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Abstract

Background Equid alphaherpesvirus 1 (EHV-1) is a global viral pathogen of domestic equids which causes reproduc-
tive, respiratory and neurological disease. Few isolates acquired from naturally infected USA-based hosts have been
fully sequenced and analyzed to date. An ORF 30 (DNA polymerase) variant (A2254G) has previously been associated
with neurological disease in host animals. The purpose of this study was to perform phylogenomic analysis of EHV-1
isolates acquired from USA-based hosts and compare these isolates to previously sequenced global isolates.

Methods EHV-1 was isolated from 23 naturally infected USA-based equids (6 different states, 15 disease out-
breaks) with reproductive (22/23) or neurological disease (1/23). Following virus isolation, EHV-1 DNA was extracted
for sequencing using lllumina MiSeq. Following reference-based assembly, whole viral genomes were annotated
and assessed. Previously sequenced EHV-1 isolates (n=114) obtained from global host equids were included in phy-
logenomic analyses.

Results The overall average genomic distance was 0.0828% (SE 0.004%) for the 23 newly sequenced USA isolates
and 0.0705% (SE 0.003%) when all 137 isolates were included. Clade structure was predominantly based on geo-
graphic origin. Numerous nucleotide substitutions (mean [range], 179 [114-297] synonymous and 81 [38—120] non-
synonymous substitutions per isolate) were identified throughout the genome of the newly sequenced USA isolates.
The previously described ORF 30 A2254G substitution (associated with neurological disease) was found in only one
isolate obtained from a host with non-neurological clinical signs (reproductive disease), six additional, unique, non-
synonymous ORF 30 substitutions were detected in 22/23 USA isolates. Evidence of recombination was present

in most (22/23) of the newly sequenced USA isolates.

Conclusions Overall, the genomes of the 23 newly sequenced EHV-1 isolates obtained from USA-based hosts were
broadly similar to global isolates. The previously described ORF 30 A2254G neurological substitution was infrequently
detected in the newly sequenced USA isolates, most of which were obtained from host animals with reproductive dis-
ease. Recombination was likely to be partially responsible for genomic diversity in the newly sequenced USA isolates.

Keywords Equine alphaherpesvirus 1, Equine, Herpes Virus, Genome, Recombination, Phylogeny, Nucleotide
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Background

Equid alphaherpesvirus 1 (EHV-1), a varicellovirus of the
Herpesviridae family, is a widespread pathogen of equids
which is capable of causing respiratory, ocular, reproduc-
tive (i.e., abortion), neurological disease (equine herpes
myeloencephalopathy, EHM) and neonatal death [1-5].
First isolated from abortion material in 1933 [6], EHV-1
is now recognized as a major threat to the global equine
industry [7]. In particular, neurological disease in host
equids represents a serious welfare and economic prob-
lem and has therefore been the focus of numerous prior
investigations [8—11].

EHV-1 is a double stranded DNA virus with an approx-
imately 150 kilobase genome consisting of 76 unique
open reading frames (ORF) and 4 duplicated repeat
regions [12]. Previous studies have indicated that ORF
30 (DNA polymerase) substitution A2254G (leading to
amino acid variation N752D) is associated with neuro-
logical disease in host animals [9, 13—15]. Although the
underlying mechanism for this is unclear, it has been
suggested that EHV-1 with the A2254G substitution rep-
licates at a higher level and induces a longer-lasting virae-
mia than isolates without this substitution [16]. Notably,
isolates recovered from host animals with neurologi-
cal disease do not consistently possess this substitution
[17]. Although prior work has found that certain isolates
are more capable of inducing abortion in experimental
studies [18, 19], EHV-1 genetic determinants for abor-
tion have not been identified. The ORF 68 region (which
encodes a non-essential membrane associated compo-
nent) has previously been utilized as a genetic marker for
grouping EHV-1 isolates [20].

