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Abstract

Feline herpesvirus type 1 (FHV-1) is a widespread cause of respiratory and ocular disease in
domestic cats. A spectrum of disease severity is observed in host animals, but there has been
limited prior investigation into viral genome factors which could be responsible. Stocks of FHV-1
were established from oropharyngeal swabs obtained from twenty-five cats with signs of infection
housed in eight animal shelters around the USA. A standardized numerical host clinical disease
severity scoring scheme was used for each cat from which an isolate was obtained. lllumina MiSeq
was used to sequence the genome of each isolate. Genomic homogeneity among isolates was
relatively high. A general linear model for fixed effects determined that only two synonymous
single nucleotide polymorphisms across two genes (UL37/39) in the same isolate (from one host
animal with a low disease severity score) were significantly associated (p < 0.05) with assigned
host respiratory and total disease severity score. No variants in any isolate were found to be
significantly associated with assigned host ocular disease severity score. A concurrent analysis of
missense mutations among the viral isolates identified three genes as being primarily involved in
the observed genomic variation, but none were significantly associated with host disease severity
scores. An ancestral state likelihood reconstruction was performed and determined that there was
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no evidence of a connection between host disease severity score and viral evolutionary state. We
conclude from our results that the spectrum of host disease severity observed with FHV-1 is
unlikely to be primarily related to viral genomic variations, and is instead due to host response
and/or other factors.
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Introduction

Feline herpesvirus type 1 (order Herpesvirales, family Herpesviridae, genus Varicellovirus,
species Felid alphaherpesvirus 1, FHV-1) is a widespread and common cause of upper
respiratory and ocular disease in cats [1]. Serological studies indicate that up to 97% of cats
have been exposed to the virus [2], 80% will become persistently infected following
exposure and 45% will continue to intermittently shed the pathogen [3]. The initial clinical
signs of FHV-1 in feline hosts are conjunctivitis, keratitis and upper respiratory disease. This
phase is often self-limiting but can result in permanent sequelae such as corneal scarring,
symblepharon formation and blindness [4]. There are several vaccines currently available for
FHV-1, but no currently available vaccine can prevent infection or the chronic, carrier state
[1] and FHV-1-associated clinical disease remains highly prevalent in both privately owned
pets and shelter cats. Although recently there have been advances in treatment of FHV-1
with antivirals (notably oral famciclovir) [5, 6], clinical disease remains a significant issue in
feline populations.

Ocular and respiratory disease in cats affected with FHV-1 can vary markedly in severity [4,
7]. Some animals will be affected by mild ocular discharge and blepharospasm and/or
occasional sneezing while others will demonstrate severe ocular lesions such as corneal
ulceration and blindness with concurrent marked nasal discharge, lethargy and anorexia [1].
Limited prior studies have found conflicting evidence that different viral isolates of FHV-1
induce very similar [8] or quite different [9] disease severities in host animals. In both cases,
a genome-based assessment of the experimental FHV-1 isolates used was not performed. A
recent genomic and phylogenetic analysis of FHV-1 isolates from the USA (most of which
are included in the present study) and Australia demonstrated that there is low world-wide
intra-species genomic variation for this virus [10]. In a recent genomic assessment of the
available sequences of the varicelloviruses, FHV-1 was found to have one of the lowest
degrees of intra-species variation for this genus [11]. For related viruses such as Herpes
simplex type 1 and 2 (order Herpesvirales, family Herpesviridae, genus simplexvirus,
species Human alphaherpesvirus 1 and 2, HSV-1/2), it has been established that different
viral isolates can cause different disease severities in various hosts [12, 13], and that there is
a much higher degree of genomic variation in these viruses relative to FHV-1 [10, 14, 15].

The primary goal of this study was to establish if genomic variation in FHV-1 isolates may
be associated with disease severity in feline hosts. Our hypothesis was that genomic variants
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would be detected in the sequences of the isolates which were significantly associated with
host disease severity scores.

