iflavirus outside Ha-
waii, USA, where it was recently described in social wasps. 
Although virulence of Moku virus is unknown, its potential 
spread raises concern for European honeybee populations.

With their work estimated to have a global economic 
value of €153 billion, insects are critical pollinators 

of crops in agriculture, with the honeybee (Apis mellifera) 
being by far the major player in this process (1). Honeybee 
populations are decreasing dramatically worldwide, how-
ever, threatening food security. Environmental changes, pes-
ticides, pathogens, and parasitic species are all recognized 
drivers of this decline (2). Among these, the Varroa mite 
(Varroa destructor) has been shown to have a critical effect 
on honeybee populations, both by its direct parasitic effects 
and through the transmission of pathogenic viruses such as 
deformed wing virus (2).

The Asian yellow-legged hornet (Vespa velutina 
nigrithorax), a natural predator of honeybees, has a native 
range spanning from India through China and as far as 

Indonesia (3). It is a particularly efficient invader because 
of its distinctive biology and behavior (4,5). The hornet 
was accidentally introduced from China into Europe, 
with sightings in France in 2004, and has rapidly spread 
to neighboring countries, including Belgium, since 2011 
(6). In invaded areas, hornets’ feeding sites are primarily 
apiaries, which present an attractive, abundant, and de-
fenseless prey source (5). V. velutina nigrithorax hornets 
not only contribute by hunting to the loss of honeybee 
colonies but also interact with the honeybees and can act 
as viral reservoirs, as V. destructor mites do, and infect the 
bees through spillover events (7,8). To explore the pos-
sibility of transmission of viruses from these hornets to 
honeybees, we performed a viral metagenomic analysis of 
Asian hornets collected in Belgium in 2016.

We submitted a pool of 5 female and 5 male adult V. ve-
lutina nigrithorax hornets collected in Belgium in November 
2016 to a viral metagenomics analysis by next-generation 
sequencing (detailed methods in online Technical Appendix, 
https://wwwnc.cdc.gov/EID/article/23/12/17-1080-Techapp1.
pdf). A blastx (https://blast.ncbi.nlm.nih.gov/Blast.cgi) align-
ment to GenBank viral sequences enabled the assignment of 

Figure. Evolutionary 
relationships of Moku virus 
generated from a pool of 5 
female and 5 male Asian hornets 
(Vespa velutina) collected in 
Belgium in 2016 (box) compared 
with representative members of 
the genus Iflavirus, based on the 
maximum-likelihood phylogeny 
of the polyprotein sequences. 
The phylogenetic analysis was 
performed using MEGA6 (10) 
and the LG substitution model, 
as determined by a model 
selection analysis. Bootstrap 
percentages >70% (from 500 
resamplings) are indicated at 
each node. GenBank accession 
numbers are indicated for each 
species. Scale bar indicates 
amino acid substitutions per site.
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most viral sequences to phages (not represented) and viruses 
of the Partitiviridae and Parvoviridae (Densovirinae) families 
(online Technical Appendix Figure 1); however, a few reads 
pointed to a member of the Iflaviridae family, which contains 
such notable bee pathogens as deformed wing virus and slow 
bee paralysis virus (9). blastn alignment showed a positive 
match to Moku virus (9). Template-based assembly using 
Moku virus (GenBank accession no. KU645789) (9) permit-
ted a near-full genome reconstruction from 1,215 matching 
reads out of 4,587,801. We used primer walking PCR and 
Sanger sequencing to fill the gaps in the genome (online Tech-
nical Appendix Figure 2). 

The full viral genome sequence we obtained is 10,032 
nt in length (GenBank accession no. MF346349) and has a 
mean nucleotide identity of 96.0% to the Hawaiian Moku 
virus strain (accession no. KU645789) (9), with both vi-
ruses showing an open reading frame of the same length 
(9,153 nt) sharing an amino acid identity of 99.0%. We 
performed an alignment to the full translated polyprotein 
amino acid sequence of representative iflaviruses available 
in GenBank using the Muscle aligner implemented in Ge-
neious version 8.1.8 (Biomatters, Auckland, New Zealand). 
A maximum-likelihood phylogenetic analysis performed 
on the full-length polyprotein sequence yielded compa-
rable results to that obtained on a conserved region of the 
RNA-dependent RNA polymerase (9), confirming the high 
identity of the Moku virus we obtained from the V. velu-
tina nigrithorax hornet pools with the Hawaiian isolate of 
Moku virus, as well as its proximity to slow bee paralysis 
virus (Figure).

Our results show a large diversity of viruses in inva-
sive Asian hornets collected in Belgium in 2016. Among 
these, we detected an iflavirus with high identity to the 
recently described Moku virus found in social wasps 
(Vespula pensylvanica), honeybees, and Varroa mites in 
Hawaii (9). Such a high nucleotide identity unequivocal-
ly places both strains in a single species. The potential 
pathogenicity of Moku virus for honeybees is currently 
unknown, but its relatively close relationship with the 
highly virulent slow bee paralysis virus warrants further 
studies (9). There is an urgent need to assess the pres-
ence of Moku virus in honeybees and Varroa mites in 
areas of Europe where the Asian hornet has become en-
demic, such as several regions in France. As highlighted 
by Mordecai et al. (9), the carriage of Moku virus in V. 
destructor mites in Hawaii is of great concern given the 
role played by this mite in the maintenance and trans-
mission of viruses, including the deformed wing iflavi-
rus, to honeybees. Furthermore, although Moku virus 
was shown to be highly dominant among viral species 
infecting V. pensylvanica wasps (9), suggesting that 
this species is a likely reservoir of the virus, we could 
not establish the same relationship for the Asian hornet  

V. velutina, in which Partitiviridae were much more 
abundant. It remains to be determined whether Moku 
virus is a virus of Vespulidae or, more likely given the 
relatively low number of reads detected, could have 
been picked up by these hornets from their prey, such 
as honeybees. Further studies are needed to establish the 
origin, host range, and transmission route of Moku virus; 
its virulence; and the risks it may represent for European 
honeybee populations.
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Definitive identification of Angiostrongylus cantonensis 
parasites from clinical specimens is difficult. As a result, re-
gional epidemiology and burden are poorly characterized. 
To ascertain presence of this parasite in patients in Laos 
with eosinophilic meningitis, we performed quantitative 
PCRs on 36 cerebrospinal fluid samples; 4 positive samples 
confirmed the parasite’s presence.

Humans are incidental hosts of Angiostrongylus canto-
nensis nematodes; global distribution of these nema-

todes is being increasingly recognized (1). Ingestion of lar-
vae from undercooked infected snails or food contaminated 
with mollusk secretions can result in the migration of A. can-
tonensis parasites through the human central nervous system 
(CNS) (2). The presence of the parasite and associated in-
flammation in the CNS can contribute to a meningoencepha-
litic syndrome, typified by a cerebrospinal fluid (CSF) eo-
sinophilia constituting >10% of total CSF leukocyte count. 