Although several phylogenomic assessments of natu-
rally occurring EHV-1 have been previously performed,
limited numbers of viral isolates obtained from USA-
based host animals have been included in these analy-
ses [17, 21, 22]. Ongoing phylogenomic investigation of
existing isolates is likely to improve global surveillance
and subsequent control of this virus. The purpose of this
study was to perform phylogenomic analysis of EHV-1
isolates acquired from USA-based hosts, and to compare
these isolates to previously sequenced global isolates.
Based on previous work, we hypothesized that isolates
would form clades based on geographic origin [17] and
that the previously described ORF 30 A2254G substitu-
tion would be present only in isolates obtained from host
animals with neurological disease [20].

Methods

Viral isolates and hosts

Twenty-three archived EHV-1 isolates obtained over
a 24-year period (1997-2021) from naturally infected,
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USA-based domestic equids were sequenced in this
study. Isolates from host animals located in 6 different
US states (i.e., California, Iowa, Indiana, Virginia, North
Dakota and South Dakota) were included. The viral iso-
lates sequenced in this study (with associated host infor-
mation, where available) are shown in Table 1.

A total of 114 additional EHV-1 isolate genomes which
had previously been fully/near fully sequenced were
obtained from Genbank (https://www.ncbi.nlm.nih.gov/
genbank/) for inclusion in phylogenomic analyses. These
isolates were obtained from hosts located in four global
regions including Europe (84/114), USA (6/114), Aus-
tralia (11/114) and Asia (13/114). A list of these isolates
can be found in Additional file 1: Table S1.

Cell culture and viral isolation
CCL-57 cells (Equine dermal cells, ATCC CCL-57,
Manassas, VA) were cultured at 37 °C/5% CO, in T25
flasks (Thermo Fisher, Waltham, MA, USA) using Dul-
becco’s modified Eagle medium (DMEM) (Thermo
Fisher, Waltham, MA, USA) fortified with 10% fetal
bovine serum (FBS) (Thermo Fisher, Waltham, MA,
USA) and 1% penicillin/streptomycin (Thermo Fisher,
Waltham, MA, USA) until 90-100% confluent.
Approximately 100uL of each viral stock (virus previ-
ously isolated using various cell lines for archival) was
added to 1 mL of DMEM fortified with 2% FBS and 1%
penicillin/streptomycin sulfate and briefly vortexed before
being added to individual T25 flasks containing confluent
CCL-57 cells. Flasks were then placed on a rocker at room
temperature for 60 min, after which an additional 4 mL of
DMEM fortified with 2% FBS and 1% penicillin/strepto-
mycin sulfate was added to each flask before incubation
at 37 °C and 5% CO,. Flasks were then monitored daily
for visible cytopathic effect (CPE). Once 100% CPE was
verified, three cycles of freezing at —80 °C and thawing at
room temperature were carried out. The contents of each
flask were transferred to a 15 ml conical tube and centri-
fuged at 400 x g for 5 min at 4 °C. The resultant superna-
tant was then transferred to cryotubes and immediately
stored at — 80 °C pending DNA extraction.

Viral DNA extraction, viral species confirmation and DNA
concentration assessment

Using 200uL of stored cell culture supernatant, viral
DNA extraction was carried out using a commercially
available kit (Purelink Viral DNA Mini Kit, Thermo
Fisher, Waltham, MA, USA). DNA concentration was
determined using a Qubit dsDNA HS Assay Kit (Life
Technologies, Grand Island, NY). Prior to full viral
genome sequencing, real-time polymerase chain reac-
tion (7900HT Fast Real-Time PCR System, Applied
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Biosystems) was carried out on samples to confirm viral
identity, using EHV-1 specific primers and probe [23].

lllumina genomic DNA sequencing

Exact DNA concentrations for all samples were used to
prepare sequencing libraries using the Nextera XT DNA
Library Prep Kit (Illumina Inc. San Diego, CA, USA) and
Nextera XT Index Kit v2 (Illumina Inc. San Diego, CA,
USA). Final library quality and quantity were determined
using a Fragment Analyzer Instrument (Fragment Ana-
lyzer System, Agilent). Libraries were pooled following
indexing, prior to sequencing. Paired-end whole genome
sequencing was performed using an Illumina MiSeq
instrument using a 600 cycles MiSeq Reagent Kit v3 (Illu-
mina Inc. San Diego, CA, USA).