Materials and methods

Sample acquisition and clinical disease severity scoring

All samples were obtained in accordance with an approved University of Wisconsin-
Madison Institutional Animal Care and Use Committee protocol (identification code
V005353). Cats in animal shelters with signs of respiratory disease with or without ocular
involvement were identified by shelter veterinarians in eight geographically distinct areas of
the USA (Table 1). The veterinarians were instructed to include any animals which were
showing clinical signs of respiratory disease of any severity with or without ocular
involvement. Each animal was assigned a clinical disease severity score according to the
scheme in Table 2. This scoring scheme was designed by a panel of experienced veterinary
ophthalmologists, shelter veterinarians and virologists. The number of samples submitted by
each shelter was limited by the number of animals showing clinical signs at the time of
sampling. A single oropharyngeal swab was taken from each cat by brushing the
oropharyngeal area firmly for around 10 s. The swabs were then placed into a transport
medium (Universal Viral Transport, Becton, Dickinson and Company, Sparks, MD 21152
USA), labelled and double bagged to prevent cross-contamination. Gloves were changed
between animals. The swabs were shipped overnight from the animal shelters for viral
isolation.

Virus isolation, DNA extraction and lllumina sequencing

After shipping, the samples were immediately unpacked and refrigerated prior to viral
isolation, with viral DNA being subsequently extracted using an existing protocol [16] as
previously described [10]. DNA was submitted to the University of Wisconsin-Madison
Biotechnology Center for sequencing.

Processing and mapping of reads

All processing and mapping procedures were performed using the BBTools Suite v.38.37.
Raw paired-end reads were merged using BBMerg, and duplicates were removed using
Dedupe. Reads were trimmed using BBDuk, at a quality threshold Phred Score (Q) of 20,
trimming low quality reads from both ends (indicating a 99% chance of reads being correct)
and a kmer length of 27. Reads were also filtered to keep only reads with a % G + C content
between 25 and 75%. Finally, any reads shorter than 30 base pairs were discarded to avoid
erroneously aligning short reads to the genome in random locations. Reads from each
sample were then individually mapped to the reference FHV-1 genome (FJ478159 [17])
using BBMap with highest sensitivity, a kmer length of 13, and mapping to the first best
match when multiple matches were discovered.

Virulence association

Mapped reads were analyzed using FreeBayes v1.1.0 to perform haplotype-based variant
calling [18]. Because all variant callers bias variant calls in some way and we were treating
this study as an uninformed approach to finding viral genome variants associated with host
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disease severities, it was determined that it was important that the variants be more
accurately defined in the viral samples than the reference sequence. FreeBayes is currently
the only variant caller that shifts the bias in calls towards ignoring variants in the reference
genome over the samples [19]. Additionally, FreeBayes performs well regardless of genome
alignment software chosen, as it calls variants based on the literal sequences of the reads
aligned to the target, regardless of their precise alignment [20, 21].

To test for association mapping of virulence to haplotype variants, a generalized linear
model (GLM) was constructed using R version 3.5.3 and the rTASSEL interface package
version 5.0 [22]. We tested for association between variants and all disease severity scores
(ocular, respiratory, general and total) for each host animal with 1000 permutations.
Additionally, a main effect only model was built using all variables in the input data (each
disease severity score). Finally, a separate model was built and solved for each variant and
disease severity score. All significance values reported are for the permutation-based
experiment-wide tests of marker effect. We chose this as the value to report as it controls for
the probability of any false positives, by handling dependency between our hypotheses and
non-normality in the data.

