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Abstract

Equid herpesvirus 5 (EHV-5) comprises a group of heterogeneous viruses with a worldwide
distribution. Primary infection typically occurs early in life, which is followed by latency
and periodic recrudescence of the virus. The aim of this study was to determine the genetic
variation of EHV-5 in individual animals over time and to determine the dynamics of
EHV-5 spread among selected mare–foal pairs at three horse studs. The partial glycoprotein
B (gB) gene was amplified from archival nasal swab samples. Sequences from 3–5 clones
from each PCR product were compared using identity matrix, phylogeny, and median-
joining haplotype networks. Overall, 328 clones were sequenced from long PCR products
amplified from 84 EHV-5 PCR-positive swabs. The sequences were heterogeneous (89.4%
to 100% nucleotide identity). The EHV-5 sequences from mares and their foals most often
clustered separately, although similar EHV-5 sequences from the same mare–foal pair
were also recovered. For some animals, the EHV-5 sequences from multiple sampling
times clustered together, while sequences from other animals were distributed throughout
the networks. Clones from the same PCR product were most often similar to each other,
but divergent clones from the same PCR product were also apparent. In conclusion, the
foals were likely to acquire EHV-5 infection from sources other than their dams, but some
exchange of EHV-5 between mares and their foals also occurred. Some foals likely acquired
EHV-5 from a single source, while others from multiple sources. These data contribute to
our understanding of EHV-5 variability and the dynamics of infection in individual horses.

Keywords: EHV-5; equine viruses; sequence analysis; haplotype network; gammaherpesviruses

1. Introduction
Equid herpesvirus type 5 (EHV-5) is one of the five herpesviruses that infect horses [1].

It is classified in the family Herpesviridae, subfamily Gammaherpesvirinae, and genus
Percavirus [2]. EHV-5 shares a considerable sequence similarity with another equid gamma-
herpesvirus, EHV-2, and is also similar to human herpesvirus 4 (Epstein–Barr virus,
EBV) [3]. EHV-5 infection has been detected in horses worldwide at frequencies between
14% and 100%, depending on the sample type, the detection method, the sampling strategy,
and the age of the population sampled [4–9]. In most studies, the frequency of EHV-5
detection was higher in young horses compared to older ones [4,10–13]. Following primary
infection, which often occurs within the first year of life, the virus establishes a lifelong
latent infection in B lymphocytes [14].
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The exact role that this virus plays in the development of disease is poorly under-
stood [15]. The virus has been frequently detected in horses without an overt clinical
disease [6,13]. However, it has also been putatively linked to respiratory disease and poor
performance in young horses [1,15,16], as well as multinodular pulmonary fibrosis (EMPF)
in the aged ones [17,18].

Only one full genomic sequence of EHV-5 is publicly available [19]. Typical for a
herpesvirus genome, the genome of EHV-5 consists of genes conserved among different
herpesviruses, interspersed with species-specific genes and non-coding regions. Most
sequence data available for EHV-5 comprises partial glycoprotein B (gB) gene sequences,
as this genomic region has been commonly used in phylogenetic analysis of herpesviral
genomes [20]. Glycoprotein B is highly conserved and has homologues among all members
of the family Herpesviridae [21]. It is essential for virus entry to the cell and cell-to-cell
spread [21,22]. The gB of EHV-5 is a disulfate-linked heterodimer that forms an integral
part of the viral envelope [23,24].

Both EHV-2 and EHV-5 comprise heterogeneous populations of viruses, although the
impact of this genetic heterogeneity on the biology of these viruses remains unclear [25].
Results of previous studies suggest that the genome of EHV-5 may be slightly less variable
than that of EHV-2, primarily based on the analysis of the gB gene [26,27]. In two recent
studies of gammaherpesviruses detected from horses in Poland, the gB nucleotide identities
ranged between 89.9% and 100% for EHV-5 [13] and between 82.4% and 100% for EHV-2 [6].

In a previous study, we showed that each of 76 mares and their foals that were followed
monthly at three Polish national studs were positive for EHV-5 on at least one sampling
occasion [12]. The aim of the current study was to investigate the variability of EHV-5
obtained from selected mares and foals from each of the three studs over time in order
to determine the genetic variation in individual horses over time. Specifically, we hoped
to gain some insights into the dynamics of EHV-5 spread among selected horses, includ-
ing determining whether repeated detection of EHV-5 over several months represented
reactivation of a latent virus, reinfection, or chronic infection with prolonged shedding.

2. Results
2.1. Phylogenetic Analysis

Overall, 328 clones were sequenced from long PCR products amplified from 84 EHV-
5 PCR-positive swabs. EHV-5 sequences from each stud were distributed throughout
the phylogenetic tree, indicating that several different genotypes of EHV-5 circulated at
each stud (Figure S1). Overall, the EHV-5 sequences from the mares from Studs I, II,
and III showed 94.5–100%, 90.1–100%, and 89.6–100% identity to each other, respectively.
The EHV-5 sequences from foals were 90.6–100%, 90.4–99.8%, and 91.3–100% identical to
each other at Studs I, II, and III, respectively (Figures S2–S4, Tables S1–S3). The overall
identity of all the sequences from the same mare/foal pair showed a similar range to that
observed between sequences from individual animals over time: 89.8–100%, 90.1–100%,
and 89.4–100% for Studs I, II, and III, respectively (Table S4).

