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a b s t r a c t

Knowledge of Kobuvirus (Family Picornaviridae) infection in carnivores is limited and has not been
described in domestic or wild carnivores in Africa. To fill this gap in knowledge we used RT-PCR to screen
fresh feces from several African carnivores. We detected kobuvirus RNA in samples from domestic dog,
golden jackal, side-striped jackal and spotted hyena. Using next generation sequencing we obtained one
complete Kobuvirus genome sequence from each of these species. Our phylogenetic analyses revealed
canine kobuvirus (CaKV) infection in all four species and placed CaKVs from Africa together and
separately from CaKVs from elsewhere. Wild carnivore strains were more closely related to each other
than to those from domestic dogs. We found that the secondary structure model of the IRES was similar
to the Aichivirus-like IRES subclass and was conserved among African strains. We describe the first CaKVs
from Africa and extend the known host range of CaKV.

& 2015 Elsevier Inc. All rights reserved.

Introduction

Kobuvirus is a recently described and emerging genus in the
family Picornaviridae (Knowles et al., 2012). Currently this genus is
divided into three species, Aichivirus A (formerly Aichi virus), first
described from gastroenteritis in humans in the Aichi Prefecture,
Japan, in 1989 (Yamashita et al., 1991), Aichivirus B (formerly Bovine
kobuvirus) and Aichivirus C (www.picornaviridae.com). Kobuviruses
are small, non-enveloped viruses with a single stranded, polyade-
nylated, positive-sense RNA genome that encodes a single poly-
protein (Reuter et al., 2011). The genome contains a long 50

untranslated region (UTR) which contains the internal ribosome
entry site (IRES), a single open reading frame (ORF) that encodes a
polyprotein, and a 30 UTR. Within the picornavirus family, there are
four classes of IRES elements (Type I–IV) and a new IRES subclass
was recently described in Aichivirus (Yu et al., 2011). The poly-
protein is proteolytically cleaved into a leader protein (L), and the

structural (P1) and non-structural (P2 and P3) regions (Fig. 1a,
Reuter et al., 2011). The role of the 30-UTR is currently uncl-
ear, although there is evidence of its involvement in replication
(Brown et al., 2004). Furthermore, conserved barbell-like secondary
structures in the 30-UTR have been recently described in distantly
related picornaviruses (Boros et al., 2012). Recombination has been
widely reported in the Picornaviridae (Lukashev, 2010, Sweeney
et al., 2012) and is considered to play a significant role in the
diversification of this family (Oberste et al., 2004). Recombination is
expected to occur in kobuviruses but assessment of its potential
importance is hampered by the relatively small number of pub-
lished complete kobuvirus genomes available (Lukashev, 2010).

Current knowledge of Kobuvirus infections in carnivores is
extremely limited. Kobuvirus infection has been reported in three
domesticated carnivores (the ferret, Mustela putorius furo, the
domestic cat, Felis catus and the domestic dog, Canis lupus
familiaris). The novel Kobuvirus described from ferrets in Europe
belongs to the Aichivirus B species (Smits et al., 2013). Feline
kobuvirus (FeKV) and canine kobuvirus (CaKV) belong to the
Aichivirus A species. FeKV infection has only been reported in
domestic cats in Asia (Chung et al., 2013). CaKV infection has been
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Fig. 1. Comparison of the complete single ORF of Tanzanian strains with known kobuvirus Aichivirus A strains. (a) Graphical depiction of the complete genome of canine
kobuvirus (CaKV). The predicted positions of cleavage sites, amino-acid (above bar) and nucleotide (below bar) are shown. (b) Similarity plot analysis: The percentage
similarity of complete ORF sequences from Tanzanian strains (plotted in different colors) compared against the most closely related strain UK003 (KC161964). CaKV ORF from
Tanzanian host species: domestic dog (green); side-striped jackal (blue) golden jackal (yellow) spotted hyena (red). FeKV ORF, domestic cat from Asia (orange).
(c) Phylogenetic relationships between kobuviruses from Tanzania, East Africa with strains within the Aichivirus A group based on complete ORF nucleotide sequences.
Numbers at the nodes indicate bootstrap percentage values from 1000 replicates followed by Bayesian posterior probabilities. Strains obtained in this study are depicted in
bold. GeneBank accession numbers for each complete kobuvirus ORF used in this analysis are quoted on their respective branches.
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described in domestic dogs in a larger geographical area, including
the USA (Kapoor et al., 2011; Li et al., 2011), Europe (Carmona-
Vicente et al., 2013; Di Martino et al., 2013) and Asia (Oem et al.,
2014). CaKV infection is often associated with diarrhea and other
clinical signs (Carmona-Vicente et al., 2013; Li et al., 2011), even
though asymptomatic infections also occur (Kapoor et al., 2011). To
the best of our knowledge, currently the only described Kobuvirus
infection in a wild carnivore is CaKV infection in the red fox
(Vulpes vulpes) in Europe (Di Martino et al., 2014).