Genome assembly and alignments

Reference-based genome (V592, Genbank acces-
sion number of AY464052) assembly was carried out
using Geneious Prime (version 2020.2.4), as previously
described [24, 25]. In brief, paired end reads were first
trimmed using BBDuk Adapter/Quality trimmer ver-
sion 38.84 (right end, Kmer length=27, maximum
substitution=1, minimum quality=30, minimum over-
lap =20, minimum length=30). The trimmed paired end
reads were then mapped to the reference genome using
Geneious Prime. A consensus sequence was generated
from the aligned reads with gaps filled with “N’s”. Each
genome was annotated using annotation similarity trans-
fer within Geneious Prime, prior to submission to the
online Genbank data repository.

Viral genomes were aligned as previously described
[24, 25], using MAFFT alignment tool (MAFFT ver
7.490), with default parameters [26]. Multiple alignments
(with or without an equid alphaherpesvirus 8 (EHV-8)
outgroup, Genbank accession NC017826) were created
to include all of the newly sequenced USA isolates with
or without previously sequenced isolates (obtained from
Genbank, shown in Additional file 1: Table S1). Sites
with at least 20% gaps were stripped from the alignments
using the ‘Mask Alignment’ tool in Geneious Prime for
subsequent phylogenomic analyses.

Nuclotide subsitution analysis

Nucleotide substitution analysis was performed as pre-
viously described [24, 25] using the ‘Geneious Variant
Finder’ (Geneious Prime version 2020.2.4, minimum
coverage =100, minimum variant frequency=0.25, maxi-
mum variant p value=107%). Substitutions were identi-
fied by comparing the EHV-1 sequenced isolates to the
reference genome (V592).
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Phylogenomic and recombination analysis

Phylogenomic analysis of whole viral genomes was
performed as previously described [24, 25]. ModelF-
inder [27], within IQ-Tree 2 version 1.6.12 [28], was
used for automatic selection of the best-fit model
(K3Pu+F+R9) for the stripped alignment containing
all available EHV-1 isolates and an EHV-8 outgroup
(NC017826). The resultant treefile was viewed using
Splitstree (version 4.16.1) [29] and Geneious Prime.
Pairwise genomic distances were determined using
EHV-1 alignments (without an EHV-8 outgroup) in
MEGA11 (ver. 11.0.13) [30] with the gamma distribu-
tion model, partial deletion of gaps and 1000 bootstrap
replicates.

Recombination analysis was performed using RDP
version 4.100 [31] on an alignment containing all 137
EHV-1 genomes (without an EHV-8 outgroup) using
manual bootscan (window=1200, step=500, repli-
cates=100, 70% cutoff, Jin and Nei model [32]), RDP
[33], GENECONYV [34], MaxChI [35], Chimaera [36]
and Siscan [37].

Results

Viral Isolates, host information and sequencing results

The whole genome of 23 EHV-1 isolates from 23 host
animals in six US states were sequenced; 10/23 from
Indiana, 8/23 from Iowa, 2/23 from Virginia, 1 each
from California, North Dakota, and South Dakota
(Table 1). Isolates were collected and archived over
a period of 24 years between 1997 and 2021. In total,
isolates from 15 separate outbreaks (same geographic
location, isolated or collected within 30 days of other
isolate(s)) were included. Host data was included,
where available. The age of 11/23 hosts and species
(Equus caballus) of 4/23 hosts was known, while sex of
3/23 hosts was known (Table 1). Host disease data was
available for all 23 isolates (Table 1). Of the 23 host ani-
mals, 22/23 had reproductive disease (including abor-
tion and stillbirth) while 1/23 had neurological disease
(ataxia and urinary incontinence).