Clones from one PCR product did not always cluster together. For example, three
clones from the PCR product from a November sampling of F4 from Stud II (c2, c3, and
c4, green rectangles) clustered together with two clones from the October sampling of M4
(c3 and c5, green squares) in cluster 1E. The remaining clones from F4 from the November
sampling were closely related to the cluster of sequences from that foal from other sampling
times (Jul, Aug, and Sep) within cluster 1B (c5) and to several sequences from M4 from
various sampling times (Jul, Aug, Sep, and Oct) within Group 3.
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2.2. Haplotype Network Analysis

The relationships between the EHV-5 gB sequences observed in the median-joining
haplotype networks were similar for all three studs (Table 1). There was some structure
in the networks when these were coloured by individual sample (Figure 1), with the
strongest differentiation between sequences from different samples visible for Stud III
(PhiST = 0.87, p < 0.001). This suggests that most of the variability between sequences
from each horse/foal occurred between samplings, indicating that clones obtained from
the same PCR product were more likely to be similar to each other than to clones obtained
from other PCR products, irrespective of the source of the latter.

Table 1. Analysis of molecular variance (AMOVA) results indicating the strength of correlation
between population genetic structure within Polish equid herpesvirus 5 (EHV-5) and selected traits
based on the partial sequence of glycoprotein B.

Test/Breed Variation Within
Populations

Variation Between
Populations PhiPT p 1

Individual sample
Stud I 32.6% 67.4% 0.67 <0.001
Stud II 37.3% 62.7% 0.63 <0.001
Stud III 13.1% 86.9% 0.87 <0.001

Individual animal
Stud I 55.6% 44.4% 0.44 <0.001
Stud II 58.3% 41.7% 0.42 <0.001
Stud III 36.1% 63.9% 0.64 <0.001

Mare–foal pair
Stud I 2 84.3% 15.7% 0.16 <0.001
Stud II 3 93.6% 6.4% 0.06 0.03
Stud III 4 86.3% 13.7% 0.14 <0.001

Source of the virus (mare/foal)
Stud I 55.6% 44.4% 0.44 <0.001
Stud II 58.3% 41.7% 0.42 <0.001
Stud III 36.1% 63.9% 0.64 <0.001

Sampling (month)
Stud I 93.2 6.8 0.07 0.003
Stud II 96.8 3.2 0.03 0.154
Stud III 92.6 7.4 0.07 0.012

1 probability that the random value > observed PhiST. 2 Three pairs + foals without mares; 3 Two pairs + foals
without mares; 4 Three pairs.

There was some structure visible in the network when sequences were coloured by
individual horse/foal (Table 1). This was strongest for Stud III, where the variation between
EHV-5 from different horses/foals (63.9%) contributed more to the overall variation than
the variation between EHV-5 sequences from individual animals (36.9%, PhiST = 0.64,
p < 0.001). For Studs I and II, the variability between the EHV-5 gB sequences from the
same animals was slightly higher than that from different animals (PhiST = 0.42 − 0.44,
p < 0.001, Table 1). The identical results were obtained when the age of the animal sampled
(mare versus foal) was considered as a variable (Table 1).

At all three studs, the EHV-5 gB sequences from each mare/foal pair showed con-
siderable variation when considered over the entire sampling period, with only 6% to
16% variability attributed to differences between populations (PhiST < 0.2, p < 0.05, Table 1).

Similarly, there was no structure in the network when the sequences were coloured by
age of the sampled animals (mare/foal) for studs I and II, with 56% to 58% of variability
attributed to variation within populations (PhiST < 0.44, p < 001). However, for stud III,
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64% of the variability was attributed to differences between populations (PhiST = 0.64,
p < 0.001), indicating that sequences from foals and mares differed at that stud. Similar
results were obtained when the networks were coloured by individual horse/foal for
Studs I and II, with most variability occurring within populations (among samples from
each individual horse/foal throughout the study period). At Stud III, the variability of
EHV-5 gB sequences from different horses contributed more (64%) to the overall variability
than the variability of sequences from each individual horse (36%) over the study period
(PhiST = 0.637, p < 0.01, Table 1).

Finally, there was no correlation between the sampling month and haplotype, with
haplotypes from different samplings clustering together and haplotypes from the same
sampling distributed throughout the networks (PhiST < 0.1 for all three studs, Table 1). The
p-value was not significant for Stud II, likely reflecting the smallest number of EHV-5 gB
sequences analysed from this stud (Table S2).

Figure 1. Cont.
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Figure 1. Cont.
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Figure 1. Median-joining haplotype network based on partial gB sequences of EHV-5 (concatenated
and trimmed to 1245 nt) from Stud I (A) (n = 141), Stud II (B) (n = 72), and Stud III (C) (n = 115). The
number of nucleotide substitutions between haplotypes is represented by ticks on branches. Nodes
are scaled based on the number of representative sequences and coloured by individual sample,
with shades of the same colour indicating samples from the same horse (F) or mare (M) at different
sampling times. Small closed black circles indicate inferred nodes that are not represented among
sequences included in the network.

