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Abstract: A multicat household experienced an epidemic of feline calicivirus (FCV) infection. FCV was
isolated from eight of 34 cats. We analyzed molecular evolution of isolated FCVs by a phylogenic tree. All
the isolates belonged to the genogroup II, and their nucleotide sequences showed >94% identity. They were
subdivided into six distinct clusters by phylogenetic analysis, and Ao198-1, the source of infection, was most
closely related to Ao199-1, then Ao212-1, Ao210-1, Ao214-1, Ao213-1, Ao222-1and Ao224-1 in this order.
Sequence alignments of the isolates showed that the nonsynonymous substitution/total number of nucleotides
ratio was <60% in the regions A, B, D conE and F, and >80% in the regions C and 5° and HVR of E. Our
result suggested that the virus, while its transmission to the newborn cats, underwent frequent mutation espe-
cially at the regions C and E, suggesting these regions were most often involved in evolution of the FCV

genome.
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Introduction

Feline calicivirus (FCV), a member of Caliciviridae [5],
is clinically important as it cause respiratory disease in cats
[7]. The symptoms of FCV infection include mild rhinitis,
conjunctivitis, ulceration of the palate or tongue and
occasionally bronchial pneumonia [11]. Experimentally
infected cats usually recover after a relatively short period
of mild symptoms [20] but may develop fatal interstitial
pneumonia [11, 12]. After recovery, the infected cats
become carriers shedding the viruses, even though they
may not show signs of disease. These latent carriers may
remain contagious for more than two years shedding FCV

from the oropharynx [19, 33, 34, 35]. Such as viruses are
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thought to become vaccine-resistant through escape
mutations. Also there have been reports that FCV strains
different from vaccine strains can be isolated from
vaccinated cats that show fever and lameness [17, 18], or
that vaccinated cats become infected with FCV after
vaccination [6, 21, 28]. These failed vaccinations can occur
either within or after 21 days of the last vaccination [6].
The origin of such mutated viruses, whether it is the
vaccine strain or naturally infected strains, can be
determined by comparative analysis of nucleotide
sequences at the 5° hypervariable region (HVR) of the
capsid gene. In most of the cases, these mutants are derived
from naturally occurring strains that share only 21.3—
38.0% homology with the vaccine strain [21].

The 3’ end of FCV genome encodes a single major
capsid protein [3, 5]. This capsid protein undergoes

mutations in response to antibodies and external stimuli,
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and has been thought to play a key role for evolution of
FCV and thus extensively studied. The capsid protein is
divided into six regions based on sequence conservation
between FCV and other caliciviruses [16, 29]. Region E is
subdivided into 5° and 3° HVRs, which are separated by a
central conserved domain [28, 29]. 5° HVR and region C
are strongly implicated as a target for virus-neutralizing
antibodies [8, 14, 31, 32], as it contains epitopes for
neutralizing monoclonal antibody [9]. A synthetic peptide
containing this region induces a formation of neutralizing
polyclonal antibodies. Based on this, these regions are
thought to be a target for immune evasion during virus
persistence in the host [22, 23]. In addition, FCV may exist
as quasispecies by evolving both in cell culture and
experimentally infected cats [22, 23]. It is also reported that
FCV related to the vaccine strain [24] or a single strain
distinct from the vaccine strain [26] have been isolated
from a breeding colony, as well as several strains from a
rescue shelter [25]. However, such molecular evolution of
FCV has not been reported in domestic cats.

In this report, we examined 34 cats kept in a closed
household that had experienced an epidemic of FCV
infection, even though all the adult cats were vaccinated.
We isolated FCVs from eight cats, and based on the
sequence of isolates from the cats that were determined as
infectious source, we constructed a phylogenetic tree and
examined the molecular evolution of FCV during its

transmission.

Materials and Methods

Cell culture and virus isolation [27]

Crandell Rees feline kidney (CRFK) cells were used for
viral culture in all experiments [4]. CRFK was grown in
Eagle’s MEM supplemented with 5% calf serum.
Conjunctival, oral and nasal swabs were taken from the 34
cats that developed upper respiratory inflammation. Each
sample was prepared in Eagle’s buffered saline solution
with 1000 pg/ml streptomycin and 1000 U/ml penicillin,
and centrifuged at 8000 g for 20 min. 0.1 ml of the

supernatant was inoculated to cell culture. The culture
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media were collected after three days, and all the samples

were used for viral RNA extraction at the third passage.