Ancestral state analysis

Results

In order to estimate the ancestral disease state of each sample, a likelihood reconstruction of
the ancestral states using a likelihood framework was conducted in Mesquite v3.6 [23]. This
analysis functions by attempting to maximize the probability that the states observed evolved
under a stochastic model of evolution. For each node, the state assignment that maximized
the probability of arriving at the observed states in the terminal taxa, given the model of
evolution, and allowing the states at all other nodes to vary, is estimated. As discrete
character states are necessary for this analysis, host total disease scores were reclassified and
assigned as ‘low’ (1-4), ‘medium’ (5-8) and ‘high’ (9-12). The Mk1 model (Markov k-state
1 parameter model) with the single parameter being the rate of change was used [24]. Any
particular change (from low severity to medium severity or high severity to medium severity,
for example) was set as equally probable. The tree topology used a majority-rule consensus
tree generated from the posterior distribution of a Bayesian estimation generated in MrBayes
v3.2.6 with 4 independent runs and 4 Metropolis-coupled chains per run and 5 million
generations. All substitution model parameters, with the exceptions of topology and branch
lengths, were unlinked across data subsets. Each gene-by-gene dataset was aligned with
MAFFT v7 using the E-INS-i algorithm for the highest level of accuracy. The best-fit
substitution model was estimated for each of the 248 individual partitions. The best fitting
model of evolution was selected using Bayesian Information Criterion, BIC as implemented
in JModelTest2 v2.1.9. The tree was rooted on Canid herpesvirus 1 (NC_030117, [25]) to
provide directionality.

Disease severity scoring

Viable isolates of FHV-1 were obtained from 25 cats housed in 8 animal shelters across the
USA (Table 1). The estimated age of the host animals ranged from 3 to 120 months (mean +
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SD, 34.6 + 30.4 months). Eleven of the animals were female and the remainder male. All
animals had clinical disease consistent with a diagnosis of FHV-1, determined by a
veterinarian. All assigned disease scores varied markedly between hosts. The assigned
ocular disease scores ranged from 0 to 7 (mean £ SD, 2.6 + 1.8). The assigned respiratory
disease scores ranged from 0 to 4 (mean £ SD, 2.6 + 0.9). The assigned general disease
scores ranged from 0 to 3 (mean + SD, 1.0 = 1.1). Finally, the assigned total disease scores
ranged from 2 to 12 (mean £ SD, 6.1 + 2.7). Details of scores for individual host animals
can be found in Table 1. Based on the scoring criteria, 8 animals were designated as having
‘low’ total disease severity, 10 animals were designated as having ‘medium’ total disease
severity and 7 animals designated as having ‘high’ total disease severity.

Processing and mapping of reads

The mean raw sequence reads were 1,273,829 per sample. Quality trimming and duplicate
removal left a mean of 1,115,729 reads per sample. Prior to trimming reads, the minimum
and maximum read length was 301 base pairs. Post trimming, minimum read length,
maximum read length, and mean read length were 30, 301, and 248.1 base pairs respectively.
Following trimming and filtering, quality scores were good for the reads of all viral isolates
and were consistently higher than Phred quality score of 30 throughout the genomes, as was
previously reported [10]. Coverage was also good for all samples, with more than 150x for
all samples (Fig. 1, Supplementary Material). Overall, the quality and coverage of reads
obtained from the viral isolates was considered to be excellent.

Virulence association

A total of 129 variants were found across all viral genomes when compared to the reference
genome. Variants were filtered to only those which were present in all viral samples in
comparison to the prototypic referenced genome. Only 8 possible variants (6.2%) were
found to be present in all isolates, all of which were variants compared to the reference
genome. The GLM recovered a significant association (p < 0.05) for only two synonymous
single nucleotide polymorphisms (SNPs) with respiratory disease severity scores and total
disease severity scores. The distribution of pvalues from the GLM is shown in Fig. 1. Both
of the SNPs significantly associated with disease scores occurred in the same viral isolate,
FLORO05, which was obtained from a host animal housed in Orlando, Florida. This animal
had the lowest overall total disease severity score of any of the host animals assessed. The
SNPs in FLORO5 which were found to be associated with a specific disease severity score
were located in UL37 (position 26995) and UL39 (position 25840). No significant
associations were found between variants in the viral genomes and ocular disease severity
scores or general disease severity scores. Numerous SNPs causing missense mutations were
detected within the isolate genomes, as have been previously reported [10]. While none of
these were significantly associated with assigned host disease scores, these mutations were
found to almost exclusively occur in 3 genes (UL36, UL52 and ICP4).

