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Fatal Outbreak in Tonkean
Macaqgues Caused by Possibly
Novel Orthopoxvirus,
Italy, January 20151

Giusy Cardeti,? Cesare Ernesto Maria Gruber,? Claudia Eleni, Fabrizio Carletti, Concetta Castilletti,
Giuseppe Manna, Francesca Rosone, Emanuela Giombini, Marina Selleri, Daniele Lapa, Vincenzo Puro,
Antonino Di Caro, Raniero Lorenzetti, Maria Teresa Scicluna, Goffredo Grifoni, Annapaola Rizzoli,
Valentina Tagliapietra, Lorenzo De Marco, Maria Rosaria Capobianchi, Gian Luca Autorino

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.

enus 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

Author affiliations: Istituto Zooprofilattico Sperimentale del Lazio
e della Toscana M. Aleandri, Rome, Italy (G. Cardeti, C. Eleni,

G. Manna, F. Rosone, R. Lorenzetti, M.T. Scicluna, G. Grifoni,
G.L. Autorino); L. Spallanzani National Institute of

Infectious Diseases, Rome (C.E.M. Gruber, F. Carletti,

C. Castilletti, E. Giombini, M. Selleri, D. Lapa, V. Puro, A. Di Caro,
M.R. Capobianchi); Fondazione Edmund Mach di San Michele
all’Adige, Trento, Italy (A. Rizzoli, V. Tagliapietra); Parco Faunistico
Piano dell’Abatino, Poggio San Lorenzo, Italy (L. De Marco)
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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,

*Preliminary results from this study were presented at the Xth
International Congress of the European Society for Veterinary
Virology; August 31-September 3, 2015; Montpellier, France.

2These first authors were co—principal investigators who
contributed equally to this article.
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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

1942

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

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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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 11 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.

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 lon 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 x 10%° 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 lon 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

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

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

Virus neutralization test,

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

IFA IgM test, no.

IFA IgG test, no.

Species positive/no. total (%) IgM titert positive/no. total (%) IgG titer, T range
Tonkean macaque (Macaca tonkeana) 0/30 Negative 8/30 1:40-1: 640
Cynomolgus macaque (M. fascicularis) 0/11 Negative 3/11 1:20-1:160
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.
TThreshold dilution was 1:20.

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.
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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 1gG 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

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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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 x20.

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.

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.nchi.
nim.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

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 07 Negative
Yellow-necked mouse (Apodemus flavicollis) 0/4 Negative 3/4 1:40
Total 0/11 (0) 3/11 (27.27)
Emerging Infectious Diseases * www.cdc.gov/eid ¢ Vol. 23, No. 12, December 2017 1945
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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, TO/T30/T90 1gG, TO/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; TO, firstimmunization; T30, booster dose administration; T90, blood collection 60 d

after T30.

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 FelinePoxITAL (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, EOL, A7L, A10L, J6R, H4L, and
A24R; VACYV 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).
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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 1gG
titers in 6 macaques from the neighboring enclosure, how-
ever, indicated they became infected during the outbreak.
Orthopoxvirus IgM and 1gG 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

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



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

Outbreak in Macaques Caused by Novel Orthopoxvirus

(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.

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 ltaly
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
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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 MV A 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 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;
RACYV, raccoonpox virus; TATV, taterapox virus; VACV, vaccinia virus; VARV, variola virus.

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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Spread of Canine Influenza
A(H3NZ2) Virus, United States
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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.

I nfluenza 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
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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 1AV 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 (R)) 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 C1Vs 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 1AVs. 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 1AVs, including the HIN1 (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 1AVs 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 HIN1/09
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
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HIN2 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 02-3 and a2—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 1AVs 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, 1A, 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, 1A, USA) on strain A/canine/lllinois/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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Figure 1. Incidence of canine influenza A(H3N2) virus RNA—positive dogs in the Chicago, lllinois, area, USA, March 14—April 27, 2015.
A) Weekly testing summary of samples collected within lllinois. B) Weekly testing summary of samples collected in all other states.

C) Presence of virus in the Midwest region, by US postal code.

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. Spread of canine influenza A(H3N2) virus in an animal
shelter in the Chicago, lllinois, 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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(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 QlAamp 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 lllumina MiSeq platform (lllumina, 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/
ElD/article/23/12/17-0246-Techappl.pdf). We obtained
additional H3N2 CIV genomes from the National Center
for Biotechnology Information Influenza Virus Resource
(http://lwww.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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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 1 2 3 4

C; value, by dog no.
5

Shelter 1

*Data from Newbury et al. (33) Table 1, used with permission. Data shown as rRT-PCR C: 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. C, cycle threshold; Neg, negative; NT, not tested; rRT-PCR, real-time reverse transcription PCR.

TSamples for which virus was successfully isolated.