3. Discussion
The current study complements previously published data on the epidemiology of

gammaherpesviruses among horses from three different Polish studs [12]. Specifically, we
hoped to find out whether repeated isolation of EHV-5 from nasal secretions of sampled
foals and mares over several months represented reactivation of latent infection, persistent
infection, or reinfection. We also hoped to elucidate whether dams are the most common
source of infection to their foals.
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Consistent with the results reported previously [13], the EHV-5 gB sequences reported
in the current study were heterogeneous, with identity scores similar to those reported
previously (89.9% to 100%) when larger numbers of horses from 13 different Polish studs
were sampled. This suggests that the variability between the EHV-5 sequences selected
for the current study was representative of the EHV-5 heterogeneity expected to be found
in various populations of horses. Consistent with previously reported results [13], while
some phylogenetic clusters contained sequences from one stud only (e.g., clusters A and C
within Group 1, Figure S1), most clusters contained sequences from more than one stud,
indicating that similar EHV-5 viruses were circulating at the three studs, despite their
geographical separation .

Clones from individual PCR products were overall more likely to be similar to each
other than to clones from a different PCR product (Table 1), with many showing >99%
nucleotide identity to each other (Tables S1–S3). However, over half (55/105, 52%) of the
PCR products had at least one clone that differed from the rest, with nucleotide identities
ranging from 89.8% to 99%. Since we used a high-fidelity polymerase for amplification of
the long PCR products, the difference of >1% in the 1.3 kpb sequence of individual clones
from the same PCR product is unlikely to represent an amplification error and more likely
to reflect amplification of the EHV-5 DNA from different genotypes of EHV-5 present in
the sample. Similarly to our results, Back et al. [28] reported that 7/18 horses sampled
twice, one year apart, were infected with more than one genotype of EHV-5 on at least
one sampling occasion. In contrast, Dunowska et al. [29] reported that all clones obtained
from each PCR product amplified from 15/17 EHV-5 isolates had identical Bfa 1 restriction
patterns, even though the patterns differed between the EHV-5 obtained from different
horses. The clones from only two isolates, derived from the same clinical sample, showed
three distinct restriction patterns. The discrepancies between the results of that study and
the current study likely reflect differences in the methodology used to detect variation
(restriction patterns versus sequencing) and differences in the starting material (cell culture
isolates versus nasal swabs). Altogether, our data suggest that co-infection of one horse
with different genotypes of EHV-5 is common. These could represent concurrent infection
with EHV-5 from different sources, concurrent recrudescence of different latent viruses,
or a mixture of the two. Alternatively, it is also possible that the variability in EHV-5
obtained from the same clinical sample reflects the ongoing within-host adaptation of the
virus, driven by the individual genetic makeup and immune response. The concept of
viral quasispecies, historically applied to RNA viruses only, has been recently extended to
DNA viruses, including herpesviruses [30,31], with considerable between- and within-host
diversity of herpes simplex type 2 observed in samples from a neonatal unit [32].

Multiple EHV-5 sequences obtained at different sampling times from some horses/foals
in the current study appeared closely related, with little change over several months of sam-
pling. Examples include F4 (blue) and M14 (yellow) from Stud I (Figure 1A), or M8 (green),
M10 (purple), F8 (grey), and F4 (orange/brown) from Stud III (Figure 1C). This finding is
consistent with previous reports. In one study, the gB gene from six EHV-5 isolates obtained
from samples collected from a single foal over a 9-month period showed an identical Bfa 1
restriction pattern [29]. Two of the viruses originated from nasal swabs collected when the
foal was 5 and 13 months old, while the remaining isolates were co-cultured from the foal’s
peripheral blood leucocytes (PBL) when it was 9, 11, 12 and 13 months old, suggesting
that repeated isolation of EHV-5 from this foal’s nasal swabs 8 months apart represented
reactivation of the latent virus rather than re-infection. This conclusion was strengthened
by the fact that EHV-5 isolated from other horses included in the same study showed
horse-specific Bfa 1 restriction patterns, including two identical isolates from PBL samples
collected one month apart from another foal. While these conclusions were based on a
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fairly crude method of comparison (restriction enzyme digestion of a PCR product), Back
and others [28] also reported detection of the same genotype of EHV-5 in each of 7 out
of 9 horses that were sampled twice, a year apart, based on next-generation sequencing
of gB amplicons [28].

Despite the detection of similar genotypes from some of the sampled foals/horses over
time, the AMOVA analyses demonstrated that EHV-5 gB sequences from the same animal
were more likely to be similar to each other than to other sequences over the entire study
period only for Stud III, with approximately 60% of the overall variability contributed to
differences in the EHV-5 gB from the same animal for Studs I and II (Table 1). This was
most likely a reflection of the fact that some horses were infected with more than one
genotype of EHV-5. Some of those heterogeneous genotypes (positioned in different parts
of the networks) appeared transient. However, there was typically at least one genotype
that was consistently detected in samples collected from each horse/foal over the entire
sampling period. This can be deduced from the high upper limit of “between-samplings”
nucleotide identities for all horses/foals sampled (99.8% to 100%, Table S4). It could be
argued that the persisting genotype represents the genotype that is most adapted to an
individual horse/foal or the one that established latency. If so, repeated detection of such a
genotype is likely to represent recrudescence of latent infection. This is particularly likely
in situations where highly similar EHV-5 clones were detected at two or more sampling
times that were interspersed with samplings at which EHV-5 was not detected from the
nasal swab samples, which occurred for some mares but not foals (Table 2).

Table 2. The summary of EHV-5 DNA detection results at different sampling times for mares (M)
and foals (F) included in the current study. More details related to these data, including concurrent
detection of EHV-2, virus load, and ages of the animals, can be found in Table S1 of the previous
publication [12]. Samples positive for EHV-5 are labelled “+”; samples negative for EHV-5 are labelled
“−”; months when the samples were not collected are labelled “nd”.