We are unaware of Kobuvirus infection reported in any wild
carnivore or domestic dog in Africa. This study aimed to help fill
this gap in knowledge by investigating Kobuvirus infection in five
wild carnivore species and the domestic dog in East Africa. The
wild carnivores included the bat-eared fox (Otocyon megalotis),
golden jackal (Canis aureus), silver-backed jackal (Canis mesomelas)
and side-striped jackal (Canis adustus) in the family Canidae, and
the spotted hyena (Crocuta crocuta) in the family Hyaenidae. These
wild carnivores inhabited protected areas within the Serengeti
ecosystem whereas the domestic dogs lived in villages surround-
ing the ecosystem. Using next generation sequencing, genomic,
and phylogenetic analyses we provide the first molecular char-
acterization of the complete Kobuvirus genome from four African
carnivore host species. We also compared partial sequences of the
relatively conserved Kobuvirus 3D gene which encodes the RNA-
dependent RNA polymerase, and the complete VP1 gene, which
encodes the most variable Kobuvirus protein (Reuter et al., 2011).

Results

CaKV RNA was detected in feces from four of the six species
screened, including the domestic dog, golden jackal, side-striped
jackal and spotted hyena by RT-PCR. No CaKV RNA was detected in
the small number of samples screened from bat-eared foxes and
silver-backed jackals. Four of 15 (26.7%) samples from domestic
dogs, one of eight (12.5%) samples from golden jackals and one of
14 (7.1%) samples from spotted hyena were positive for CaKV RNA.
All domestic dog samples were from juvenile animals. Two
positive samples from side-striped jackal were from juveniles
belonging to the same litter.

The genetic analysis based on the four complete genome
sequences obtained in this study revealed sequences of the same
length for all strains: 8290 nucleotides (excluding the poly A tail),
with a single ORF of 7335 nucleotides encoding a 2445 amino acid
polyprotein. The predicted organization of genes in the genomes

obtained by this study was identical to that previously described
for CaKV (50-UTR,VP0, VP3, VP1, 2A, 2B, 2C, 3A, 3B, 3C, 3D, 30-UTR,
polyA Fig. 1a). The length of the 50- and 30-UTR was 712 and 242
nucleotides, respectively. Between nucleotides 8118 and 8166 all
African strains presented the conserved barbell-like structures
(not shown) in the 30-UTR. The pyrimidine-rich tract within this
structure presented the short sequence UCUUU which started at
nucleotide 8142 and was conserved in all strains except for the one
domestic dog strain (which presented CUUUU). The cleavage site
between VP3 and VP1 was not conserved among all strains. One
strain from a spotted hyena and one strain from a side-striped
jackal presented a Glutamine (Q)/Threonine (T) cleavage site
(amino-acids 776/777) whereas one strain from a golden jackal
and one strain from a domestic dog in Tanzania, presented a
Q/Alanine (A) cleavage site (Fig. 1a). Our analysis to search for
evidence of recombination events throughout the complete gen-
ome found none.