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 (1,000x). 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
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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 1AV

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 C; value
Nasal swab
Oral swab
Tracheal swab
Bronchial swab

Cranial lung

Tracheobronchial lymph node

Liver Neg
Pancreas Neg
lleum Neg
Kidney Neg

*Data from Watson et al. (32), used with permission. Data shown as rRT-
PCR C: 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. C, 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

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*

Test result
State/district 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
lowa 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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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 1AVs, 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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Figure 3. Distribution of clinical samples testing positive (red dots) and negative (blue dots) for canine influenza A(H3N2) virus RNA,

United States, March—December 2015.

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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Evolutionary Context of
Non—Sorbitol-Fermenting
Shiga Toxin—Producing
Escherichia coli O55:H7

Kyle Schutz, Lauren A. Cowley, Sharif Shaaban, Anne Carroll, Eleanor McNamara,
David L. Gally, Gauri Godbole, Claire Jenkins, Timothy J. Dallman

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
0157: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.

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

Previous studies postulated that the common STEC
0157: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 »/b 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
B-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 0157
throughout their evolutionary history (7,8).

STEC 0O157: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 Il 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 B-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 0157 clone, the STEC O55
Dorset outbreak strain exhibited B-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/ElID/article/23/12/17-0628-
Techappl.pdf). From public databases, we retrieved 10
genome sequences for E. coli O55:H7 and 2 for STEC
0157: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 MinlON
(https://nanoporetech.com/products/minion) nanopore plat-
form to sequence an isolate from the outbreak, designated
122262. A hybrid Illumina/MinlON 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).

Non—Sorbitol-Fermenting STEC O55:H7

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).
GATK?2 (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.nim.nih.gov/pmc/

Table 1. Escherichia coli 055:H7 genome sequences retrieved from publicly available databases*

Name Accession no. Serotype STX SOR GUD Reference
USDA 5905 SRS702210 055 - + + 7)
3256-97-1 AEUA01000000 055 - + + )
RM12579-1 CP003109 055 - + + 7)
CB9615 NC_013941 055 - + + (10)
ZH-1141 Pending O55:H7 - + + (14)
2013C-4465 GCA_001644745.1 055 Stx1a + + (15)
Sakai 0157:H7 Stx1a and 2a - - (16)
155 CP018237 0157:H7 Stx2a - - a7)
TL-000142 ERR180875 055 - + + This study
SRR3578942 SRR3578942 055:H7 Stx2d + + This study
TL-000132 ERR197199 055 - + + This study
3041-1_85 ERR197201 055 - + + This study
100446 ERR178176 055:H7 - + + This study
*GUD, B-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 PRINA248042.

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 efal/lif4 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 0157 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. sri4 and sr/E 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
sriA and sriE, as observed in Sakai and EDL933 (5). SNP
analysis of STEC O55:H7 122262 in our study revealed a
non-sense mutation in sr/4 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).

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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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
0157:H7 Sakai prophages. STEC
055: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.

B-Glucuronidase and Tellurite Phenotypes of 122262
B-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 B-glucuronidase—positive phenotype, and analysis of
the genome by using MAUVE (20) did not identify any
disruptive mutations in uidA. No B-glucuronidase-negative
strains of E. coli O55:H7 have been described. Further-
more, the STEC O55 Dorset outhreak 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 055
Dorset outbreak strain, we constructed a core genome
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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/
B-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
0157: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 20132014 (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 2. The sequence of the Stx2a-encoding phage from the July 2014 Dorset County, England, outbreak strain of Shiga toxin—
producing Escherichia coli 055: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 0157 geographically associated with the island of Ireland. The
main difference between the 2 prophages was an insertion sequence element.

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 0157: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 B-glucuronidase positive and sorbitol positive, close-
ly related but ancestral to STEC O157:H7, which was
B-glucuronidase positive and sorbitol positive (34). The
loss of the sorbitol-positive phenotype in STEC O157:H7
was followed by the loss of B-glucuronidase expression,
resulting in the common STEC 0157 sorbitol-negative
B-glucuronidase—negative clone. The evolutionary his-
tory of the Dorset outbreak strain begins with the EPEC
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O55:H7 progenitor strain described previously (6) (Figure
3). Subsequent acquisition of an Stx2a-encoding phage was
confirmed by detection of STEC O55:H7 B-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 0157, albeit by an alternative mechanism.

The parallel, convergent evolutionary history of STEC
0157: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 0157 PT32 geographically linked to
Ireland may provide further evidence of the origin of this
strain (17,29). Phages from STEC 0157 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 3. Core genome phylogeny illustrating
the evolutionary history of the Shiga toxin—
producing Escherichia coli (STEC) 055 strain
from the July 2014 Dorset County, England,
outbreak in the context of STEC O157:H7
lineages |, Il, and l/ll.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 /b gene cluster,
plasmid content, B-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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