Animal
Sampling Month

May Jun Jul Aug Sep Oct Nov Dec Jan Feb

Stud I

M4 nd nd + + − − + + + +
F4 nd nd − − − + + + + +

M11 nd nd + − − − + + + +
F11 nd nd + + + + + + + +
M14 nd nd − − − − + + − −
F14 nd nd − + + + + + + +

Stud II

M4 nd + + + + + + + nd nd
F4 nd + + + + + + + nd nd
M6 nd − + + + − − − nd nd
F6 nd + + + + + + + nd nd

Stud III

M1 + + − + nd + + nd + nd
F1 − − − + nd + + nd + nd
M4 + + + + nd + + nd + nd
F4 − + + + nd + + nd + nd
M8 − + + + nd + + nd − nd
F8 − + + + nd + + nd + nd

M10 + + + + nd + + nd + nd
F10 − − − + nd + + nd + nd
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Similar EHV-5 sequences would be expected following periodic recrudescence of a
latent virus, while more diverse EHV-5 sequences may be detected following reinfection
with one of the viruses circulating in the population. If so, it could be concluded that
both recrudescence and reinfection contributed to the persistence of EHV-5 in the sam-
pled populations. Alternatively, these results may reflect concurrent reactivation of more
than one genetically different EHV-5 in each horse. In this scenario, the variability of
EHV-5 sequences observed would depend on the variability of the latent EHV-5. Despite
considerable research interest in equine gammaherpesviruses over the past 20 years or so,
the molecular mechanisms governing the latency and recrudescence of these viruses remain
poorly understood. As such, the genetic diversity of latent viruses remains undetermined,
and whether or not some are more likely to recrudesce than others remains unknown.

Only one previous study investigated the variability of EHV-5 in samples collected
from mares and their foals over several months [26]. In that study, some EHV-5 sequences
from 12 mare–foal pairs were similar to each other, while others differed, suggesting varied
sources of EHV-5 infection in foals [26]. This was in contrast to EHV-2, which appeared to
be transmitted predominantly between mares and their foals in the same study when the
foals were 1 month of age and between foals later, when the foals were older. In the current
study, both foals from Stud II were positive for EHV-5 at the first sampling time, making it
difficult to determine the timing and source of EHV-5 infection in those foals. However, all
three foals from Stud III and two foals (F4 and F14) in Stud I were negative for EHV-5 at the
first sampling time (Table 2). The EHV-5 clones from these five foals at the next sampling
occasion were all different from the EHV-5 clones of their dams, suggesting that the source
of the initial infection for these five foals was not their dams. Foal F14 from Stud I was
likely to acquire EHV-5 from various sources, as the EHV-5 gB sequences from that foal
were distributed throughout the network (Figure 1A, orange), while foal F4 (Figure 1A,
blue) from Stud I was likely infected with EHV-5 from a single source (unsampled in the
current study). Similarly, none of the EHV-5 sequences from mares and foals at Stud III
clustered together (Figure 1C). Sequences from various sampling occasions of F4 (orange)
and F8 (grey) all clustered together in the bottom left of the network (Figure 1C), suggesting
exchange of EHV-5 between these two foals or a common source of infection. All sequences
from M8 (green) formed one cluster at the top of the network, while sequences from
M4 (yellow) formed two separate clusters, suggesting two different sources of EHV-5
infection for this mare. Similarly, the EHV-5 gB sequences from F10 (blue) formed two
clusters, separately from sequences from its dam, which formed a cluster at the top of the
network (purple).

Although the exact source of EHV-5 could not be determined for most of the foals
included in the current study, the fact that EHV-5 gB sequences from foals most commonly
clustered separately from sequences of their dams and some of them clustered together
suggests that foals are more likely to acquire EHV-5 from other foals than from their dams.
We have previously shown that foals typically shed higher quantities of EHV-5 than the
mares and that the EHV-5 sequences from the foals were often more similar to sequences
from other foals than to sequences from their dams, which supports this conclusion [12,13].
The foals and mares at Studs II and III were kept in pairs in individual stalls, with daily
turnouts as a group in a shared paddock. The transmission between foals could have
occurred through direct contact or via fomites, such as water troughs, feeding buckets,
and others. The M11/F11 and M14/F14 pairs from Stud I were kept with other mares and
foals in the open barn, while M4/F4 were kept at the open reserve in conditions closely
matching the natural environment of the Konik Polski breed.

Interestingly, the clusters containing the haplotypes of EHV-5 gB from M11/F11 and
M14/F14 seemed more mixed than the haplotypes from M4 (red) and F4 (blue) (Figure 1A),
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possibly reflecting more opportunities for exchange of EHV-5 between horses in the barn
(e.g., via fomites) compared with the open reserve. A big cluster of closely related sequences
at the left in the network (Figure 1A) contained a mix of clones from M11 (green) and F11
(grey). There were also some haplotypes from F14 (orange) and M14 (yellow) in the same
cluster, suggesting that the two mares and their foals acquired EHV-5 from a similar source.
However, most of the haplotypes from M14 were visible in the right corner of the network,
where they clustered together with another group of haplotypes from M11 (green). Hence,
it appears that transmission of different genotypes of EHV-5 may have occurred at different
sampling times between M11 and F11 and between M11 and M14, or that these horses were
exposed to two different (unsampled) sources of the virus during the study period.