The similarity plot analysis (Fig. 1b) compared the four com-
plete ORF nucleotide sequences from the Tanzanian strains (each
plotted with a different color) and one FeKV ORF sequence
(plotted in orange) with the complete ORF sequence from a
domestic dog CaKV strain in the UK (UK003). This CaKV is
currently the most closely related strain to the Tanzanian strains.
In the L region and the VP3 gene, the domestic dog strain DD2
(plotted in green, Fig. 1b) was more similar to the reference
sequence than the Tanzanian wild carnivore strains. In the rest
of the genes all the strains presented a homogeneous range of
similarity to the reference strain. In the L region, the strain from
the side-striped jackal (plotted in blue, Fig. 1b) presented a
considerably lower similarity than the other Tanzanian strains.
The regions P1 and P2 presented a higher range of variability than
the P3 region. The similarity of the Tanzanian strains to the
reference CaKV was consistently greater than to the FeKV strain
(plotted in orange, Fig. 1b). The average nucleotide/amino-acid
similarity of the five available complete CaKV ORF sequences from
outside Africa to each of the four complete ORF sequences
obtained from African carnivores by this study was similar
(93.3%/98.8% for the domestic dog strain; 92.6%/98.2% for the
side-striped jackal strain; 92.9%/98.6% for the golden jackal strain;
93.0%/98.7% for the spotted hyena strain).

The average percentage similarity values of gene sequences
across the entire ORF within Tanzanian strains and between these
gene sequences and those in CaKV strains from elsewhere are
tabulated in Table 1. The average percentage of nucleotide/amino
acid similarity between the complete genome sequences from
Tanzanian CaKV strains was higher than between Tanzanian
strains and CaKV strains from outside Africa and between Tanza-
nian strains and FeKV (Table 1). Within Tanzanian strains the
coding region of the single ORF (L, P1, P2 and P3) presented higher
nucleotide similarity (98.3%–99.7%) than the 50- and 30-UTR (97.2%,
97.7% respectively). The average percentage similarity between the
complete genome sequences of Tanzanian strains was mostly
higher than between Tanzanian strains and complete genome
sequences from strains outside Africa (Table 1). The average
percentage nucleotide similarity of the complete genome of
Tanzanian strains (Table 2) was lowest between the strains from
the golden jackal and domestic dog (93.9%) and highest between
the strains from a golden jackal and spotted hyena (98.3%). The
average percentage amino acid amino-acid similarity of the poly-
protein between Tanzanian strains ranged from 98.9% to 99.2%
(Table 2).

Our phylogenetic inference based on four complete Kobuvirus
ORF sequences was strongly supported (Fig. 1c). We also con-
ducted analyses based on both a partial 3D gene fragment to
permit comparison of our African strains with most CaKVs
described from elsewhere (Fig. 2a) and on the complete VP1 gene

Table 1
Average percentage of amino-acid/nucleotide sequence similarity: within Tanza-
nian strains; between Tanzanian strains and CaKV from outside Africa; and
between Tanzanian strains and one FeKV. Percentage similarities were not
computed for amino acids in sequences outside coding regions (NA).

Average percentage of
similarity (amino-acid/
nucleotide)

Within
Tanzanian
strains

Between Tanzanian
strains and other
CaKV

Between
Tanzanian
strains and
FeKV

Complete single ORF 99.3/95.9 98.6/92.9 93.2/81.7
50-UTR 97.2/NA 94.9a/NA Missing datab

L 98.3/93.3 96.7/91.1 77.0/71.4
P1 98.9/95.0 97.5/90.8 92.0/80.3
P2 99.4/96.2 99.5/94.4 95.5/83.4
P3 99.7/97.3 99.4/94.5 96.3/84.1
30-UTR 97.7/NA 95.1/NA 86.2/NA

a Comparison only with strains USPC0082 (JN088541) and 12D049 (KF924623)
which have a complete 50-UTR.

b Feline Kobuvirus FK13 (KF831027) has an incomplete 50-UTR hence compar-
ison not possible.
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(Fig. 2b) to compare strains from African wild carnivores with
CaKV strains from red fox in Europe: the only wild carnivore host
of Kobuvirus so far described. In all three phylogenies, the four
sequences from Tanzanian carnivores (domestic dog, golden
jackal, side-striped jackal and spotted hyena) were more closely
related to CaKVs than to other kobuviruses, including FeKV. All
sequences from Tanzania clustered together and separately from
CaKVs from areas outside Africa (i.e., Europe, Asia and the USA).
Furthermore, in all three phylogenies, the strains from wild
carnivores inside the protected areas of the Serengeti ecosystem
were more closely related to each other than to the strains from
domestic dogs outside the protected area, which were placed on
separate branches. In the analysis of the partial 3D gene (Fig. 2a),
the placement of two domestic dog strains (DD2 and DD3)
indicated that they were more closely related to the strains from
wild carnivores than to two other domestic dog strains (DD20 and
DD22) which were more distantly related to strains from wild
carnivores in the Serengeti ecosystem. The analysis of the com-
plete VP1 gene also revealed that strain DD2 was more closely
related to strains from wild carnivores in the Serengeti ecosystem
than to strain DD22. Interestingly, analysis of the VP1 gene
(Fig. 2b) placed the cluster of sequences from Tanzania closer to
gene sequences from red foxes and domestic dogs in Europe than
to sequences from domestic dogs in Asia and the USA. Our analysis