RNA extraction and cDNA synthesis

0.2 ml/1 of 2.5MNaCl and 25% (w/v) PG8000 were
added to the supernatant obtained by centrifugation of the
viral sample, and centrifuged at 8000 g for 10 min.
Obtained precipitates were dissolved in TE. Viral RNA
was extracted from partially purified viruses using
ISOGEN (NIPPON GENE). cDNA was synthesized from
extracted RNA mixed with 0.1 mM oligo (dT) primer 12-
18 (Rikaken) and MMLYV reverse transcriptase (Gibco
BRL) after 1 h at 60°C, followed by denaturation at 95°C

for 5 min.

Amplification of cDNA

First stage PCR was attempted to amplify residues 1987-
1757 of cDNA which corresponds to the capsid regions B -
F of FCV strain CFI/68 using a specific primer as described
[30], but the target nucleotides were not amplified. We
constructed a novel primer (Ao primer) and successfully
amplified the target sequence. The amplified sequence also
contained region C and HVR of region E [15]. Second
stage amplification was performed to prepare cDNA using
100 pmol of each of sense primers (5°-TGCGCTAAC
GTGCTTAAAT-3") and antisense primers (5’-WWTTCC
ATGTAGGAGGC-3") and 3U Taq. Thermal cycling
conditions consisted of 35 rounds of denaturation at 94°C
for 30 sec, primer annealing at 40°C for 1 min and primer
extension at 72°C for 2 min. The final amplicon of 1938

nucleotides were obtained.

Cloning

The amplified nucleotides were purified using Wizard®
SV Gel and PCR Clean-up System (Promega) and cloned
into plasmids with TOPO TA Cloning® (Invitrogen) [13].
Plasmids were purified using Q1 Aprep® Spin Miniprep Kit
(Qiagen). All procedures were performed according to the

manufacturer’s instruction.
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Sequencing

Four clones were randomly selected for each sample and
sequenced by an ABI autosequencer. Sequence homology
was analyzed by nucleotide and amino acid sequences.
Phylogenic analysis was performed by Genetyx-MAC Ver.
10 and Genetyx-MAC/ATSQ Ver. 3.0. The phylogenic tree
was reconstructed from amino acid sequences by the
neighbor-joining (NJ) method. The bootstrap method was
used to determine the confidence interval of each

phylogeny from 1000 bootstrap repetitions.

Virus neutralization tests (NT)

CRFK cells were cultured in a 96-well plate. 200
TCIDs5¢/0.1 ml of virus solution and equivalent amount of
diluted rabbit anti-F9 serum were incubated at 37°C for 2 h
and inoculated to the cells. CPE was measured after 7 days

to determine the viral neutralization titer.

Results

Clinical examination and virus isolation

Symptoms started with nasal discharges and sneezing

191

mainly in cats younger than five months old. These cats
were from three different mothers. At sampling, which was
done approximately one month after the symptoms started,
the symptoms were slightly improved showing
conjunctivitis in two cats, eye mucous in two, nasal
discharges in one. FCV was isolated from eight cats out of
34 (23.5%), and an ID number was given to each isolate as
Ao198-1, Aol199-1, Ao210-1, Ao212-1, Ao213-1, Ao214-
1, A0o222-1 and Ao0224-1. These isolates were obtained
from two of four 3-month-old littermates (50%, Ao222-1
and Ao0224-1), all of three 4-month-olds (100%, Ao210-1,
A0212-1 and Ao213-1), one of two 5-month-olds (50%,
A0210-1), and both of two 1-year-old littermates (100%,
A0198-1, Ao199-1). Both of the 1-year-olds were thought
to be carriers with persistent infection, as they did not show

signs of symptoms (Table 1, Fig. 1)

Neutralization tests (NT)

The results of neutralization tests of the isolates against
rabbit anti-F9 serum (1:1024) were shown in Table 2. The
isolates from the latent carriers showed significantly low
antibody titer at 1:8 (A0198-1) and 1:16 (A0199-1). In
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Fig. 1. Family tree of the 34 cats. There is the information of the 34 cats in Table 1.
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Table 1 Clinical observations and virus isolation
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cats age sex vaccine virus isolation Symptoms
Ao191 9years F + -
A0192 6years F + -
Ao0193 2years M + -
Ao0194 2years F + -
Aol195 2years F + -
Ao0196 2years M + -
Ao197 lyears M + - Conjunctivitis
Ao0198 lyears M + Ao0198-1
Ao199 lyears M + A0199-1
A0200 lyears F + -
A0201 lyears F + -
A0202 lyears M + -
Ao0203 lyears M + -
A0204 lyears F + -
A0205 lyears F + -
A0206 lyears F + - Eye mucous
A0207 11months F + -
A0208 Smonths F + - upper respiratory
A0209 Smonths F + - upper respiratory
A0210 Smonths M + A0210-1 upper respiratory
Ao211 Smonths F + - upper respiratory
Ao212 4months F + Ao0212-1 upper respiratory
Ao0213 4months M + Ao0213-1 upper respiratory
Ao214 4months F + Ao0214-1 upper respiratory
Ao215 4months F + - upper respiratory
Ao216 4months M + - upper respiratory
Ao217 4months M + - upper respiratory
Ao218 4months M + - upper respiratory
Ao0219 3months M - - upper respiratory
Ao0220 3months M - - upper respiratory
Ao0221 3months M - - upper respiratory
Ao0222 3months M - A0222-1 upper respiratory
Ao0223 3months F - - upper respiratory
Ao0224 3months F - Ao0224-1 upper respiratory