Ancestral state analysis

The ancestral state likelihood reconstruction determined that there was no clear evidence of
a connection between host total disease severity scores and predicted viral evolutionary state
(in terms of host disease severity) (Fig. 2). Each of the deepest estimated ancestral nodes
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were equally likely to be from all three of the disease severity groups. The topology of the
tree recovered was similar to previous work [10]. Many recovered clades in the tree
clustered on geographic sampling region. For example, the two isolates recovered from host
animals housed in New York (NEWYO01, NEWYO03) clustered together. However, there were
some exceptions to this pattern. For example, the samples from Kansas and California
formed two interspersed clades. Other individual samples clustered in geographically distant
clades such as the WASHOL1 isolate clustering with the MILW group. Despite some isolates
from the same geographic location clustering together, host disease severity for these groups
was variable. For example, although the isolates from New York formed a cluster, the host
disease severity was very different (NEWYO01 = high, NEWY03 = low).

Discussion

It is known that variation in host disease severity scores for related viruses such as HSV-1 is
due to a complicated interaction of viral genomic factors, innate immunity and host immune
response [12, 26-29]. HSV-1 causes a similar spectrum of disease to FHV-1 in its respective
host, and it is reasonable to assume that the disease severity seen with FHV-1 is influenced
by a similarly wide variety of factors. Our findings that host disease severity was minimally
affected by FHV-1 genomic variants are supported by evidence from prior studies [8, 9, 30].
Using full genome sequencing we have previously determined that FHV-1 isolates obtained
from both Australia and the USA contain very few genomic variants relative to other
varicelloviruses [10, 11]. This would suggest that the spectrum of clinical disease seen in
feline hosts is unlikely to be primarily related to genomic variants in FHV-1. Previous work
has established that there was very little difference in clinical disease severity for host
animals infected with 5 different FHV-1 isolates when environment and host were
homogenized in the experimental setting [8]. Another study using 2 unmodified FHV-1
isolates demonstrated similar host disease severities for each isolate [30]. However, another
study which utilized the experimental infection of feline hosts (n7= 6) with 3 different FHV-1
isolates found that while all 3 caused disease, one isolate caused subjectively less severe
disease than the others [9]. Overall, there is minimal prior evidence of significant differences
in the severity of host disease which can be solely attributed to the use of different isolates of
FHV-1.

There have been a number of prior studies utilizing experimental feline subjects to assess
various treatments or preventative measures for FHV-1 [31-35]. All of these studies utilized
one isolate of FHV-1 to induce infection (with different isolates used in individual studies),
mostly in specific pathogen free cats. The finding that host disease severity is unlikely to be
strongly influenced by viral isolate genomic sequence is important for the interpretation of
these studies and suggests that the choice of unmodified FHV-1 isolate for use in such
studies is of limited importance.

Our GLM detected significant associations between two SNPs and host disease severity
scores. One SNP was in UL37, a highly conserved tegument protein which is involved in
many essential viral functions [36]. The other was in UL39, ribonucleotide reductase subunit
1, mutations in which can result in attenuation of viral activity [37]. Both SNPs were
associated with the lowest respiratory disease severity score found in the study, which could
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indicate that the isolate in which these variants were found (FLORO5) was attenuated in
some way compared to the other wild-type isolates examined. However, neither of the SNPs
would be predicted to result in amino acid alterations and it is unlikely that these variations
would have a significant impact on the products of these coding sequences. It is therefore
considered unlikely that these SNPs would have a clinically meaningful impact on disease
severity scores.

Our additional ancestral character state reconstruction supported the GLM results, showing
that disease severity did not have a strong correlation with evolutionary history. For example,
the two isolates recovered from host animals housed in New York (NEWYO01, NEWY03)
clustered together and yet the hosts had markedly different total disease severities (NEWYO01
= high, NEWYO03 = low), suggesting that virus genome factors are less likely to be
important than host response in determination of host disease severity. Instead, geographic
location was the strongest predictor of evolutionary history suggesting that strong genetic
isolation occurs between viruses in these geographic regions. As mentioned earlier, the few
exceptions to this pattern include single samples landing in geographically distant clades,
likely a signal of convergence in the viral genomes (or movement of host animals). A more
powerful result is found in the Kansas and California based samples. These isolates are
found interspersed on two clades which suggests that at some point, these viral isolates
shared a common ancestor or were founded by the same viral genome.