Additional file 2: Table S2 shows sequencing details
for the 23 newly sequenced EHV-1 isolates. The
total number of reads obtained ranged from 340,648
(LS9922376) to 1,946,622 (LS140310). The aver-
age number of mapped reads ranged from 69,798 for
strain LS110976 to 452,971 for strain LS143101. Mean
genome coverage was 240X, with a range of 62.1X
(LS110097) to 607.9X (LS143101). The overall mean
genome GC content was 55.3%, with a range of 54.3%
(LS050627) to 66.5% (LS110097). The average mapped
genome length was 149,920 with a range of 148,164
(LS110097) to 151,048 (LS180416).
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Phylogenomic analysis

The phylogenomic relationships between all 137 (114
previously sequenced, 23 newly sequenced) sequenced
EHV-1 isolates (with an EHV-8 outgroup) are shown in
Fig. 1. A maximum likelihood tree, generated using the
same treefile, is shown in Fig. 2. Newly sequenced USA
based isolates were widely distributed among existing
clades, with some grouping observed between certain
isolates obtained from the same disease outbreak. For
example, 10 newly sequenced isolates from Indiana were
analyzed, obtained from 6 separate disease outbreaks. Of
these 6 outbreaks, 2 outbreaks yielded 3 isolates each;
one in 2014 (LS140310, LS140325 and LS143101) and the
other in 2016/2017 (LS161221, LS161227 and 1.S170109).
Isolates from each outbreak were found to be mostly
identical, as expected, and clustered closely together.
Of the 6 isolates from a single outbreak in Iowa in 2011,
5/6 of these were mostly homologous and clustered
together (LS110097, LS110114, LS110976, LS111457 and
LS119764), with the remaining isolate (LS113812) found
at a distant position (see ‘Distance Analysis, below).
Although many of the 137 isolates grouped according
to geographic origin (Europe, USA, Australia or Asia),
numerous exceptions were observed (Figs. 1 and 2).
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Distance analysis

The overall average genomic distance was 0.0828%
(SE 0.004%) for the 23 newly sequenced USA isolates
and 0.0705% (SE 0.003%) when all 137 isolates were
included. Interregional genomic distances are shown in
Table 2. Overall, the interregional distances as shown
in Table 2 were broadly similar. The lowest distance
difference was between isolates from Australia and
Europe (0.0592%) and the greatest distance difference
was between Asia and United States (0.0913%). Intrare-
gional genomic distances were; 0.0828% (SE 0.004%) for
USA isolates, 0.0784% (SE 0.004%) for Asian isolates,
0.0580% (SE 0.003%) for European isolates and 0.0574%
(SE 0.004%) for Australian isolates.

Of the six Iowa isolates (LS110097, LS111457,
LS113812, LS110976, LS119764 and LS110114) that
originated from the same outbreak, five isolates clus-
tered together (LS110097, LS111457, LS110976,
LS119764 and LS110114) with a relatively low intra-
clade distance of 0.00763% (SE 0.00173%). When the
remaining isolate from the same outbreak was consid-
ered (LS113812), inter-isolate distance was approxi-
mately 5 X greater; 0.0367% (SE 0.00389%).
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Fig. 1 Phylogenomic tree (viewed with Splitstree (ver. 4.16.1) [29]) showing 137 EHV-1 isolates including the 23 EHV-1 isolates sequenced

for the present study, with an EHV-8 outgroup (shown in pink, Genbank accession NC017826). Diagram created using an alignment subsequently
modeled using ModelFinder [27] in Igtree (ver. 1.6.12) [28]. The letters A to G are used to indicate the position of large groups of isolates at a single
point on the diagram. European, USA, Australian and Asian isolates are shown in red, blue, purple and green respectively. Evidence of isolate
grouping by regional origin (Europe, USA, Australia or Asia) is evident, as is grouping of isolates which were obtained from individual outbreaks (e.g.
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Fig. 2 Maximum likelihood tree (viewed in Geneious Prime (ver.
2020.2.4)) showing 137 EHV-1 isolates including the 23 EHV-1

isolates sequenced for the present study, with an EHV-8 outgroup
(shown in pink, Genbank accession NC017826). Diagram created
using an alignment subsequently modeled using ModelFinder [27]
in Igtree (ver. 1.6.12) [28]. Branch labels represent bootstrap values
which exceeded 70%. Evidence of isolate grouping by regional origin
(Europe, USA, Australia or Asia) is evident, as is grouping of isolates
which were obtained from individual outbreaks