Formal diagnosis of angiostrongyliasis is difficult because 
the parasite is typically present in low numbers within the 
CSF (3). Serologic methods are limited by cross-reactivity 
with other helminths (4), and antibody-based methods may 
lack sensitivity, especially during acute illness (5).

Host sampling studies have identified A. cantonensis 
parasites in some Mekong region countries but not in Lao 
People’s Democratic Republic (Laos) (6). To ascertain the 
presence of this parasite in patients with eosinophilic men-
ingitis in Laos, we tested samples from a cohort of 1,065 
patients suspected of having CNS infection at Mahosot Hos-
pital, Vientiane, Laos, during 2003–2013 by Giemsa staining 
and identified 54 CSF samples containing >10% eosinophils. 
Of these, 36 samples from 35 patients were available for this 
study (1 patient underwent lumbar puncture twice) and were 
tested by conventional and quantitative PCR (cPCR and 
qPCR). From the same cohort, we also performed qPCR 
testing on another 50 CSF samples with 1%–9% eosinophils.

DNA was extracted from 200 µL of CSF by using a 
QIAamp DNA Mini Kit (QIAGEN, Hilden, Germany) and 
eluted in 30 µL buffer. We ran the extract in parallel with 
positive samples (A. cantonensis DNA from experimentally 
infected rats, University of Sydney, Sydney, Australia) and 
negative controls by using published cPCR (7) and qPCR 
(8) protocols. We used Platinum PCR SuperMix (Thermo 
Fisher, Waltham, MA, USA) and performed assays on a 
Bio-Rad CFX96 (Bio-Rad, Watford, UK).

Among patients with CSF eosinophilia >10%, male pa-
tients predominated, although sex of patients did not differ 
significantly among patients with or without CSF eosino-
philia (Table). Of the 36 CSF samples that contained >10% 
eosinophils, all were negative by cPCR, but 4 (11.1%) were 
positive for A. cantonensis DNA by qPCR; median quan-
tification cycle was 35.9 (range 34.1–37.4). Sensitivity of 
qPCR was apparently higher than that of cPCR. The medi-
an duration of illness for patients with positive qPCR was 4 
(range 0–10) days. Of 3 patients with a positive qPCR, 2 re-
ported that they had eaten raw snails in the previous month.

Results from 2 CSF samples obtained from the same 
patient and tested by qPCR were discordant; CSF obtained 
after 7 days of illness was negative for A. cantonensis DNA, 
but a sample obtained on day 13 was positive (quantifica-
tion cycle 34.1). This finding is consistent with previous 
observations (8), and it is plausible that during the acute 
stages of infection, insufficient nucleic material is pres-
ent for detection. Although lumbar puncture is invasive, 
a high clinical suspicion of angiostrongyliasis in the con-
text of a negative qPCR may therefore warrant a repeated 
lumbar puncture. All positive samples had CSF eosinophil 
proportions >40%, and all samples containing a 1%–9% 
eosinophil proportion tested negative by qPCR, supporting 
the conventional cutoff of a CSF eosinophilia >10% in the 
diagnosis of CNS angiostrongyliasis.
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Our findings are consistent with those from studies 
demonstrating A. cantonensis parasites as a cause of eosin-
ophilic meningitis in the region, although the proportion of 
A. cantonensis–positive cases in our cohort was lower than 
that from Vietnam (11.1% vs. 67.3%) (9). Results may be 
affected by factors such as geographic location, differences 
in healthcare access, and the contribution of other causes of 
eosinophilic meningitis, such as Gnathostoma spinigerum 
nematodes. In the absence of a reliable reference diagnos-
tic standard, we were unable to estimate the proportion of 
false-negative results in this cohort or to correlate findings 
with other immunodiagnostic modalities. Further studies 
on eosinophilic meningitis from a wider geographic area 
and improved diagnostics would help establish the overall 
clinical burden of CNS angiostrongyliasis in Laos.

Diet (consumption of raw snails and food contami-
nated by snails) is considered a major risk factor for an-
giostrongyliasis, making an epidemiologic link and public 
health interventions a possibility. The exact host species re-
sponsible for transmission remains unclear, however, given 
that A. cantonensis parasites have apparently yet to be iden-
tified within snails in Laos.

Our identification of A. cantonensis DNA by qPCR 
of CSF samples from 4 (11%) of 35 patients with eosino-
philic meningitis confirms the parasite’s presence in Laos. 
Further regional characterization, coupled with dietary sur-
veys, will be invaluable for stratifying the risk for human 
transmission and guiding public health interventions.
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Table. Demographics and clinical characteristics of 35 patients with eosinophilic meningitis tested by qPCR for Angiostrongylus 
cantonensis parasites* 
Characteristic Positive, n = 4† Negative, n = 31† 
Median age, y (IQR) 25 (21–42) 25 (20–40) 
Sex, no. (%)   
 M 4/4 (100) 19/31 (61) 
 F 0 12/31 (39) 
Median duration of illness, d (IQR) 4 (1–9) 4 (0–6.5) 
Median eosinophil % of total leukocyte count (IQR) 65 (50–73) 33 (14–56) 
Diet in past mo  

  

 Raw fish  3/3 7/13 
 Raw shellfish  2/2 3/11 
 Raw snails  2/3 5/12 
 Raw crab  2/2 2/11 
Fulfilled WHO criteria for meningitis at admission, no. (%) 3/4 (75) 9/28 (32) 
Median CSF opening pressure, cm H2O (IQR) 28 (22–35) 27 (17–40) 
Median CSF leukocyte count, × 106 cells/L (IQR) 583 (493–1,198) 125 (40–580) 
Median CSF protein, g/L (IQR) 0.68 (0.31–1.08) 0.56 (0.31–1.00) 
Median CSF glucose, mmol/L (IQR) 2.7 (2.4–4.2) 3.1 (2.4–4.9) 
*CSF, cerebrospinal fluid; IQR, interquartile range; qPCR, quantitative PCR; WHO, World Health Organization. 
†Denominators vary according to available data. 
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The World Health Organization and collaborating agencies 
have set the goal of eliminating dog-mediated human ra-
bies by 2030. Building on experience with rabies endemic 
countries, we constructed a user-friendly tool to help public 
health officials plan the resources needed to achieve this 
goal through mass vaccination of dogs.

Globally, rabies kills ≈60,000 persons annually; most 
(≈99%) cases are transmitted by domestic dogs (1–3). 

Controlling dog rabies through periodic mass vaccina-
tion campaigns substantially reduces human exposures 
(4). The elimination of dog rabies in most of the Western 
Hemisphere and countries in Asia has demonstrated the 
effectiveness and sustainability of vaccinating dogs (5,6) 
by combining massive dog rabies vaccination with coor-
dinated efforts of the medical and veterinary sectors (One 
Health approach), including education about responsible 

pet ownership, rabies awareness campaigns, and access to 
postexposure prophylaxis (5,6).