Certain regions of the FHV-1 genomes which were assessed accounted for the majority of
gaps and missense mutations which were identified. These included the Inverted Repeat
Short (IRS) and Tandem Repeat Short (TRS) regions. These repeat regions in herpesviruses
can invert and give rise to up to four different isomers of a genome [38], with these isomers
usually being present in equimolar proportions. These repeat regions in certain isomers of
herpesviruses are known to be extremely unstable during even short periods of viral
replication [39]. Although none of the missense variants in UL36 (large tegument protein),
UL52 (helicase-primase primase subunit) or ICP4 (transcriptional regulator) were
significantly associated with host disease scores, almost all of the missense variants which
were detected were located in these three regions of the viral genomes. Possible explanations
for this finding are the relative size of these regions of the genome (UL36 is one of the
largest genes in FHV-1) or lower sequencing coverage in certain regions of the genome.

The present study utilized samples obtained from animals in the real-world setting of an
animal shelter, allowing for a reasonable number of animals to be sampled without the
limitations of obtaining and housing experimental animals. When using samples of this
nature it is not possible to adequately control for factors such as age and sex of the host or
for environmental variables such as population density, temperature or humidity, all of which
could conceivably impact host disease severity for FHV-1. Further studies to collect more
samples from a larger population (to control for age and sex) in each location (to control for
environment) are warranted. In addition, a simultaneous collection of host DNA could shed
light on the interplay between host response, viral isolate genome and environment.

There are several limitations of the current study. For example, due to the use of clinical
cases rather than experimentally naive animals, we cannot know if the observed disease
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traits are due to initial infection or reactivation of latent virus. In addition, because the
scoring was performed at only one time point for each animal, it is possible that the host
disease severity score had not yet reached maximum intensity. Our finding that there were
limited variants associated with clinical disease severity scores could have been secondary to
sample size. It is possible that by sampling further animals and repeating the analysis that
additional associations would be made between viral genomic variants and disease severity
scores. However, the results from the present study represent the most comprehensive
attempt to date to detect associations between FHV-1 viral genome and feline host clinical
disease severity scores.

Due to minimal evidence of FHV-1 viral genome variants impacting host disease severity
scores, it was concluded that the wide spectrum of host disease severities reported was most
likely due to other factors such as host response. Because this work presents compelling
evidence that FHV-1 disease severity is not primarily associated with specific viral genomic
variants, further efforts are warranted to directly assess the impact of variations in host
response in FHV-1 infection on feline host disease severity outcomes.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Distribution of pvalues from GLM Model. A fixed effect linear model was constructed to

test for association between segregating sites (variants) and disease severity scores. A main
effect only model was built using all variables in the input data (ocular disease severity
score, respiratory disease severity score, general signs disease severity score and total
disease severity score). A separate model was built and solved for each trait and variant.
Significant associations shown to the left of the dashed line (7= 4)
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Fig. 2.

Liielihood reconstruction of the ancestral states that maximize the probability the observed
states evolved under a stochastic model of evolution. This model uses the Markov k-state 1
parameter model with the single parameter being the rate of change. Any particular change
is equally probable. The tree topology is a majority-rule consensus tree generated from the
posterior distribution of a Bayesian estimation generated in MrBayes 3.2.6 with 4
independent runs and 4 Metropolis-coupled chains per run and run for 5 million generations.
All substitution model parameters, with the exceptions of topology and branch lengths, were
unlinked across data subsets. Each gene-by-gene dataset was aligned with MAFFT version 7
using the E-INS-i algorithm for the highest level of accuracy. The best-fit substitution model
was estimated for each of the 248 gene partitions. The tree is rooted on (NC_030117, Canid
herpesvirus 1 strain 0194, isolated in 1985) to provide directionality
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