Nucleotide substitution detection
Nucleotide substitutions (relative to the reference
genome, V592) were detected in all 23 newly sequenced
EHV-1 isolates. On average, 179 (range 114-297) syn-
onymous and 81 (range 38—120) non-synonymous sub-
stitutions were identified in each genome (Table 1).
Nucleotide substitutions were relatively evenly distrib-
uted throughout the EHV-1 genomes. Details of substitu-
tions in each of the 23 newly sequenced EHV-1 isolates
can be found in Additional file 3: Tables S3 to S25.
Following whole genome substitution detection in
each of the 23 newly sequenced EHV-1 isolates, genomes
were specifically assessed for the previously described
ORF 30 A2254G substitution, which has been associated
with host neurological disease [20] (Table 1). This sub-
stitution was present in only 1/23 newly sequenced iso-
lates (LS050627), which was obtained from a host equid
with reproductive disease located in North Dakota in
2005. The genome of the single newly-sequenced isolate
(LS0433182) from a host animal with confirmed neuro-
logical disease did not contain the ORF 30 A2254G sub-
stitution. In addition to the ORF 30 A2254G substitution,
a total of 6 additional, unique non-synonymous ORF 30
substitutions were identified in the 23 newly sequenced
USA isolates (Table 3). Most (22/23) isolates contained
at least 1 (range 0-3) of these 6 unique non-synonymous
substitutions. These 6 unique non-synonymous ORF
30 substitutions included; A2279G (D760G), A2968G
(K990E), A1984C (S662R), G1286A (R429K), T2149C
(F717L) and C3131T (S1044L). Five unique synonymous
ORF 30 substitutions were identified in the 23 newly
sequences USA isolates which included; T924C, G96A,
G2805T, G2874A and C2352T.

Recombination analysis

Genomic evidence of recombination was present in most
(22/23) of the 23 newly sequenced EHV-1 isolates, when
assessed using RDP4 [33]. Manual bootscan assessment
detected evidence of recombination involving at least 1
other EHV-1 isolate in 20/23 newly sequenced isolates
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Table 2 Mean interregional genomic distances of isolates
obtained in Europe, USA, Asia or Australia

Europe USA Asia Australia
Europe 0.00392 0.00407 0.00341
USA 0.0813 0.00425 0.00399
Asia 0.0816 0.0913 0.00426
Australia 0.0592 0.0750 0.0803

The lower left values are the interregional distance values (expressed as
percentages) and the upper right values are the corresponding standard error
values
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(Additional file 4: Table S26). The mean number of pos-
sible recombinants per isolate was 16 (range 0-53) based
on manual bootscan assessment. When the complete
RDP analysis was utilized, most (16/23) isolates were
found to demonstrate evidence of recombination by at
least one of the 5 additional methods of detection (RDP,
GENECONYV, MaxChi, Chimaera, Siscan); details can
be found in Additional file 5: Table S27. Only 1 isolate
(LS050627) was found to demonstrate no evidence of
recombination by any of the methods utilized. As noted

Table 3 Synonymous and non-synonymous ORF30 (DNA polymerase) substitutions in each of the 23 newly sequenced USA EHV-1