Despite the overall separation between the EHV-5 gB sequences from mares and foals,
some clones from selected mares and foals were similar to one another. For example,
several clones from July–August samplings of M6/F6 from Stud II all clustered together
in group 1C. However, since two clones from the July–August samplings of F4 from that
stud were also in the same group, the EHV-5 could have been transmitted between all three
horses. Similarly, individual clones from some mare–foal pairs from later samplings also
clustered together, suggesting transmission of these viruses between mares and their foals.
Examples include two clones from the October sampling of M4 (c5 and c3) and three clones
from the November sampling of F4 (c2, c3, and c4) from Stud II, which clustered together
in Group 1E, or several clones from various sampling times of M11/F11 from Stud I, which
clustered in Group 1A (Figure S1 and Figure 1A). This suggests that the EHV-5 viruses
were occasionally exchanged between foals and their dams during the study period.

The main limitation of this study is the relatively small number of horses and foals
followed at each stud, which precludes generalisation of the findings to a larger population.
Inclusion of all mares and foals from a single stud or management group would have
provided a clearer picture of the patterns of EHV-5 transmission within the group. An
earlier start of the sampling, ideally within a few days after foaling, and more frequent
sample collection would have also provided more information on the initial sources of
infection for the foals and routes of transmission of the viruses within a management
group. Some transient infections and genotype changes may have been missed at monthly
samplings. Finally, it was difficult to establish based on the available data if repeated
detection of EHV-5 with similar gB sequences represents chronic active infection or frequent
recrudescence of EHV-5, particularly for foals, as once EHV-5 was detected in the nasal
swab of each foal, that foal was continuously positive for EHV-5 in subsequent samplings
(Table 2). Collection of blood samples for the detection of the latent virus, in addition to
more frequent sampling, would have helped to shed some light on this issue. Despite these
limitations, this is only the second study in which EHV-5 from a group of mares and their
foals followed over a period of time was analysed. Hence, our data provide a valuable
contribution to the current state of knowledge of the genomic variability and dynamics of
EHV-5 infection within a group of horses and within individual animals.

4. Materials and Methods
4.1. Source of Samples

DNA extracted from nasal swab samples obtained during a previous study [12] was
used as a starting material. Briefly, healthy mare–foal pairs from three national horse studs
were sampled monthly over a period of six to nine months. Breeds included Polish Konik
horse (Stud I), Arabian (Stud II), and Thoroughbred (Stud III). The management of horses at
each stud, sampling dates, and results have been described in the previous publication [12].
Two to three mare/foal pairs were selected from each stud for the current study. The factors
used in the selection were the frequency of EHV-5 detection over the study period and the
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Cq values at each sampling. The results of EHV-5 detection from samples collected from
the selected animals are summarised in Table 2. The first sampling was carried out when
the foals included in the study were 3 to 5, 3 to 4, and 1 to 2 months of age for studs I, II,
and III, respectively [12].

4.2. Conventional PCR Assays and Cloning

Viral DNA from selected (n = 84) EHV-5-positive swabs was used as a template in a
conventional PCR assay targeting a fragment of the gB gene, with the expected product
size of 1339 bp. Two (stud II) or three (studs I and III) mare/foal pairs were selected
for the analyses. PCR reactions to amplify the gB gene of EHV-5 were performed as de-
scribed previously [13]. Each PCR reaction contained 600 nM of each primer (forward:
5′-CCAACACAGAAGACAAGGAG-3′; reverse: 5′-CACGGTGATACAGTCAGAGA-3′),
1 x buffer (Sigma-Aldrich, St. Louis, MO, USA), 0.2 mM deoxynucleotide mix (Sigma-
Aldrich), 0.5 µL JumpStart AccuTaq LA DNA Polymerase (Sigma-Aldrich), and 2 µL of
template DNA in a total volume of 25 µL. Amplifications were performed in a Biometra
Thermocycler (Biometra, Göttingen, Germany) using the following cycling conditions:
5 min of initial denaturation at 94 ◦C, followed by 35 cycles of denaturation (1 min at
94 ◦C), primer annealing (1 min at 59.5 ◦C), elongation (1 min at 72 ◦C), and a final elonga-
tion step (7 min at 72 ◦C). Amplified products were subjected to electrophoresis through a
1.5% GelRed stained agarose gel, purified with GeneJET PCR Purification Kit (Thermo Sci-
entific, Carlsbad, CA, USA) and ligated into TOPO TA Cloning Kit for Sequencing (Thermo
Fisher Scientific, Carlsbad, CA, USA), according to the manufacturer’s instructions. Ligated
products were chemically transformed into Escherichia coli JM109 Competent Cells (Promega
Corporation, Madison, WI, USA). Plasmid DNA was isolated from up to five insert-positive
clones using PureLink™ Quick Plasmid Miniprep Kit (Thermo Fisher Scientific, Vilnius,
Lithuania) according to the manufacturer’s instructions and sequenced with the same
primers used for amplification using BigDye® Terminator version 3.1 (Applied Biosystems,
Vilnius, Lithuania) on a 3730xl DNA Analyzer at the Genomed (Warsaw, Poland).