of the complete ORF reveals some evidence of geographical
clustering, given that the two sequences from Asia (China and
South Korea) cluster together, as do two sequences from USA and
the one sequence from the UK is placed separately from those
from Africa, Asia and the USA.

We investigated the predicted secondary structures of the core
IRES of all our African strains. Using homologous sequences, the
secondary structure model (Fig. 3) indicated that all strains
presented a Aichivirus-like IRES with the presence of principal
domains H–L. The initiation codon (AUG713) was contained in the L
domain and the functionally important GNRA tetraloop was in the
apical subdomain of the J domain. Of the 541 nucleotides that form
the core IRES, only 57 nucleotide variations occurred when
considering sequences from both Tanzanian strains and published
CaKV strains.

Discussion

Our results provide the first genetic description of infection of
domestic dogs in Africa with CaKV. Before our study, the known
host range of CaKV included two species in the Canidae (domestic
dog and red fox, Di Martino et al., 2014). Our results extend the
known canid hosts to the golden jackal and side-striped jackal. We
also identified the first non-canid CaKV host, the spotted hyena
(family Hyaenidae, sub-order Feliformia). Picornaviridae has been
described as a family of host-specific viruses, infecting single or
closely-related hosts (Lewis- Rogers and Crandall, 2010). Our
results provide evidence that kobuviruses may not be as host
specific as previously thought. This suggestion is supported by
Aichivirus A infection in humans and a growing number of
mammal species (Phan et al., 2011) as well as a recently reported
kobuvirus closely related to Aichivirus A in an avian species
(Pankovics et al., in press): the European roller (Coracias garrulus).
Also Aichivirus B infection has been reported in several members
of the Bovidae, including cattle (Bos Taurus), sheep (Ovis aries) and
black goats (Capra aegagrus hircus) (Lee et al., 2012; Reuter et al.,
2010) and one domestic carnivore, the ferret (Smits et al., 2013).

The results of our phylogenetic analysis based on the relatively
small number of available complete Kobuvirus single ORF
sequences revealed that strains in Africa were distinct from CaKVs
from geographical regions outside Africa and that strains from
specific geographical regions (i.e., Africa, Asia and the USA)
clustered together (Fig. 1c). Results of the analyses of both the
partial 3D gene (Fig. 2a) and the complete VP1 gene (Fig. 2b)
revealed that CaKV strains obtained from the three wild carnivores
in the Serengeti ecosystem were placed separately from sequences
obtained from domestic dogs, suggesting that strains circulating in
wild carnivores in protected areas of the Serengeti ecosystem are
distinct from those in domestic dogs in surrounding villages.
Furthermore, results from the well-conserved 3D gene (Fig. 2a)
revealed that two strains from Tanzanian domestic dogs (DD20
and DD22) were not placed together with the other two strains
from Tanzanian domestic dogs (DD2 and DD3) or with the other
four strains from the Tanzanian wild carnivores, suggesting that
genetically distinct CaKV strains circulate in the local domestic dog
population. This interpretation is supported by the phylogenetic
results of the VP1 gene in which strain DD2 was placed more
closely to Tanzanian strains from wild carnivores than DD22
(Fig. 2a).

The P2 and P3 regions in the picornavirus ORF are more highly
conserved than the P1 region which contains genes encoding the
capsid proteins (Brown et al., 2003). Comparison of the nucleotide
sequences of the four strains obtained in this study and other
CaKV strains revealed that the P1 region was more variable
(Table 1, Fig. 1b) than either the P2 or P3 regions. Even so, this

Table 2
The average percentage of amino acid (above the diagonal) and nucleotide (below
the diagonal) similarity of the complete the 50-UTR, 30-UTR, L gene, and P1–P3
regions among Tanzanian strains.