The World Health Organization recommends that at 
least 70% of the dog population be vaccinated to control 
and potentially eliminate dog rabies (3). In 2016, WHO and 
partner organizations set the goal of eliminating dog-medi-
ated human rabies by 2030 (7). This goal could be achieved 
by massive, costly administration of preexposure and post-
exposure prophylaxis, mass vaccination of dogs, or both.

Countries to which rabies is endemic in dogs are at 
different stages in their rabies control efforts (5,8). Coun-
tries at early stages face barriers related to a limited under-
standing of the local epidemiology, logistic and operational 
challenges, competing priorities from other diseases, and 
lack of planning tools to reasonably project the resources 
needed. During 2016, we estimated the resources poten-
tially required to eliminate dog rabies globally by 2030 
(7). We combined multiple data sources to estimate 4 key 
factors that affect this goal: country development, cost of 
dog vaccination programs, potential demand for dog rabies 
vaccine, and estimated number of vaccinators. We aimed 
to realistically assess the global situation by highlighting 
the main challenges that might hamper elimination efforts. 
However, although these global estimates can inform an 
important discussion about global and regional strategic 
planning and resource mobilization, they are not necessar-
ily useful to inform country-level decision-making. We ad-
dressed this limitation by providing a user-friendly tool that 
requires only limited country-specific data to help countries 
plan toward the goal of eliminating dog rabies through 
mass dog vaccination.

We designed the tool to plan for dog rabies elimina-
tion by 2030 (a 13-year framework). We assumed 13 years 
would be enough time for even the least developed rabies 
control programs to achieve elimination, provided the coun-
try was fully committed. The country’s starting point within 
this time frame would depend on its current dog vaccination 
rate, and the given country would demonstrate incremental 
improvements in preparation for the vaccination campaign 
(e.g., training of workforce involved, dog population sur-
veys) or in the proportion of the dog population vaccinated. 
The tool requires input of demographic data (human popu-
lation, percentage urban, human-to-dog ratio); current dog 
vaccination coverage; logistic data for the campaigns (avail-
able vaccinators, dog vaccination rates, campaign duration); 
and an estimated cost per vaccinated dog. We constructed a 
worksheet to help users estimate the cost per vaccinated dog 
based on a pilot campaign. The tool (including assumptions, 
instructions, and data requirements) is available for public 
use (online Technical Appendix, https://wwwnc.cdc.gov/
EID/article/23/12/17-1148-Techapp1.xlsm) and already has 
been used in Haiti and Guatemala as part of a rabies elimi-
nation workshop held at the Centers for Disease Control and 

1Current affiliation: Pontificia Universidad Católica de Chile, 
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1Prevention (Atlanta, GA, USA). Users can account for un-
certainty in point estimates by varying model parameters.

To show the utility of the planning tool, we input 
known information from 2 recent mass dog vaccination 
campaigns in western Kenya to project expected long-
term costs and a timeline for rabies elimination. With 
a conservative estimate of 523 (95% CI 138–1,100) 
annual human rabies-associated deaths and substantial 
medical costs (1), Kenya is actively trying to eliminate 
human rabies by 2030 (9). We used the following values: 
46,050,302 persons, of whom 26% live in urban areas; 
7.4 and 21.2 humans per dog in rural and urban areas, 
respectively; 5% of the dog population vaccinated; 
4,300 available vaccinators; 100 dogs vaccinated daily 
per vaccinator; a 21-day campaign in each region; an 
estimated cost per dog vaccinated of US $1.81 (range 
US $1.48–$2.12); and 0% discount rate (Figure). Con-
ditional on the availability of resources, the results sug-
gest that Kenya can eliminate dog rabies during the next 
13 years, in line with the 2030 global goal; vaccination 
campaigns would cost ≈US $62.0 million (range US 
$50.6 million–$72.8 million), equivalent to ≈$56.0 mil-
lion additional aggregate spending over 13 years (not 
discounted). If the average vaccination rate was 100 
dogs per vaccinator per day, Kenya would have enough 
capacity to conduct 21-day campaigns and reach the 
70% dog vaccination goal.

The tool enables users to estimate the resources re-
quired to eliminate rabies using country-specific input 
values. We hope this tool will help stimulate and inform a 
necessary discussion on strategic planning, resource mo-
bilization, and continuous execution of rabies elimination.
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through mass dog vaccination. B) Total annual cost (US $) of 
dog vaccination. Error bars indicate 95% CIs. Horizontal dotted 
line indicates current spending for dog vaccination. C) Net 
dog vaccination capacity (i.e., total number of dogs per year 
minus the number of dogs Kenya needs to vaccinate to achieve 
the dog vaccination coverage goal). If the number is positive, 
the country has enough capacity to vaccinate; if negative, 
the country needs more vaccinators, increased vaccination 
efficiency, or more campaign days. The estimated annual costs 
are based on the cost per dog vaccinated; excess vaccinator 
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Visceral pentastomiasis is usually found incidentally dur-
ing surgery. We describe a case of visceral pentastomiasis 
discovered during inguinoscrotal hernia surgery for a man 

from Benin, Africa. Because surgical removal of nymphs is 
needed for symptomatic patients only, this patient’s asymp-
tomatic pentastomiasis was not treated and he recovered 
from surgery uneventfully. 

In November 2015, a surgeon from Belgium, working 
for Medics without Vacation in Bassila, Benin, Africa, 

incidentally discovered pentastomiasis in an adult man dur-
ing surgery for a massive inguinoscrotal hernia (half a liter 
content). Other than the hernia, the patient had no health 
problems. During the procedure, the surgeon observed at 
least 10 coiled, larva-like structures on the patient’s peri-
toneal tissue. He removed the hernial sac and sent a tis-
sue specimen to the national reference laboratory for para-
sitology at the Institute of Tropical Medicine (Antwerp, 
Belgium) for identification of the parasite. Apart from the 
hernia symptoms, the patient was asymptomatic, so the 
parasites were not removed; the patient’s surgical recovery 
was uneventful.

Macroscopic examination of the peritoneal tissue 
detected 8 distinct, typical larva-like structures with an 
average length of 1–2 cm (Figure, panel A). Because the 
structures were suspected to be pentastomes, they were 
compared with reference material from the Institute of 
Tropical Medicine Educational Department (Figure, panel 
B) and confirmed as Armillifer spp. nymphs. On the basis 
of the patient’s residence in Benin, and the fact that the 
recovered nymphs consistently exhibited <22 annuli, the 
structures were presumptively identified as A. armillatus 
(1,2). Adults of this species are often found in the respira-
tory system of large snakes. Although no information was 
available regarding the patient’s contact with snakes, the 
presence of this parasite in a resident of Benin is not sur-
prising because snake consumption in that country is com-
mon practice. The patient’s surgeon confirmed that dead 
snakes were indeed often sold for consumption along the 
streets near the hospital.