isolates
Isolate ORF 30 synonymous substitutions ORF 30 non-synonymous substitutions
ORF location Polymorphism ORF location Polymorphism AA change, position
150433182 924 T>C 2279 A>G Dto G, 760
2968 A>G Kto E, 990
LS050627 924 T>C 2254 A>G Nto D, 752
2968 A>G Kto E, 990
LS080124 924 T>C 1984 A>C StoR, 662
2968 A>G Kto E, 990
LS100106 924 T>C 2968 A>G Kto E, 990
LS110097 96 G>A 2968 A>G Kto E, 990
924 T>C
2805 G>T
LS110114 96 G>A 2968 A>G Kto E, 990
924 T>C
2805 G>T
LS110976 96 G>A 2968 A>G Kto E, 990
924 >C
2805 G>T
LS111457 96 G>A 2968 A>G Kto E, 990
924 T>C
2805 G>T
LS113812 924 T>C 2968 A>G Kto E, 990
LS119764 96 G>A 2968 A>G Kto E, 990
924 T>C
2805 G>T
LS130922 96 G>A 2968 A>G Kto E, 990
924 T>C
2874 G>A
LS140310 924 T>C 1286 G>A RtoK, 429
2968 A>G Kto E, 990
S140325 924 T>C 2968 A>G Kto E, 990
LS143101 924 T>C 1286 G>A RtoK, 429
2968 A>G Kto E, 990
LS161221 924 T>C 2968 A>G Kto E, 990
LS161227 924 T>C 2968 A>G Kto E, 990
LS170109 924 T>C 2968 A>G Kto E, 990
LS170307 924 T>C 1984 A>C StoR, 662
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Table 3 (continued)
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Isolate ORF 30 synonymous substitutions ORF 30 non-synonymous substitutions
ORF location Polymorphism ORF location Polymorphism AA change, position
2968 A>G Kto E, 990
LS180416 924 T>C 2968 A>G Kto E, 990
2352 C>T
1S213627 924 T>C 2968 A>G Kto E, 990
LS9719959 96 G>A N/A
924 T>C
1S9816616 924 T>C 2149 T>C Ftol, 717
2968 A>G Kto E, 990
3131 C>T Stol, 1044
159922376 924 T>C 2968 A>G Kto E, 990

Polymorphisms: A=adenine, G=guanine, C=cytosine, T=thymine. Amino acid abbreviations: D =aspartic acid, G=glycine, K=lysine, E=glutamic acid,

N=asparagine, S=serine, R=arginine, F=phenylalanine, L=leucine

above (see Nucleotide Substitution Detection), this iso-
late was obtained in 2005 from an equid host located in
North Dakota with reproductive disease and possessed
the previously described ORF 30 A2254G neurological
substitution.

Discussion

Phylogenomic and recombinational assessment of the
23 newly sequenced EHV-1 isolates obtained from
USA-based hosts revealed many similarities with previ-
ously sequenced global isolates. Phylogenomic assess-
ment of previously sequenced EHV-1 isolates and related
alphaherpesviruses have been reported, facilitating com-
parison with the results presented herein.

As previously described [17], the genome of EHV-1
isolates obtained from multiple hosts involved in the
same disease outbreak were found to share a high degree
of similarity. This finding is not unexpected and has pre-
viously been reported in studies of a similar nature for
related alphaherpesviruses such as canid alphaherpesvi-
rus 1 (CHV-1) [24] and felid alphaherpesvirus 1 (FHV-1)
[25]. Within our sample set, multiple isolates from three
notable outbreaks of reproductive disease were included:
Iowa in 2011, Indiana in 2014 and 2016. In all 3 cases,
most isolates from the same outbreak (with the exception
of LS113812, Iowa 2011) were found to be near-identi-
cal. While isolates obtained from hosts in the same geo-
graphic region (USA, Asia, Australia or Europe) clustered
together, there were numerous exceptions to this pattern
which was observed. For example, newly sequenced USA
isolates clustered with varying combinations of isolates
from distant geographic locations, including Europe,
Australia and Asia. While small variations in pairwise
interregional genomic distances were detected, it is clear

that EHV-1 isolate geographic origin cannot be deter-
mined solely on sequence data. In contrast, FHV-1 iso-
lates obtained from widespread geographic locations
mostly do form clades based on geographic origin [38].
Although the definitive reason for this discrepancy is
unknown, possible reasons include sample size, degree
of viral intraspecies conservation and host species differ-
ences in global animal (or animal product) movements.
Although previous assessments [20, 39, 40] have sought
to utilize EHV-1 ORF 68 as the primary method to clas-
sify isolates into clade structures, we chose to perform
viral full genome sequencing to identify nucleotide sub-
stitutions throughout the genome, as has been previously
performed [17] and described.