Table 2  The result of virus neutralization tests (NT)
of the isolates aginst rabbit anti-F9 serum

Viruses Rabbit anti-F9 polyclonal antibody
Ao198-1 82
A0199-1 16
Ao0212-1 <5.6
A0210-1 <5.6
Ao214-1 <25
Ao213-1 <2.5
A0222-1 <2.5
Ao0224-1 8
F9 1024

a) reaprocal titer of NT

contrast, antibody titers of other isolates were less than 1:6.
These values were significantly lower than the values

against F9,

Molecular phylogenetic analysis

The nucleotide sequences of the FCV isolates from the
eight cats shared more than 94% identity, while they show
less than 75.5% identity with the FCV live vaccine strain,
F9. Phylogenic analysis of the nucleotide sequence of the
Ao isolates in comparison with the 30 global and 21
Japanese isolates [27] revealed that the Ao isolates formed
a distinct cluster that belonged to genogroup II. They were
most closely related to strain K10 isolated in Kyushu,
Japan, sharing 75.4-77.4% identity. The Ao cluster was
subdivided into six distinct groups: Ao198-1 and A0199-1
in cluster 1 (C1); A0212-2 in C2; A0210-1 in C3; Ao214-1
in C4; Ao213-1 in C5 and A0222-1 and A0224-1 in C6
(Fig. 2). According to this phylogenetic tree, Ao198-1, the
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Fig. 2. Phylogenetic tree based on nucleotide sequences obtained by
neighbor-joining (NJ) method for capsid fragments of the isolates.
Branch lengths are proportional to the distances between the taxa.
The values at the branch points indicate the percentage support for a
particular node after 1000 bootstrap replicates were performed.
Ao0198 is the source of infections.

source of infection, was most closely related to Ao199-1,
then Ao212-1, Ao210-1, Ao214-1, Ao213-1, Ao222-1 and
A0224-1 in this order. Phylogenetic analysis of amino acid

sequences showed a similar result (Fig. 3).

Multialignment analysis of the FCV isolates

A0198-1 and A0199-1 in C1 showed 99.5-99.8%
nucleotide identity, while Ao198-1 (C1) and Ao224-1 (C6)
had slightly lower identity at 96.5-96.8%. Similarly, amino
acid sequence identity was 99.1-99.8% between A0198-1
and A0199-1 and 94.4-95.6% between Ao198-1 and
A0224-1.

Alignments of nucleotide and deduced amino acid
sequences of each Ao subgroup are shown in Table 3. For

each of the capsid region, the ratio of nonsynonymous

substitution per total number of nucleotides was less than
60% in regions A, B, D, conE and F and more than 80% in
regions C, 5° and HVR of E. The ratio of nucleotide
substitution per total number of nucleotides was 5/15
(33%), 12/105 (11%) and 15/96 (15.6%) at region C, 5’ and
3’ HVR of region E, respectively, and less than 10% at the
other regions. For amino acid alignments, the ratio was
more than 10% at regions C and E: 2/5 (40%), 8/35 (23%),
3/28 (10.7%) and 8/32 (25%), respectively. This suggested
the highest variation in region C. The other regions were

less than 10%.

Discussion

Neutralization tests showed that Ao198, the isolate from
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Fig. 3. Phylogenetic tree based on amino acid sequences obtained by
neighbor-joining (NJ) method for capsid fragments of the
isolates. Branch lengths are proportional to the distances between
the taxa. The values at the branch points indicate the percentage
support for a particular node after 1000 bootstrap replicates were
performed. Ao198 is the source of infections.