The Pentastomida are a peculiar group of gonochoric, 
vermiform endoparasites, currently classified as a unique 
phylum, related to branchiuran crustaceans (3). The main 
characteristics of this group of ancient parasitic arthropods 
are an often annulated elongate body and a mouth typically 
flanked by 2 pairs of hooks. 

Human visceral pentastomiasis can be caused by sev-
eral species of pentastomes: Linguatula serrata (world-
wide, predominantly the Middle East), A. armillatus 
(West and Central Africa), A. moniliformis (Southeast 
Asia), A. grandis (Africa), A. agkistrodontis (China), Po-
rocephalus crotali (worldwide, predominantly the Ameri-
cas), and P. taiwana (China) (2,4,5). Reported cases of 
human visceral pentastomiasis were caused mainly by A. 
armillatus pentastomes (6) from infected snakes, which 
shed ova in excretions and respiratory secretions, thereby 
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contaminating vegetation and water. Intermediate hosts 
are mainly rodents and small mammals. After oral uptake 
by the intermediate host, the ova hatch and free 4-legged 
primary larvae that migrate to the viscera, become en-
capsulated, and after several molts transform into legless 
nymphs (2,7). The cycle is complete when the intermedi-
ate host is in turn consumed by a snake of an appropriate 
species. Humans can become intermediate hosts through 
ingestion of environmental ova, by eating undercooked 
infected snake meat, or by oral uptake of ova when in 
close contact with snakes (1,2,6). Diagnosis of human vis-
ceral pentastomiasis is classically made by either identi-
fying the nymphs during autopsy or surgery or by discov-
ering typically crescentic or coiled opacities, representing 
calcified dead larvae, on abdominal or chest radiographs. 

The finding of pentastomiasis in patients with ingui-
nal hernia, as with the patient reported here, has been de-
scribed for 2 patients in Ghana (8). The number of reported 
cases of human pentastomiasis from Africa is increasing 
(6,8); because infection with Armillifer parasites is usually  
asymptomatic, we assume that the incidence of this infec-
tion is underestimated. Autopsy studies have reported prev-
alence rates as high as 22% in the Democratic Republic of 
the Congo and 45% in Malaysia (9,10). As industrialized 
countries are increasingly receiving immigrants and refu-
gees from Africa, it is conceivable that this disease will be 
more frequently encountered.

Because pentastomes are usually not mentioned in the 
helminth section of parasitology textbooks, laboratory tech-
nicians, clinicians, and surgeons who are unfamiliar with 
this parasite might be startled when incidentally discover-
ing it. They should note that visceral pentastomiasis is usu-
ally asymptomatic and that surgical removal of the nymphs 
should be considered only for symptomatic patients with 
high parasite loads. No medical treatment is available.
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We identified influenza A(H9N2) virus G1 lineage in poultry in 
Burkina Faso. Urgent actions are needed to raise awareness 
about the risk associated with spread of this zoonotic virus 

subtype in the area and to construct a strategy for effective 
prevention and control of influenza caused by this virus.

Since their detection in China in 1992, influenza 
A(H9N2) viruses have caused large economic losses to 

the poultry industry and have occasionally been transmit-
ted to mammalian species, including humans. Three main 
genetic lineages were described among the Eurasian H9N2 
subtype viruses: G1, Y280, and Y439 (Korean) lineage (1). 
In the past decade, the G1 lineage has spread mostly in gal-
linaceous birds across Asia, the Middle East, and eventu-
ally North Africa, where H9N2 outbreaks were reported in 
Libya (2006 and 2013) (2), Tunisia (2010–2012) (3), Egypt 
(2011–present), and Morocco (2016) (4).

The Veterinary Services of Ouagadougou, Burkina 
Faso, submitted 30 tracheal swab specimens and 10 organ 
samples collected in January 2017 in Burkina Faso to the 
World Organisation for Animal Health/Food and Agriculture 
Organization of the United Nations Reference Laboratory for 
Avian Influenza, Istituto Zooprofilattico Sperimentale delle 
Venezie (Legnaro, Padova, Italy). All samples were collected 
from a layer farm that was experiencing decreased egg pro-
duction and respiratory signs among its flock; the animals 
were suspected to have infectious bronchitis virus (IBV).

Molecular analyses of the animal samples showed 
negative results for IBV and indicated that animals from 
the farm were infected with avian influenza A(H9N2) vi-
rus. The 8 gene segments were obtained for 1 representa-
tive virus by using a MiSeq Platform (Illumina, San Diego, 
CA, USA). Sequences were submitted to GenBank under 
accession numbers MF510849–56.

The maximum-likelihood phylogenetic tree of the 
hemagglutinin (HA) gene showed that the H9N2 sub-
type virus from Burkina Faso belonged to the G1 lineage, 
which has remarkable zoonotic potential. This virus clus-
tered with H9N2 subtype viruses isolated in Morocco in 
2016 (99.2% similarity) and with an H9N2 subtype virus 
identified in the United Arab Emirates in 2015 (A/chicken/
Dubai/D2506.A/2015) (98.7% similarity) (online Tech-
nical Appendix Figure 1, https://wwwnc.cdc.gov/EID/
article/23/12/17-1294-Teachapp1.pdf). Phylogenetic trees 
obtained for all other gene segments confirmed clustering 
with viruses from Morocco and the United Arab Emirates, 
similar to that observed for HA gene phylogeny.

Phylogeographic analysis (online Technical Appen-
dix) identified multiple introductions of influenza A(H9N2) 
virus into North Africa from the Middle East and Pakistan. 
The H9N2 subtype virus identified in Burkina Faso seems 
to have originated from Morocco, although we cannot rule 
out the possibility that H9N2 subtype viruses were circulat-
ing in unsampled locations (online Technical Appendix Fig-
ure 2, Video, https://wwwnc.cdc.gov/EID/article/23/12/17-
1294-V1.htm).1These authors contributed equally to this article.
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Analyses of the deep sequencing data showed that 
≈50% of the virus population in the tracheal swab specimen 
had leucine at position 226 (H3 numbering) of the HA recep-
tor binding site (sequence coverage of 14,152 reads in the 
indicated position), which enables preferential binding to hu-
man-like α2–6-linked sialic acid receptors (5). Furthermore, 
a potential additional glycosylation site (NLS), which had not 
previously been detected in the G1 lineage, was identified at 
positions 271–273 (H3 numbering). In the acidic polymerase 
protein, the H9N2 subtype virus from Burkina Faso had the 
mutation PA-S409N, which is considered a host specificity 
marker of human influenza virus (6). The same mutation was 
detected in related viruses from Morocco and Dubai.

Identification of H9N2 subtype virus in West Africa, 
where highly pathogenic H5 strains of the A/goose/Guang-
dong/1/1996 lineage (Gs/GD) have been widely circulating 
since the beginning of 2015, is a concern because of animal 
health implications, negative effects on local economies, 
and possible emergence of reassortant viruses with un-
known biological properties. Reassortment events between 
H9N2 and highly pathogenic H5N1 subtype viruses were 
reported in China in 2005 and 2016 (7,8) and in Bangladesh 
in 2012 (9). In December 2013, an H5N1 subtype virus that 
had an H9N2 subtype polymerase basic 2 gene was reported 
in a patient in Canada who had returned from China (10). 
Moreover, H5N6 subtype reassortant viruses belonging to 
clade 2.3.4.4, which contain H9N2 subtype–like internal 
genes, were identified in China in 2015–2016 (8).