Since being described almost 20 years ago [20], the ORF
30 A2254G substitution has been investigated in the context
of equine herpes myeloencephalopathy (EHM) [2, 9, 13-15,
17, 41, 42]. Although the substitution has been shown to be
significantly associated with neurological disease [20], nota-
bly the substitution is not present in all isolates recovered
from hosts with EHM [17]. As the underlying mechanism
for this association between this specific substitution and
EHM is unknown, the reasons for this apparent inconsist-
ency are presently unknown. Most (22/23) of the newly
sequenced USA isolates included in the present study were
obtained from host animals with reproductive disease, with
only 1 originating from a host equid with neurological dis-
ease. As noted above, only 1/23 isolates possessed the ORF
30 A2254G substitution, which originated from a host with
reproductive disease. The single isolate obtained from the
host animal with neurological disease did not possess the
OREF 30 A2254G substitution. Inclusion of a higher number
of isolates originating from hosts with neurological disease
in future studies of similar design are suggested.
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Several other ORF 30 substitutions have been
described, in addition to the well-known ORF 30
A2254G substitution. Certain EHV-1 isolates (obtained
from animals with reproductive disease) have been noted
to contain a non-synonymous substitution in ORF 30 at
position 2258 (A2258C) [43]; this substitution was not
detected in any of the isolates in our sample. In addi-
tion, a recently described non-synonymous ORF 30 sub-
stitution at position 2254 (A2254C) has been described
and documented in isolates from the USA and France
[44—46]; again, this substitution was not detected in any
of the isolates in our sample. In addition to the ORF 30
A2254G substitution, we detected 6 other unique non-
synonymous substitutions in the 23 newly sequenced
isolates, some of which have been previously described
[17, 20]. Surveillance using assays targeting this highly
conserved region is likely to be beneficial for use in future
outbreaks. The effect of each of these substitutions on
virulence, if any, is unknown.

Both intraspecies and interspecies recombination
have been shown to be prevalent mechanisms of diver-
sity in EHV-1 and related alphaherpesviruses [17, 24,
25, 38, 47-51]. We detected evidence of recombination
in most (22/23) of the newly sequenced EHV-1 isolates
in the present study. It is unknown why one of the newly
sequenced isolates (LS050627) did not demonstrate evi-
dence of recombination, although this could represent
the limitations of the predictive computational processes
utilized for this purpose. Increased understanding of
the mechanisms by which EHV-1 substitutions develop
is likely to have significant implications for both disease
surveillance and control in host equids.

The present study has several limitations, including
sample size, incomplete host animal information, lack
of host disease type diversity, and viral genome gaps fol-
lowing sequencing. The present study included 23 newly
sequenced EHV-1 isolates from USA based host ani-
mals. While concerted attempts were made to include a
higher number of isolates, sample availability was a limit-
ing factor. Approximately 46 samples (suspected to con-
tain either EHV-1 DNA or viable EHV-1) were initially
screened, but only 23 yielded high quality EHV-1 DNA
in quantities suitable for Illumina MiSeq sequencing.
During sample collection, efforts were made to collect as
much host animal data as possible. As many of the sam-
ples had been collected and archived many years prior,
host information was not consistently readily available.
Most (22/23) of the EHV-1 isolates were obtained from
hosts with reproductive disease. Inclusion of a higher
number of isolates from animals with neurological and/
or respiratory disease may have facilitated assessment
of relationships between viral genome substitutions and
host disease type. Finally, in common with all Illumina
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platform viral genome sequencing assessments, the
reference-based assembly of high GC content regions
resulted in sequence gaps with the genome sequences of
the isolates from this study. While unavoidable with this
approach, this was accounted for during analysis and is
therefore not expected to have affected the results or sub-
sequent conclusions.

Conclusions

Overall, the genomes of the 23 newly sequenced EHV-1
isolates obtained from USA-based hosts were similar
to previously sequenced global isolates. The previously
described ORF30 A2254G substitution was infrequently
detected in the newly sequenced USA isolates, most of
which were obtained from host animals with reproduc-
tive disease. In line with previous findings, recombina-
tion was likely to be partially responsible for genomic
diversity in the newly sequenced USA isolates.
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