4.3. Sequence Analyses

The sequences obtained from each recombinant E. coli colony were trimmed to an
identical length (1245 bp) and assembled using BioEdit software v.7.2.5. Only sequences
that generated high-quality data were included in the analysis. The consensus sequences
were aligned with the reference sequence of EHV-5. 2-141/67 (GenBank accession number
NC_026421.1) using the MUSCLE algorithm from the Molecular Evolutionary Genetics
Analysis software package, version 10 (MEGAX) [33]. Identity among sequences analysed
in the study was calculated using the “Sequence Identity Matrix” formula in BioEdit and
illustrated as heatmaps using a Sequence Demarcation Tool Version 1.3 (SDTv1.3) [34]. Phy-
logenetic tree was constructed using the maximum likelihood method with 1000 bootstrap
replicates using the K2+G substitution model in MEGAX. All nucleotide sequences from
one stud were used as an input file to generate a haplotype list in the DnaSP software
(version 6.12.03). The haplotypes representative of the EHV-5 sequences were exported in
nexus format with trait blocks added to represent individual sample, individual animal,
mare–foal pair, source (mare/foal), and sampling (month). The median-joining haplotype
networks were drawn using default parameters in PopART version 1.7 (available from
http://popart.maths.otago.ac.nz, accessed on 30 May 2025). Analysis of molecular variance
(AMOVA within PopART) was carried out to test for correlation between the population
genetic structure of the EHV-5 sequences and selected traits. The strength of correlation
was represented by a PhiST value, with 0 indicating no correlation and 1 indicating strong
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correlation. The corresponding p-values were generated by reference to 1000 random
permutations of the input data.

4.4. GenBank Accession Numbers

The nucleotide sequences described in this study were submitted to GenBank under
the following accession numbers: PV650935–PV651262.

5. Conclusions
In summary, we have shown that EHV-5 comprises a heterogenous group of viruses.

Both mares and foals can be infected with more than one genotype of EHV-5. Some
genotypes seem transient, while others persist in individual horses long-term, most likely
indicating the establishment of latency with periodic recrudescence. The foals are likely to
acquire EHV-5 infection from sources other than their dams, but some exchange of EHV-5
between mares and their foals also occurs. These data contribute to our understanding
of EHV-5 variability and the dynamics of infection in individual horses. Many questions
regarding EHV-5 interactions with its equine host remain unanswered and should be
addressed in future studies.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/ijms26178298/s1.

Author Contributions: Conceptualisation, K.S.; methodology, K.S.; software, K.S. and M.D.; vali-
dation, K.S.; formal analysis, K.S. and M.D.; investigation, K.S.; resources, K.S.; data curation, K.S.
and M.D.; writing—original draft preparation, K.S. and M.D.; writing—review and editing, K.S. and
M.D.; visualisation, K.S. and M.D.; supervision, J.R.; project administration, J.R.; funding acquisition,
J.R. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: One of the roles of the National Veterinary Research Institute
in Pulawy is monitoring endemic diseases among Polish livestock. The sampling for the current study
was performed within the scope defined by this role. The approval from an ethics committee was not
required according to national regulation (“Act on the Protection of Animals Used for Scientific or
Educational Purposes” published in the Journal of Laws of 2015, item 266 from 15 January 2015).

Informed Consent Statement: An informed approval was sought from stud managers before com-
mencement of sampling.

Data Availability Statement: The nucleotide sequences described in this study were submitted to
GenBank under the following accession numbers: PV650935–PV651262.

Acknowledgments: The authors wish to acknowledge managers of the studs for their help with
sample collection.

Conflicts of Interest: The authors declare no conflicts of interest.

References
1. Marenzoni, M.L.; Stefanetti, V.; Danzetta, M.L.; Timoney, P.J. Gammaherpesvirus infections in equids: A review. Vet. Med. 2015, 6,

91–101. [CrossRef] [PubMed]
2. Lefkowitz, E.J.; Dempsey, D.M.; Hendrickson, R.C.; Orton, R.J.; Siddell, S.G.; Smith, D.B. Virus taxonomy: The database of the

International Committee on Taxonomy of Viruses (ICTV). Nucleic Acids Res. 2018, 46, D708–D717. [CrossRef]
3. Telford, E.A.; Studdert, M.J.; Agius, C.T.; Watson, M.S.; Aird, H.C.; Davison, A.J. Equine herpesviruses 2 and 5 are gamma-

herpesviruses. Virology 1993, 195, 492–499. [CrossRef]
4. Wang, L.; Raidal, S.L.; Pizzirani, A.; Wilcox, G.E. Detection of respiratory herpesviruses in foals and adult horses determined by

nested multiplex PCR. Vet. Microbiol. 2007, 121, 18–28. [CrossRef]
5. Dunowska, M.; Wilks, C.R.; Studdert, M.J.; Meers, J. Equine respiratory viruses in foals in New Zealand. N. Z. Vet. J. 2002, 50,

140–147. [CrossRef]

https://www.mdpi.com/article/10.3390/ijms26178298/s1
https://www.mdpi.com/article/10.3390/ijms26178298/s1
https://doi.org/10.2147/VMRR.S39473
https://www.ncbi.nlm.nih.gov/pubmed/30155436
https://doi.org/10.1093/nar/gkx932
https://doi.org/10.1006/viro.1993.1400
https://doi.org/10.1016/j.vetmic.2006.11.009
https://doi.org/10.1080/00480169.2002.36300


Int. J. Mol. Sci. 2025, 26, 8298 13 of 14

6. Stasiak, K.; Dunowska, M.; Rola, J. Prevalence and sequence analysis of equid herpesviruses from the respiratory tract of Polish
horses. Virol. J. 2018, 15, 106. [CrossRef] [PubMed]