H5 strains belonging to clades 2.3.2.1c and 2.3.4.4 
are currently circulating in West Africa. This finding, 
combined with detection of human-like receptor specific-
ity and 2 mutations typical of human influenza viruses in 
the H9N2 subtype virus from Burkina Faso, might indicate 
emergence of a strain capable of infecting humans and war-
rants additional attention to the avian influenza situation in 
West Africa. Furthermore, identification of H9N2 subtype 
viruses in Morocco and Burkina Faso in chickens suggests 
that commercial poultry trade between North and West Af-
rica might have played a key role in spread of the virus.

Involvement of wild birds in long-distance spread of 
H9N2 subtype G1 virus seems unlikely because this lin-
eage is strongly adapted to poultry. These observations 
highlight the difficulty in tracing and containing circulat-
ing H9N2 subtype G1 virus and underline the need to re-
view current approaches of disease reporting to understand 
spread and effects of this virus, which are probably under-
estimated. Thus, it is imperative to provide strategic guid-
ance to countries in West Africa on technical and policy 
options for cost-effective surveillance and prevention and 
control of multiple cocirculating influenza virus strains.
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We tested 210 dengue virus‒negative samples collected 
from febrile patients during a dengue virus type 4 outbreak 
in Rio de Janeiro in April 2013 and found 3 samples positive 
for Zika virus. Our findings support previously published en-
tomological data suggesting Zika virus was introduced into 
Brazil during October 2012–May 2013.

In 2016, Brasil et al. (1), on the basis of a large number of 
suspected (n = 364) and laboratory-confirmed (n = 119) 

cases, reported the first Zika virus outbreak in Rio de Janei-
ro, with peak transmission in May 2015. Reports confirm-
ing Zika virus infection by reverse transcription PCR (RT-
PCR) indicated the virus was present earlier in Rio Grande 
do Norte, Brazil, in October 2014 (2) and in Bahia, Brazil, 
in May 2015 (3). These cases were thought to be the first 
to occur in humans in Brazil and to correspond with the 
first occurrences of presumptive vectorborne transmission 
of Zika virus in the continental Americas.

By August 2015, Zika virus infection had been con-
firmed in 13 states of Brazil (Bahia, Rio Grande do Norte, 
São Paulo, Alagoas, Pará, Roraima, Rio de Janeiro, Maran-
hão, Pernambuco, Ceará, Paraíba, Paraná, and Piauí), some 
of which were located >2,500 miles apart (4). Because Zika 
virus circulation can occur simultaneously with dengue virus 
(DENV) in regions plagued by Aedes aegypti mosquitoes, 
we used frozen serum samples previously collected during a 
DENV type 4 (DENV-4) outbreak to investigate whether co-
circulation might have been occurring before reported cases.

We evaluated 210 samples collected from patients (me-
dian age 36.6 years) with acute febrile syndrome who visited 

an acute healthcare facility in Tijuca, a middle-class dis-
trict in the northern zone of Rio de Janeiro, Brazil, during a 
DENV-4 outbreak occurring March‒May 2013. All samples 
tested negative for DENV RNA by RT-PCR and DENV non-
structural protein 1 by Platelia Dengue NS1 Ag ELISA (Bio-
Rad Laboratories, Marnes-la-Coquette, France) (5).

In June 2017, we performed a molecular test to rapidly 
detect Zika virus in previously frozen acute-phase samples. 
We extracted viral RNA from 200-µL samples by using the 
QIAamp Viral RNA Mini Kit (QIAGEN, Valencia, CA, 
USA) according to the manufacturer’s instructions. We 
performed quantitative RT-PCR (qRT-PCR) with the Quan-
tiNova Probe RT-PCR Kit (QIAGEN) in a Rotor-Gene Q 
Sequence Detection System (QIAGEN) using 25-µL reac-
tion mixtures containing 5 µL of RNA template. We used 
primers, probes, and cycling conditions for Zika virus de-
tection recommended by the Centers for Disease Control 
and Prevention (6). Samples suspected positive (defined as 
having a cycle threshold <38) were retested in triplicate, 
and consistently positive samples were confirmed by re-
peating RNA extraction and qRT-PCR in duplicate.

Of the 210 samples, 21 tested positive by qRT-PCR and 
were thus suspected positive for Zika virus; 4 of 21 tested 
positive for Zika virus RNA in triplicate qRT-PCR reactions. 
 
Table. Distribution of clinical signs and symptoms among 3 
patients retrospectively identified as having Zika virus infection, 
Rio de Janeiro, Brazil, 2013* 
No. patients, sign or symptom Patient A Patient B Patient C 
3 patients 
 Arthralgia† Yes Yes Yes 
 Fever†, no. days Yes, 1 Yes, 2 Yes, 1 
 Headache Yes Yes Yes 
 Myalgia Yes Yes Yes 
 Nausea Yes Yes Yes 
 Prostration Yes Yes Yes 
 Retroorbital pain Yes Yes Yes 
2 patients    
 Adenomegaly Yes Yes No 
 Chills Yes No Yes 
 Dizziness Yes Yes No 
 Low back pain No Yes Yes 
 Taste alteration Yes Yes No 
 Vomiting Yes No Yes 
1 patient    
 Anorexia No No Yes 
 Cold extremities Yes No No 
 Cough Yes No No 
 Dyspnea No Yes No 
 Eye congestion No Yes No 
 Eye redness perception† No Yes No 
 Hemoconcentration No No Yes 
 Hoarseness No Yes No 
 Leukopenia No Yes No 
 Oropharyngeal pain Yes No No 
 Otalgia No Yes No 
 Pruritus No Yes No 
 Thready pulse Yes No No 
*No patients had exanthema. 
†Signs and symptoms considered in Brazilian Ministry of Health’s 
definition for suspected Zika virus infection 
(http://portalsaude.saude.gov.br/index.php/descricao-da-doenca-zika). 
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However, 1 of the 4 also tested positive by Panbio Dengue 
IgM Capture ELISA (Standard Diagnostics Inc., Yongin, 
South Korea). We confirmed that the other 3 samples (2 from 
men and 1 from a woman) were positive for Zika virus ge-
nome after repetition of RNA extraction and qRT-PCR.

Zika virus‒positive patients were young (18, 25, and 
26 years of age), lived in Tijuca, had low-grade fever (1‒2 
days) during acute disease, and had no underlying condi-
tions. Their travel histories were not available. All patients 
reported prostration, myalgia, arthralgia, headache, retro-
orbital pain, and nausea (Table). None reported rash or 
hemorrhages. Hematocrit levels were 40%‒45%, platelet 
counts 2.19‒3.53 × 105/µL, and leukocyte counts 4.4‒19.8 
× 103 cells/µL.