Domestic
dog DD2

Side-striped
jackal 82

Golden
jackal 75

Spotted
hyena B103

Complete genome/
polyprotein

Domestic dog DD2 100 98.9 99.2 99.4
Side-striped jackal 82 94.8 100 99.4 99.2
Golden jackal 75 93.9 97.8 100 99.5
Spotted hyena B103 94.1 97.6 98.3 100

50-UTR
Domestic dog DD2 100 — – –

Side-striped jackal 82 95.6 100 – –

Golden jackal 75 95.6 100 100 –

Spotted hyena B103 95.8 98.0 98 100

L
Domestic dog DD2 100 97.1 99.4 99.4
Side-striped jackal 82 91 100 97.7 97.7
Golden jackal 75 91.2 94.5 100 98.8
Spotted hyena B103 91.4 94.7 97.1 100

P1
Domestic dog DD2 100 98.3 98.5 99.1
Side-striped jackal 82 93.2 100 99.5 99.2
Golden jackal 75 91.9 97.3 100 99.2
Spotted hyena B103 92.6 97.5 97.6 100

P2
Domestic dog DD2 100 99.5 99.3 99.3
Side-striped jackal 82 95.6 100 99.5 99.2
Golden jackal 75 94.5 97.4 100 99.7
Spotted hyena B103 93.9 97.4 98.6 100

P3
Domestic dog DD2 100 99.6 99.9 99.9
Side-striped jackal 82 96.4 100 99.5 99.5
Golden jackal 75 95.5 98.5 100 99.7
Spotted hyena B103 95.8 98.2 99.1 100

30-UTR
Domestic dog DD2 100 – – –

Side-striped jackal 82 95.9 100 – –

Golden jackal 75 97.5 98.3 100 –

Spotted hyena B103 96.7 98.3 99.2 100
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variation appears to be moderate in comparison with the range of
variability in the P1 region in the Aichivirus C group (Fan et al.,
2013) and other enteroviruses (Enterovirus B species, genus Enter-
ovirus, family Picornaviridae) (Oberste, 2008) than in CaKV. Taken
together, this information indicates that CaKV nucleotide and
amino-acid variability throughout the ORF is less than that in

other picornaviruses. The high similarity throughout the ORF, and
the relatively limited number of complete genome sequences
currently available for CaKV, might prevent the detection of
recombination events (Lukashev, 2010). More extensive sampling
of carnivores, including felids, will help clarify the host range of
CaKV and the occurrence of recombination in this group.

Fig. 2. Maximum likelihood (ML) phylogenies under the GTRþ IþG model for (a) a fragment of 477 nucleotides of the 3D gene and (b) for the complete VP1 gene. Numbers
at the nodes indicate bootstrap percentage values from 1000 replicates followed by Bayesian posterior probabilities. Only values greater than 60/0.6 are shown. Strains
obtained in this study are depicted in bold. GeneBank accession numbers for each sequence used in this analysis are quoted on their respective branches.
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In general, the size of the complete ORF as well as each gene of
the four strains obtained in this study (7335 nucleotides/2445
amino-acids) was the same as that for other published CaKV
(Kapoor et al., 2011; Li et al., 2011) and the polyprotein presented
an identical organization to other kobuviruses (Fig. 1a). The
predicted cleavage sites were conserved among published CaKV
strains, including the proposed unusual cleavage site between VP1
and 2A (Kapoor et al., 2011). However, the predicted cleavage site
between VP3 and VP1 in the strains obtained from the spotted
hyena and the side-striped jackals was not typical compared to all
other previously described CaKV from domestic dogs, as both
presented the less frequent amino-acid combination Q/T.
This atypical cleavage site was also found in human aichivirus
via direct N-terminal amino-acid sequencing of purified virions
(Yamashita et al., 1998) and a recently described Kobuvirus
obtained from sewage in Japan presented the amino-acid combi-
nation Q/V at this cleavage site (Yamashita et al., 2014).