7. Pusterla, N.; Sandler-Burtness, E.; Barnum, S.; Hill, L.A.; Mendonsa, E.; Khan, R.; Portener, D.; Ridland, H.; Schumacher, S.
Frequency of Detection of Respiratory Pathogens in Nasal Secretions From Healthy Sport Horses Attending a Spring Show in
California. J. Equine Vet. Sci. 2022, 117, 104089. [CrossRef] [PubMed]

8. Vander Werf, K.A.; Davis, E.G.; Janardhan, K.; Bawa, B.; Bolin, S.; Almes, K. Identification of Equine Herpesvirus 5 in Horses with
Lymphoma. J. Equine Vet. Sci. 2014, 34, 738–741. [CrossRef]

9. Nordengrahn, A.; Merza, M.; Ros, C.; Lindholmc, A.; Palfl, V.; Hannant, D.; Belak, S. Prevalence of equine herpesvirus types 2
and 5 in horse populations by using type-specific PCR assays. Vet. Res. 2002, 33, 251–259. [CrossRef]

10. Marenzoni, M.L.; Coppola, G.; Maranesi, M.; Passamonti, F.; Cappelli, K.; Capomaccio, S.; Verini Supplizi, A.; Thiry, E.; Coletti, M.
Age-dependent prevalence of equid herpesvirus 5 infection. Vet. Res. Commun. 2010, 34, 703–708. [CrossRef]

11. Hue, E.S.; Fortier, G.D.; Fortier, C.I.; Leon, A.M.; Richard, E.A.; Legrand, L.J.; Pronost, S.L. Detection and quantitation of equid
gammaherpesviruses (EHV-2, EHV-5) in nasal swabs using an accredited standardised quantitative PCR method. J. Virol. Methods
2014, 198, 18–25. [CrossRef]

12. Stasiak, K.; Dunowska, M.; Rola, J. Kinetics of the Equid Herpesvirus 2 and 5 Infections among Mares and Foals from Three
Polish National Studs. Viruses 2022, 14, 713. [CrossRef]

13. Stasiak, K.; Dunowska, M.; Trewick, S.; Rola, J. Genetic Variation in the Glycoprotein B Sequence of Equid Herpesvirus 5 among
Horses of Various Breeds at Polish National Studs. Pathogens 2021, 10, 322. [CrossRef] [PubMed]

14. Mekuria, Z.H.; El-Hage, C.; Ficorilli, N.P.; Washington, E.A.; Gilkerson, J.R.; Hartley, C.A. Mapping B lymphocytes as major
reservoirs of naturally occurring latent equine herpesvirus 5 infection. J. Gen. Virol. 2017, 98, 461–470. [CrossRef] [PubMed]

15. Hartley, C.A.; Dynon, K.J.; Mekuria, Z.H.; El-Hage, C.M.; Holloway, S.A.; Gilkerson, J.R. Equine gammaherpesviruses: Perfect
parasites? Vet. Microbiol. 2013, 167, 86–92. [CrossRef]

16. Ackermann, M. Pathogenesis of gammaherpesvirus infections. Vet. Microbiol. 2006, 113, 211–222. [CrossRef]
17. Williams, K.J. Gammaherpesviruses and pulmonary fibrosis: Evidence from humans, horses, and rodents. Vet. Pathol. 2014, 51,

372–384. [CrossRef] [PubMed]
18. Williams, K.J.; Robinson, N.E.; Lim, A.; Brandenberger, C.; Maes, R.; Behan, A.; Bolin, S.R. Experimental induction of pulmonary

fibrosis in horses with the gammaherpesvirus equine herpesvirus 5. PLoS ONE 2013, 8, e77754. [CrossRef]
19. Wilkie, G.S.; Kerr, K.; Stewart, J.P.; Studdert, M.J.; Davison, A.J. Genome sequences of equid herpesviruses 2 and 5. Genome

Announc. 2015, 3, e00119-15. [CrossRef]
20. Sharma, V.; Mobeen, F.; Prakash, T. Comparative Genomics of Herpesviridae Family to Look for Potential Signatures of Human

Infecting Strains. Int. J. Genom. 2016, 2016, 9543274. [CrossRef]
21. Pereira, L. Function of glycoprotein B homologues of the family herpesviridae. Infect. Agents Dis. 1994, 3, 9–28.
22. Sathiyamoorthy, K.; Chen, J.; Longnecker, R.; Jardetzky, T.S. The COMPLEXity in herpesvirus entry. Curr. Opin. Virol. 2017, 24,

97–104. [CrossRef]
23. Holloway, S.A.; Lindquester, G.J.; Studdert, M.J.; Drummer, H.E. Identification, sequence analysis and characterisation of equine

herpesvirus 5 glycoprotein B. Arch. Virol. 1999, 144, 287–307. [CrossRef] [PubMed]
24. Holloway, S.A.; Studdert, M.J.; Drummer, H.E. Characterization of glycoprotein B of the gammaherpesvirus equine herpesvirus-2.

J. Gen. Virol. 1998, 79 Pt 7, 1619–1629. [CrossRef]
25. Fortier, G.; van Erck, E.; Pronost, S.; Lekeux, P.; Thiry, E. Equine gammaherpesviruses: Pathogenesis, epidemiology and diagnosis.