Zika virus dissemination beyond Asia and Africa 
occurred after the 2007 epidemic in Micronesia (6) and, 
in particular, after the 2013–2014 outbreak in French 
Polynesia, which involved a large number of symptom-
atic patients and patients with severe disease, with some 
having neurologic syndromes (7). Brasil et al. (1) stated 
that the phylogenetic analysis of cases in Rio de Janeiro 
supports the hypothesis that Zika virus was introduced 
into the city in August 2014, possibly during the Inter-
national Va’a Federation World Sprint Championship 
canoe race, which included teams from 4 Zika virus‒
endemic countries of the Pacific region. Faria et al. (7) 
used viral genome analyses of the southeastern Asia and 
Pacific founder lineage to estimate that Zika virus was 
present in Brazil by February 2014; these authors also 
suggested that the northeast region of Brazil was the 
initial virus dissemination point. Massad et al. (8) used 
mathematical models and concluded that Zika virus was 
most likely introduced into Brazil by infected travelers 
arriving during October 2013‒March 2014.

However, our findings suggest that Zika virus had al-
ready been circulating in Rio de Janeiro since April 2013, 
consistent with the report by Metsky et al. (9) stating that 
Zika virus had been circulating undetected in multiple re-
gions for many months before the initial case reports. This 
view is also supported by entomological data from Ayl-
lón et al. (10), who used a surveillance program involv-
ing field-trapped mosquitoes to perform genetic analyses 
of mosquitoborne viruses found in Rio de Janeiro during 
February 2014‒June 2016. Their results suggest that Zika 
virus was probably already in circulation in Rio de Janeiro 
during May–November 2013, introduced multiple times 
from different in-country sources, and that the virus was 
introduced into the Americas via Brazil during October 
2012‒May 2013 (10).
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To the Editor: The article by Probert et al. (1) high-
lighted that wild animals (in this case, deer) can act as a res-
ervoir of Shiga toxin–producing Escherichia coli (STEC) 
O157 infection. Our previous research (2) broadens this to 
include wild animals as STEC O157 carriers. In our study, 
an outbreak of STEC O157 infection in eastern England 
was epidemiologically linked to visiting a wildlife park. 
Unlike in petting zoos, the visitors had no direct contact 
with the animals. Transmission of infection was attribut-
ed to contact with the feces of wild rabbits (Oryctolagus 
cuniculus) in a play area; the rabbits had been in contact 
with STEC O157–positive cattle in an adjacent field (3). To 
prove this hypothesis, we identified rabbit populations liv-
ing on farms with STEC O157–positive cattle. We trapped 
the rabbits humanely in cages, collected their feces dur-
ing their confinement before release, and tested the feces 
for STEC O157 by culture and PCR. Of 97 samples col-
lected in the summer, 8 (8.2%) were positive by culture; 
these samples came from 4 of 6 farms in the study. By PCR 
analysis, 20 of 97 (20.6%) samples were positive. None 
was positive during the winter, when cattle were housed in-
doors, suggesting a link between STEC O157 positivity in 
cattle and rabbits. In conclusion, when outbreaks of this se-
rious human infection are linked to the rural environment, 
it is necessary to take wildlife into consideration, both as a 
reservoir of transmission and as carriers. Equally, persons 
should not underestimate the necessity of good hand hy-
giene if they have contact with wild animal feces.
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LETTER

The work of art shown here depicts the interrelation-
ship of human, animal, and environmental health.

Stained-glass windows have been appreciated for 
their utility and splendor for more than 1,000 years, 
and this engaging work of art by stained glass art-
ist Jenny Hammond reminds us that influenza A  
viruses—which can be easily spread between ani-
mals and human, use various host species, and exist 
in many different environments—remain an enduring 
and global health concern.

EID Podcast:
Stained Glass and Flu

Visit our website to listen:

®

https://www2c.cdc.gov/ 
podcasts/player.
asp?f=8644950 



The Next Pandemic:  
On the Front Lines Against  
Humankind’s Gravest Dangers
Ali S. Khan with William Patrick; PublicAffairs,  
New York, NY, USA; ISBN-10: 1610395913; ISBN-13: 
978-1610395915; Pages: 288; Price: $26.99

Stalin notoriously remarked 
that one death was a tragedy, 

while a million were a statistic. An 
impressive feature of this book is 
that, while recounting a great many 
deaths, it maintains a human and 
humane perspective. Dr. Ali S. 
Khan is a former director of the 
Office of Public Health Prepared-
ness and Response at the Centers 
for Disease Control and Prevention 
and has been close to the epicenter 
of almost all the potential pandemic threats of the last few 
decades. With William Patrick, an accomplished writer and 
editor in his own right, Khan has produced an accessible, 
fascinating book for the general reader that shares his expe-
riences in the service of his country and the world. 

The book describes so many outbreaks that its ap-
proach is inevitably a little scattershot, but 2 subjects stand 
out: the investigation of the anthrax mailings to Congress is 
covered as well as I have seen anywhere, and the sections 
dealing with the nightmare of Ebola in West Africa should 
be required reading for anyone looking to improve our re-
sponse to infectious disease emergencies. As the authors 
note, maintaining high standards of data hygiene is difficult 
anywhere, but particularly so if we lack the will to priori-
tize public health even when resources are scarce.

Throughout, there is a subtle but steady bass line 
of anguish over the difficulty of translating the science 
we know into effective action. Khan argues that to keep 
our priorities straight we need to recognize how the  

unscrupulous, from black marketeers to politicians, ex-
ploit outbreaks as opportunities for advancement; address-
ing that issue is an essential part of fighting the disease. 
In the words of Albert Camus, “It is up to us not to join 
forces with the pestilences.” We might not, but how can 
we stop others from doing so? Khan suggests the creation 
of a United Nations Undersecretary for Health Security, 
which sounds sensible, but it is not clear what policies 
that person might enact, and even less so how they would 
be enforced.

It is the personal stories here that are the most affect-
ing, in the understanding that Khan extends to an Ebola-
infected nurse who denies that she knows how she acquired 
the disease, or the prejudice faced by Khan himself as a 
Muslim American in the years following 9/11. These dis-
eases infect humans, kill humans, and are battled by hu-
mans, with all the complicated consequences that entails.