Overall, the Tanzanian strains and other CaKV strains presented
a high nucleotide and amino-acid similarity. Interestingly, even
though the 5´- and the 30-UTR had a lower similarity than the
coding region of the single ORF (Table 1), the secondary structure
model of the Aichi-virus-like IRES (Fig. 3) in the 50-UTR and the
barbell-like structures in the 30-UTR were conserved among all
Tanzanian strains. Both these structures were also conserved in all
published CaKoV. Moreover, the Aichivirus-like IRES has been
described in Murine Kobuvirus and barbell-like structures in both
Murine Kobuvirus and Aichivirus (Boros et al., 2012; Sweeney et al.,
2012).

Conclusion

In this study we report for the first time the identification and
genetic characterization of CaKV in four African carnivore species.
We extend the known host range of CaKV to include two further
canid species, the golden jackal and side-striped jackal, and one
non-canid species, the spotted hyena. Our results considerably
expand the number of complete CaKV genome sequences available
and show that CaKV appears to be an unusually homogeneous
picornavirus group.

Methods

Study site and sample collection

The study was conducted in the Tanzanian sector of the Ser-
engeti ecosystem which covers approximately 25,000 km2, and
straddles the border between Tanzania and Kenya in East Africa. A
large proportion of the ecosystem (14,763 km2) is contained in the
Serengeti National Park (Serengeti NP) in Tanzania, and most of
the ecosystem is under some category of protection (East et al.,
2012). From 2001 to 2012 fresh fecal samples were collected
shortly after deposition by African carnivores, including four wild
canid species (bat-eared foxes, n¼5; golden jackals, n¼8; silver-
backed jackals, n¼2; side-striped jackals, n¼2) and one non-canid
species (spotted hyena, n¼14). Fresh feces were also collected
from domestic dogs in 2003 (n¼15) in villages surrounding the

Fig. 3. Predicted RNA secondary structure of the designated Aichivirus-like IRES of a Kobuvirus strain in a spotted hyena B103 (KM068051). Each domain is labeled according
to standard nomenclature (G-L). Red circles denote non-identical nucleotides in published CaKV. Non highlighted nucleotides are identical to those in published CaKV. The
initiation codon starts at position 713. The GNRA motif starts at position 493.
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Serengeti NP. Samples from bat-eared foxes, silver-backed jackals,
side-striped jackals and spotted hyena were collected in the center
of the Serengeti NP, where domestic dogs are prohibited (East et
al., 2012). Samples from golden jackals were collected in the
Serengeti NP, close to the south-western boundary with the
Ngorongoro Conservation Area where domestic dogs owned by
pastoralists occur. Samples were stored and transported frozen at
-80 1C, or were preserved in RNAlater (Sigma-Aldrich Inc., St. Louis,
MO, USA), initially stored at �10 1C, and finally stored at �80 1C
until laboratory analyses were performed.

Detection of Kobuvirus RNA

Using the metagenomics protocol described by Li et al. (2011),
we detected sequences which mapped in the 3D gene region of
the CaKV genome in one fecal sample from a domestic dog. To
design primers to screen carnivore fecal samples for the presence
of CaKV RNA we used these initial sequence data to target a partial
fragment of the conserved 3D gene (KobVF 50-CTCRCGYCGAT-
CYCTCTTTG-30, KobVR 50-GTCRCCRTACGCGAGGATCT-30). For the
positive samples obtained, we also amplified the highly variable
VP1 gene using previously described primers (Di Martino et al.,
2014). Total RNA was extracted from 200 μl of 10% (w/v) fecal
suspension in phosphate buffered saline solution using the
QIAamp Viral RNA Mini Kit (Qiagen GmbH, Hilden, Germany),
according to manufacturer0s instructions. RT-PCR was performed
using SuperScriptTM III One-Step RT-PCR System (Life Technologies
GmbH, Darmstadt, Germany) following the manufacturer0s ins-
tructions, in a total reaction volume of 25 μl. Amplicons were
purified using MSBs Spin PCRapace (Stratec Molecular GmbH,
Berlin, Germany). In order to avoid RNases, all surfaces were
cleansed with RNase away (Thermo Fisher Scientific GmbH, Ulm,
Germany). The purified products were cloned using the QIAGEN
PCR Cloningplus Kit (Qiagen GmbH, Hilden, Germany) according to
manufacturer's instructions. Clones were confirmed by PCR with
M-13 universal primers and subsequent sequencing using the
3130 Genetic Analyzer (Applied Biosystems, Darmstadt, Germany).
Both strands of a total of five clones per virus strain per gene were
sequenced. Vector sequences were trimmed using VecScreen
(http://www.ncbi.nlm.nih.gov/VecScreen/VecScreen.html). Subse-
quently, sequences were assembled in the CLC Main Workbench
7.0 (CLC Bio, Aarhus, Denmark, http://www.clcbio.com/).