Table 3  Variation in nucleotide and amino acid sequences for each capsid region

Nucleotides Amino Acid Nonsynonymous
reagion Nucleotide substitution AA substitution substitution
Total number of % % Total number of
nucleotides Total AA number nucleotides
A 13/341 3.8% 6/113 5.3% 7/13
B 24/816 2.9% 6/272 2.2% 7123
C 5/15 33% 2/5 40% 4/5
D 6/72 8.3% 1/24 4.2% 1/6
5'hvr of E 12/105 11% 8/35 22.9% 10/12
E conE 5/84 6% 3/28 10.7% 3/5
3'hvr of E 15/96 15.6% 8/32 25% 12/15
F 24/372 6.5% 7/124 5.6% 10/24

A(nucleotide -372, amino acid -124)

B(nucreotide 373-1188, amino acid 125-396)

C (nucreotide 1189-1203, amino acid 397-401)

D (nucreotide 1204-1275, amino acid 402-425)

E (nucreotide 1276-1560, amino acid 426-520)

S5'hvr of E (nucreotide 1276-1380, amino acid 426-460)
3'hvr of E (nucreotide 1456-1560, amino acid 486-520)
F (nucreotide 1561-, amino acid 521-)
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the suspected infectious source, was markedly (128-fold)
less sensitive to anti-F9 antisera (1:1024). A similar result
has been reported by Hodatsu et al. [10], and together with
our data, it is indicated that if the antibody level against Ao
drops, it may result in increased susceptibility to FCV that
leads to infection, even though vaccinated.

The isolates in this study formed a distinct subgroup
based on the phylogenetic analysis in comparison with
other field and global strains. According to the previously
established genogroups [27], these isolates belonged to
genogroup II, which is distinct from genogroup I vaccine
strains (F9 and 255).

In general, when FCV infection occurs in a single
multicat household, several field strains can be isolated,
because cats are often left unconfined and their origins are
variable. In our case, on the other hand, all the cats were
kept indoors, and the adult cats were all vaccinated. Our
clinical and phylogenetic study showed that a single FCV
strain was transmitted to the newborns from the latent
carriers and to the other cats. Through transmission,
antibody titers against F9 became low in the all samples,
and the especially high sequence variability in regions C
and E indicates an escape from immunity mediated by
antibody against the vaccine strain. We suggest that when
cats susceptible to FCV are infected with the virus,
immunity to the infected FCV may result in reduced
antibody production against F9.

Our case was suitable to investigate transmission and
mutation of an FCV field strain. The constructed
phylogenetic tree suggested that the virus underwent
mutations from C1 — C2 — C3 — C4 — C5 — C6, as
transmission occurred. It is possible that the infection
started from C6, but phylogenetic distance was closely
related to C1, C2, C3, C4, C5 in this order, and the two
newborns in C6 (3 months old) were not vaccinated and
thus infected due to reduced neutralization ability of
antibodies transmitted from their mother. The two 1-year-
olds in C1 had been vaccinated but shedding FCVs without
any sign of symptoms. Thus, we concluded that the FCV
was transmitted from C1 and mutated as the virus was

passed on to C2, C3, C4, C5 and finally to C6.

In general, male cats do not show an interest in newborn
cats. We therefore suspected viral transmission from
mothers to the kittens. However, FCV was not isolated
from the mothers. The two male 1-year-olds in C1 are not
fathers of the infected kittens, but the virus was somehow
transmitted between them. This resembles the transmission
of feline Coronavirus, which is more likely transmitted by
cats other than mothers [1, 2].

Nucleotide and amino acid substitution ratios of Ao
isolates were low at regions A, B, D and F and highest in
regions C and E. These mutations suggested immune
escape of the infected FCV, as suggested by the
nonsynonymous substitution ratio higher than the
synonymous ratio, indicating positive selection. On the
contrary, there were more synonymous than
nonsynonymous substitutions at regions A, B, D and F,
indicative of a less positive selection force on these
regions. 5> HVR of region E and region C are possible
targets of neutralization antibodies [8, 14, 31, 32].
Together with our data, FCV may evolve by mutations of
region C and E to escape the host’s antibody-mediated
immunity. Radford and his colleagues [22, 23] have shown
that FCV evolves both in cell culture and persistently
infected cats, and that the mutation in the latter case is the
result of immune selection. In the naturally infected cats in
our study, it was also shown that the capsid regions that
contain epitopes for neutralization antibodies underwent
frequent mutation upon transmission and thereby evaded
host’s immunity. The relationship between such molecular
evolution of FCV and antigenicity is of strong interest, and
further studies to elucidate other variable and non-variable

regions are encouraged.

A part of these reports are based on a public research
subsidy
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