There are a few missteps. The persistent nagging 
use of clichés like “disease detectives” can sound pa-
tronizing. An assertion that viruses are “collectively in-
telligent” will surely raise eyebrows, and the title is a 
little misleading, in that there is less focus than expected 
on genuine catastrophic pandemic threats. However, as 
another confessed “infectious disease nerd” I found it 
fascinating. It will be enjoyed by working epidemiolo-
gists; it should be a point of reference for policymakers; 
and I suspect it will inspire many future officers in the 
Epidemic Intelligence Service.
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“Everything within a circle is one thing, which is en-
circled, enframed,” wrote 20th-century American 

mythologist and lecturer Joseph Campbell. This month’s 
cover art, A Timeless Symbiosis, uses the motif of circles 
to connect animals and humans. Bindu Viswanathan, the 
artist who created the painting, is also a lecturer and bio-
statistician at the University of Texas, Austin. Many of her  

paintings inspire viewers to think about the fuller connec-
tion between animals and humans. According to Viswana-
than, “Circles have no beginning and no end, much  
like the interdependence of humans and animals. They 
also represent the womb, the origin of life, and its con-
tinuum.” (All quotes from B. Viswanathan, pers. comm. 
Nov 3, 2017.)

Viswanathan incorporates elements from the Indian 
tribal art of the Warli, an indigenous people who live in 
the hills of western India, into A Timeless Symbiosis. For 
instance, Warli art, which has been practiced since at least 
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Bindu Viswanathan, (b. 1971), A Timeless Symbiosis, 2017 (detail). Acrylic on canvas, with small mirror embellishments, 22 in × 28 
in/56 cm × 71 cm. Digital image courtesy of the artist.
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Everything within a Circle Is One Thing
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the 10th century ace, often depicts the intertwined links of 
humans with both domestic and wild animals.

Viswanathan’s meticulous interplay of geometric 
forms, vibrant colors, calculated symmetry, and traditional 
symbols is arrayed within concentric circles and draws 
the viewer deeper and deeper into the painting. The outer 
circular border comprises 122 Warli-style figures, linked 
hand in hand, keeping vigil. Within the next circle, against 
a dark blue background, ornamentally decorated pairs of 
pigs, cows, chickens, and rats—all animals associated with 
domestication—are interspersed among figures of humans, 
posed as though engaged in traditional agrarian tasks. The 
disproportionate size of the animals underscores their im-
portance to and impact on the people.

More human figures are juxtaposed with bats and 
birds, wild animals many humans are likely to encounter 
and major sources of diverse zoonotic viruses through-
out the world. The radiating central image contains what  
is perhaps best described as a viewer’s choice, possibly a 
sun or essential life force, or maybe a virus or other micro-
scopic organism.

Throughout each of the circles, the artist incorporates 
various geometric forms—stair-stepped pyramids, trian-
gles, and circles—and then reuses those forms to create or-
nate, complex designs. Viswanathan notes that “I gravitate 
toward geometric designs and symmetry in my abstract art, 
which stems from the same source that is inspired by math-
ematics. As a biostatistician, I model complex relationships 
that exist in the natural world.”

Once a viewer is drawn to the center of the painting, 
the tendency is to move back through the circles to the 
edges of the fiery orange border and then reexamine the 
careful symmetry, much like the process of viewing a man-
dala. The artist portrays her theme of symbiosis on multiple 
levels and illustrates the complex relationships and connec-
tions between humans and animals.

Rudolph Virchow, one of the 19th century’s principal 
leaders in medicine and pathology, stated that “Between 

animal and human medicine, there is no dividing line—nor 
should there be.” Virchow stressed that diseases of humans 
and animals are interconnected and devised the term “zoo-
nosis” to describe the links between infectious diseases in 
animal and human health. The ring of people forming the 
outer edge of A Timeless Symbiosis can serve to symbolize 
the modern One Health concept, an initiative that requires 
close collaboration among researchers in the animal, hu-
man, and environmental health sectors to protect and pre-
serve life.
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NEWS AND NOTES

Upcoming Issue
•  Increased Severity and Spread of Mycobacterium ulcerans,  

Southeastern Australia 

•  Japanese Encephalitis Virus Transmitted Via Blood Transfusion,  
Hong Kong, China 

•  Sensitivity and Specificity of a Suspected Case Definition Used  
during the West Africa Ebola Epidemic 

•  Dangers of Noncritical Use of Historical Plague Databases 

•  Mammalian Pathogenesis and Transmission of Avian Influenza 
A(H7N9) Viruses, Tennessee, USA, 2017 

•  Expected Duration of Adverse Pregnancy Outcomes after  
Zika Epidemic 

•  Rodent Abundance and Hantavirus Infection in Protected Area,  
East Central Argentina 

•  High Seroprevalence of Jamestown Canyon Virus among Deer and 
Humans, Nova Scotia, Canada 

•  Recognition of Azole-Resistant Aspergillosis by Physicians  
Specializing in Infectious Disease, United States  

•  Dengue Fever in Burkina Faso, 2016 

•  Yellow Fever Virus in Urine and Semen of Convalescent Patient, 
Brazil 

•  Challenges and Opportunities for Eliminating Canine-Mediated  
Human Rabies Deaths in Haiti 

•  Increasing Number of Scarlet Fever Cases, South Korea, 2011–2016 

•  Molecular Characterization of Autochthonous Chikungunya Cluster 
in Latium Region, Italy 

•  Estimation of Undiagnosed Naegleria fowleri Primary Amebic  
Meningoencephalitis, United States 

•  Whole Genome Analysis of Recurrent Staphylococcus aureus t571/
ST398 Infection in an Iowa Farmer 

•  Visceral Leishmaniasis Caused by Leishmania siamensis acquired in 
Guyana 

•  Conjunctivitis Outbreak Costs Healthcare System 3.3 Million Euros, 
Réunion Island

• Investigation of Pneumonic Plague, Madagascar  

Complete list of articles in the January issue at  
http://www.cdc.gov/eid/upcoming.htm

Upcoming Infectious
Disease Activities
February 1–3, 2018
8th Advances in Aspergillosis
Lisbon, Portugal 
www.AAA2018.org

February 12–14, 2018
ASM Biothreats
Baltimore, MD
https://www.asm.org/index.php/
biothreats-2018 

March 1–4, 2018
18th International Congress
on Infectious Diseases (ICID)
Buenos Aires, Argentina
http://www.isid.org/icid/

March 7–9, 2018
ISIRV
2nd International Meeting on
Respiratory Pathogens
Singapore
https://www.isirv.org/site/

May 6–9, 2018
ASM Clinical Virology Symposium
West Palm Beach, FL
https://www.asm.org/index.php/ 
2018-clinical-virology-symposium 

June 7–11, 2018
ASM Microbe
Atlanta, GA
https://www.asm.org/index.php/ 
asm-microbe-2018

August 26–29, 2018 
ICEID 
International Conference on
Emerging Infectious Diseases*
Atlanta, GA
https://www.cdc.gov/iceid/index.html
* The World Academy of Science, Engineering and 
Technology (WASET) is sponsoring a similarly named 
event in London in February 2018. Please note that 
CDC is not affiliated with this event.

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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ing, related, multiple-choice questions. To complete the questions (with a minimum 75% passing score) and earn continuing 
medical education (CME) credit, please go to http://www.medscape.org/journal/eid. Credit cannot be obtained for tests com-
pleted on paper, although you may use the worksheet below to keep a record of your answers. 

You must be a registered user on http://www.medscape.org. If you are not registered on http://www.medscape.org, 
please click on the “Register” link on the right hand side of the website. 