Genome sequencing

From the samples that tested positive when screened, one
sample per species (n¼4) was selected for sequencing of the
complete genome. For this, cDNA was synthesized from total
RNA using the Expand Reverse Transcriptase (Roche Diagnostics
Deutschland GmbH, Mannheim, Germany) and random primers
(Life Technologies GmbH, Darmstadt, Germany). Long-range PCRs
were performed using Expand Long Range dNTPack (Roche Diag-
nostics Deutschland GmbH, Mannheim, Germany) in a final volume
of 50 μl with the primers KoV61F (50-RGACCACCGTYACTCCATTC-30)/
KoV4750R (50-GGGTYRCCYGTTCACAYTCT-30) and KoV4584F
(50-HACYCCCATRTCYATCTCYG-30) / KoV8232R (50-ATGGCTTAGG-
GRCTCACC-30). Amplicons were purified using QIAquick PCR Pur-
ification Kit (Qiagen, Hilden, Germany). Using hybrid capture
(Maricic et al., 2010; Tsangaras et al., 2014) and 30-RACE the 50-
UTR and the 30UTR were obtained, respectively. The 30-RACE (Life
Technologies GmbH, Darmstadt, Germany) was performed accord-
ing to the manufacturer´s instructions using the primer KEndF (50-
GTCATTTGGCCTTCCACAGY-30) for the first PCR and the primer
KEnd2F (50-CTCACCTGTGGTGCAATACC-30) for the nested PCR.
Purified products were cloned using the QIAGEN PCR Cloningplus

Kit and sequenced using a 3130 Genetic Analyzer (Applied

Biosystems, Darmstadt, Germany). For the hybrid capture cDNA
was synthesized from total RNA using the SuperScripts reverse
transcriptase (Life Technologies GmbH, Darmstadt, Germany)
according to the manufacturer´s protocol, followed by Klenow
Fragment (5U). The long-range PCR products were used as baits.
Purified double-stranded cDNA and long-range PCR products were
subsequently sheared in a M220 ultrasonicatorTM (Life Technolo-
gies GmbH, Darmstadt, Germany) using the standard program to
generate fragments of 200 bp and 300 bp respectively. Libraries
were indexed by sample and were built as described previously
(Meyer and Kircher, 2010) and DNA quantity and quality was
monitored using the Agilent 2200 TapeStation (Agilent Technolo-
gies, Böblingen, Germany). Pooled libraries of the long-range PCR
products as well as enriched libraries from the hybrid capture
were deep-sequenced on the Illumina MiSeq™ platform (Illumina
Inc., San Diego, USA). Quality assessment of the sequences was
assessed with FastQC 0.10.1 (freely available at http://www.bioin
formatics.babraham.ac.uk/projects/fastqc). The adapters and any
following sequence were removed with Cutadapt 1.3 (Martin,
2011) and read pairs where one read was shorter than 60 bp after
this were also removed. Read pairs overlapping for at least 10
bases were combined into one sequence with PANDAseq 2.7
(Masella et al., 2012). Reads that could not be overlapped were
trimmed with Trimmomatic 0.32 (Bolger et al., 2014) using a
sliding window approach (window size 8, minimum average
quality 20) and leading and trailing bases with a quality below
20 were removed. Trimmed reads from each sample were
assembled de novo using the medium sensitivity method in
Geneious 7.1.2 (Biomatters Ltd., Auckland, New Zealand).