Vet. J. 2010, 186, 148–156. [CrossRef]
26. Bell, S.A.; Balasuriya, U.B.; Gardner, I.A.; Barry, P.A.; Wilson, W.D.; Ferraro, G.L.; MacLachlan, N.J. Temporal detection of equine

herpesvirus infections of a cohort of mares and their foals. Vet. Microbiol. 2006, 116, 249–257. [CrossRef]
27. Lee, S.K.; Lee, I. The Molecular Detection of Equine Herpesviruses 2 and 5 in Genital Swabs From Clinically Normal Thoroughbred

Mares in South Korea. J. Equine Vet. Sci. 2019, 79, 68–72. [CrossRef] [PubMed]
28. Back, H.; Ullman, K.; Leijon, M.; Soderlund, R.; Penell, J.; Stahl, K.; Pringle, J.; Valarcher, J.F. Genetic variation and dynamics of

infections of equid herpesvirus 5 in individual horses. J. Gen. Virol. 2016, 97, 169–178. [CrossRef] [PubMed]
29. Dunowska, M.; Holloway, S.A.; Wilks, C.R.; Meers, J. Genomic variability of equine herpesvirus-5. Arch. Virol. 2000, 145,

1359–1371. [CrossRef]
30. Lopez-Munoz, A.D.; Rastrojo, A.; Martin, R.; Alcami, A. Herpes simplex virus 2 (HSV-2) evolves faster in cell culture than HSV-1

by generating greater genetic diversity. PLoS Pathog. 2021, 17, e1009541. [CrossRef]
31. Ortigas-Vasquez, A.; Szpara, M. Embracing Complexity: What Novel Sequencing Methods Are Teaching Us About Herpesvirus

Genomic Diversity. Annu. Rev. Virol. 2024, 11, 67–87. [CrossRef] [PubMed]
32. Akhtar, L.N.; Bowen, C.D.; Renner, D.W.; Pandey, U.; Della Fera, A.N.; Kimberlin, D.W.; Prichard, M.N.; Whitley, R.J.; Weitzman,

M.D.; Szpara, M.L. Genotypic and Phenotypic Diversity of Herpes Simplex Virus 2 within the Infected Neonatal Population.
mSphere 2019, 4, e00590-18. [CrossRef] [PubMed]

https://doi.org/10.1186/s12985-018-1018-3
https://www.ncbi.nlm.nih.gov/pubmed/29996858
https://doi.org/10.1016/j.jevs.2022.104089
https://www.ncbi.nlm.nih.gov/pubmed/35908600
https://doi.org/10.1016/j.jevs.2013.12.017
https://doi.org/10.1051/vetres:2002013
https://doi.org/10.1007/s11259-010-9443-9
https://doi.org/10.1016/j.jviromet.2013.12.008
https://doi.org/10.3390/v14040713
https://doi.org/10.3390/pathogens10030322
https://www.ncbi.nlm.nih.gov/pubmed/33803246
https://doi.org/10.1099/jgv.0.000668
https://www.ncbi.nlm.nih.gov/pubmed/27902371
https://doi.org/10.1016/j.vetmic.2013.05.031
https://doi.org/10.1016/j.vetmic.2005.11.008
https://doi.org/10.1177/0300985814521838
https://www.ncbi.nlm.nih.gov/pubmed/24569614
https://doi.org/10.1371/journal.pone.0077754
https://doi.org/10.1128/genomeA.00119-15
https://doi.org/10.1155/2016/9543274
https://doi.org/10.1016/j.coviro.2017.04.006
https://doi.org/10.1007/s007050050504
https://www.ncbi.nlm.nih.gov/pubmed/10470254
https://doi.org/10.1099/0022-1317-79-7-1619
https://doi.org/10.1016/j.tvjl.2009.08.017
https://doi.org/10.1016/j.vetmic.2006.05.002
https://doi.org/10.1016/j.jevs.2019.05.013
https://www.ncbi.nlm.nih.gov/pubmed/31405504
https://doi.org/10.1099/jgv.0.000332
https://www.ncbi.nlm.nih.gov/pubmed/26518010
https://doi.org/10.1007/s007050070095
https://doi.org/10.1371/journal.ppat.1009541
https://doi.org/10.1146/annurev-virology-100422-010336
https://www.ncbi.nlm.nih.gov/pubmed/38848592
https://doi.org/10.1128/mSphere.00590-18
https://www.ncbi.nlm.nih.gov/pubmed/30814317


Int. J. Mol. Sci. 2025, 26, 8298 14 of 14

33. Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular Evolutionary Genetics Analysis across Computing
Platforms. Mol. Biol. Evol. 2018, 35, 1547–1549. [CrossRef] [PubMed]

34. Muhire, B.M.; Roumagnac, P.; Varsani, A.; Martin, D.P. Sequence Demarcation Tool (SDT), a Free User-Friendly Computer
Program Using Pairwise Gentic Identity Calculations to Classify Nucleotide or Amino Acid Sequences. Methods Mol. Biol. 2025,
2912, 71–79.

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1093/molbev/msy096
https://www.ncbi.nlm.nih.gov/pubmed/29722887

	Introduction 
	Results 
	Phylogenetic Analysis 
	Haplotype Network Analysis 

	Discussion 
	Materials and Methods 
	Source of Samples 
	Conventional PCR Assays and Cloning 
	Sequence Analyses 
	GenBank Accession Numbers 

	Conclusions 
	References