Only one answer is correct for each question. Once you successfully answer all post-test questions, you will be able to 
view and/or print your certificate. For questions regarding this activity, contact the accredited provider, CME@medscape.
net. For technical assistance, contact CME@medscape.net. American Medical Association’s Physician’s Recognition Award 
(AMA PRA) credits are accepted in the US as evidence of participation in CME activities. For further information on this award, 
please go to https://www.ama-assn.org. The AMA has determined that physicians not licensed in the US who participate in 
this CME activity are eligible for AMA PRA Category 1 Credits™. Through agreements that the AMA has made with agencies 
in some countries, AMA PRA credit may be acceptable as evidence of participation in CME activities. If you are not licensed 
in the US, please complete the questions online, print the AMA PRA CME credit certificate, and present it to your national 
medical association for review.

Article Title
Group B Streptococcus Infections Caused by Improper 
Sourcing and Handling of Fish for Raw Consumption,  

Singapore, 2015–2016

CME Questions
1.  You are advising a public health department in 
Singapore regarding the potential for future human 
group B Streptococcus (GBS) outbreak. On the basis 
of the microbial study of raw fish and human samples 
by Chau and colleagues, which one of the following 
statements about the clinical and epidemiological 
findings of a human GBS outbreak in Singapore  
is correct? 
A. The outbreak was associated with consumption of raw 

saltwater fish 
B. The source of the outbreak was limited to restaurants
C. The causative agent was Streptococcus viridans
D. Severe clinical cases included meningoencephalitis, 

bacteremia, spinal infection and septic arthritis

2.  According to the microbial study of raw fish and 
human samples by Chau and colleagues, which one 
of the following statements about the pathogenic 
potential of fish and human samples after a human 
GBS outbreak in Singapore is correct?
A. Fish-associated GBS ST283 strains included only 

strains nearly identical to the human outbreak strain
B. The study proves that all GBS ST283 strains are 

capable of causing invasive human disease through 
the foodborne route

C. The live and whole fish from which GBS ST283 
was recovered did not show corneal opacity or 
exophthalmia, suggesting this strain may not be 
pathogenic to freshwater fish 

D. The human outbreak strain is highly similar to known 
GBS fish pathogens with published genomes

3.  According to the microbial study of raw fish and 
human samples by Chau and colleagues, which 
one of the following statements about public health 
implications of a human GBS outbreak in Singapore is 
correct? 
A. Both saltwater and freshwater fish are suitable for 

raw consumption if proper sourcing and handling 
standards are followed

B. To control the outbreak, the sale of ready-to-eat (RTE) 
raw freshwater fish dishes was banned, and additional 
requirements were imposed for sale of RTE raw fish 
dishes using saltwater fish

C. GBS ST283 was the only hazard identified in 
freshwater fish used to prepare raw RTE dishes

D. Most food stalls tested were able to prepare RTE raw 
fish dishes of acceptable hygiene quality
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Article Title
Newly Recognized Pediatric Cases of Typhus Group  

Rickettsiosis, Houston, Texas, USA

CME Questions
1.  Your patient is a 10-year-old boy with suspected 
typhus group rickettsiosis (TGR). On the basis of the 
retrospective medical record review by Erickson and 
colleagues, which one of the following statements 
about clinical features of cases of TGR at a large, 
Houston-area pediatric hospital between 2008 and 
2016 is correct? 
A. About three quarters of patients had the "classical 

triad" of fever, rash, and headache
B. Malaise, vomiting, anorexia, abdominal pain, 

lymphadenopathy, and conjunctivitis were other 
common symptoms

C. Elevated transaminases and thrombocytopenia 
occurred in less than half of patients

D. About 5% of patients required intensive care

2.  According to the retrospective medical record 
review by Erickson and colleagues, which one of 
the following statements about epidemiological 
features of cases of TGR at a large, Houston-
area pediatric hospital between 2008 and 2016 is 
correct?

A. Half of case-patients had documented animal 
exposures

B. The highest number of diagnosed cases occurred  
in 2012

C. Most case-patients had a history of recent travel
D. Most cases presented during summer months, when 

fleas are most prevalent

3.  According to the retrospective medical record 
review by Erickson and colleagues, which one of the 
following statements about public health implications 
of cases of TGR at a large, Houston-area pediatric 
hospital between 2008 and 2016 is correct? 
A. The study proves that exposure to domestic pets puts 

children at risk for infection
B. More than three quarters of confirmed or probable 

cases identified in this series were reported
C. Barriers to reporting may include low awareness of 

reporting requirements, complexity of patient care, 
and delays in receiving test results, especially  
after discharge

D. Suspicion for TGR need not be high if the classical 
triad of fever, rash, and headache is absent
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related topics. Preference is given to reviews of new and emerging diseases; how-
ever, timely updates of other diseases or topics are also welcome.  If detailed methods 
are included, a separate section on experimental procedures should immediately fol-
low the body of the text.

Research. Articles should not exceed 3,500 words and 50 references. Use of sub-
headings in the main body of the text is recommended. Photographs and illustrations are 
encouraged. Provide a short abstract (150 words), 1-sentence summary, and biographical 
sketch. Report laboratory and epidemiologic results within a public health perspective. 
Explain the value of the research in public health terms and place the findings in a larger 
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Policy and Historical Reviews. Articles should not exceed 3,500 words and 50 refer-
ences. Use of subheadings in the main body of the text is recommended. Photographs 
and illustrations are encouraged. Provide a short abstract (150 words), 1-sentence sum-
mary, and biographical sketch. Articles in this section include public health policy or his-
torical reports that are based on research and analysis of emerging disease issues.

Dispatches. Articles should be no more than 1,200 words and need not be divided 
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“Conclusions.” Provide a brief abstract (50 words); references (not to exceed 15); figures 
or illustrations (not to exceed 2); tables (not to exceed 2); and biographical sketch. Dis-
patches are updates on infectious disease trends and research that include descriptions 
of new methods for detecting, characterizing, or subtyping new or reemerging pathogens. 
Developments in antimicrobial drugs, vaccines, or infectious disease prevention or elimi-
nation programs are appropriate. Case reports are also welcome.

Another Dimension. Thoughtful essays, short stories, or poems on philosophical  
issues related to science, medical practice, and human health. Topics may include sci-
ence and the human condition, the unanticipated side of epidemic investigations, or how 
people perceive and cope with infection and illness. This section is intended to evoke 
compassion for human suffering and to expand the science reader’s literary scope.  
Manuscripts are selected for publication as much for their content (the experiences they 
describe) as for their literary merit. Include biographical sketch.

Research Letters Reporting Cases, Outbreaks, or Original Research. EID  
publishes letters that report cases, outbreaks, or original research as Research Letters. 
Authors should provide a short abstract (50-word maximum), references (not to exceed 
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than 6 months after the conference and focus on content rather than process. Provide 
illustrations, references, and links to full reports of conference activities.
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