Genetic analyses

We obtained four complete genomes from CaKVs, including
three sequences from wild carnivores (golden jackal, side-striped
jackal and spotted hyena) and one from a domestic dog. For each of
the four genomes obtained in this study, we predicted picornaviral
polyprotein cleavage sites within the ORF using NetPicoRNA 1.0
(Blom et al., 1996). Similarities along the genome were visualized
with SimPlot 5.1 (Lole et al., 1999) using a Kimura-2-parameter
distance model with a sliding window of 200 nucleotides and a step
size of 20 bases. Average nucleotide and amino-acid similarities
were calculated within the four strains described by this study, and
between these Tanzanian CaKVs and the five complete CaKV
genome sequences (accession numbers USA JN088541, JN387133;
UK KC161964; China JQ911763; South Korea KF924623) and the one
available nearly complete FeKV genome sequence (accession num-
ber KF831027), using Discovery Studio Visualizer 4.0 (Accelrys
Software Inc, San Diego, USA). We searched for evidence of
recombination including all of the 10 sequences mentioned above
plus the 11 available complete genome sequences from Aichi virus
from humans (accession numbers JX564249, GQ927712, GQ927711,
GQ927706, GQ927705, GQ927704, FJ890523, AB010145, DQ028632,
AB040749, AY747174). These sequences were aligned using the
MUSCLE algorithm (Edgar, 2004) in Geneious 7.1.2 (Biomatters
Ltd, Auckland, New Zealand) and possible recombination break
points were then determined using the Recombination Detection
Program 3.44 (Martin et al., 2010) using the RDP method (Martin
and Rybicki, 2000).

The secondary structure of the 50- and 30-UTRof the four strains
obtained in this study were reconstructed by aligning their
sequences with six homologous sequences previously published
for Kobuvirus (Aichivirus AB040749, Murine Kobuvirus JF755427,
CaKV JQ911763, JN088541, JN387133, KC161964). A manual align-
ment was performed including restrictions and constrains from
published secondary structures (Sweeney et al., 2012). RNA was
folded in MFOLD (Zuker 2003) at a fixed temperature of 37 1C.
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When more than one structure was possible, the structure with
the highest negative free energy was selected. Secondary struc-
tures were viewed in VARNA (Darty et al., 2009).

Phylogenetic analyses

To investigate the phylogenetic relationship between CaKV
strains from Tanzania with strains worldwide, we constructed a
phylogeny based on the nucleotide sequences of the partial 3D
gene (477 nucleotides), the complete VP1 gene (834 nucleotides)
and the single ORF (i.e., the complete coding part of the genome
excluding the 50 and 30 UTRs). The single ORF was used instead of
the complete genome, because it allowed for comparison with
more sequences. Kobuvirus sequences obtained in this study,
together with those retrieved from Genbank were aligned using
the MUSCLE algorithm (Edgar, 2004) in Geneious 7.1.2 (Biomatters
Ltd., Auckland, New Zealand). For the analysis of the partial 3D
gene we included eight CaKV sequences from carnivore hosts in
Tanzania (domestic dogs n¼4, golden jackal n¼1, side-striped
jackal n¼2, spotted hyena n¼1) produced by this study, and
publically available CaKV sequences (n¼11) from domestic dogs in
Europe, Asia and the USA as well as one available FeKV sequence
from Asia. Our analysis of the complete VP1 gene included one
sequence from each of the three wild carnivore hosts in Tanzania
(side-striped jackal, golden jackal, spotted hyena), two sequences
from domestic dogs in Tanzania, plus published CaKV sequences
from red foxes in Europe (n¼5) and from domestic dogs in Europe,
Asia and the USA (n¼5) as well as one FeKV from a domestic cat in
Asia. For the partial 3D gene, the complete VP1 gene and the
complete single ORF sequences we reconstructed the phylogenetic
relationships using ML and Bayesian MCMC phylogenetic infer-
ences. The ML analysis was performed in PAUPn4.0b10 (Swofford,
2002) using 1000 bootstrap replicates to estimate the statis-
tical support of the nodes. The Bayesian analysis was carried out
using MrBayes 3.1 (Huelsenbeck and Ronquist, 2001; Ronquist,
Huelsenbeck, 2003). The MCMC search was set to 10,000,000
iterations, with trees sampled every 1000th iteration. The nucleo-
tide substitution model used in the ML analysis was obtained
using ModelTest 3.7 (Posada and Crandall, 1998) and for the
Bayesian analysis using MrModeltest 2.3 (Nylander, 2004). For
both cases the Akaike information criterion was used to select the
best-fitting model.

All the sequences obtained in this study were deposited in
GenBank with the following accession numbers: four complete
genome sequences numbered from KM068048 to KM068051, four
partial 3D sequences numbered from KM068052 to KM068055
and one VP1 sequence as KM205027.
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