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Abstract
Phylogenetic analyses based on concatenated amino acid sequences from orthologous loci from eight
genomes of alpha herpesviruses infecting birds provided strong support for the following hypotheses:
(1) gallid HV3 is a sister taxon to gallid HV2 but gallid HV1 is not closely related to the other two
chicken herpesviruses; (2) meleagrid HV1 is closer to both gallid HV2 and gallid HV3 than is gallid
HV1; and (3) within gallid HV2, the virulent GA genome forms an outgroup to both the avirulent
CVI988 genome and the highly virulent Md5 and Md11 genomes. Analysis of the pattern of
synonymous nucleotide substitution between orthologous genes shared by four complete genomes
of gallid HV2 showed strong evidence of past events of homologous recombination that homogenized
certain loci between genomes. Eight of these loci represented cases of loci homogenized between
the CVI988, on the one hand, and the Md5 and Md11 genomes, on the other hand. Two others
represented loci where the GA genome was homogenized with those of Md5 and Md11. The two
loci (UL49.5 and RLORF12) that were homogenized among the virulent genomes GA, Md5, and
Md11 are candidates for contributing to viral virulence.

A number of alphaherpesviruses (family Herpesviridae, subfamily Alphaherpesvirinae) have
been described from birds, including gallid herpesvirus 2 (HV2), the causative agent of Marek’s
disease. Gallid HV2 is highly contagious in chickens and induces T cell lymphomas in
susceptible birds, causing annual losses to the worldwide poultry industry estimated at US$100
billion (Morrow and Fehler 2004). In the 100 years since Marek’s disease was first described,
the disease has substantially increased in severity of symptoms. The first vaccines for gallid
HV2 were developed in the late 1960’s and early 1970’s; but new, more virulent strains of the
virus have emerged that are resistant to vaccine-induced immune responses (Nair 2005).

The virulence of gallid HV2 is expected to be a polygenic trait, with allelic variants at a number
of loci playing a role (Shamblin et al. 2004). Thus, homologous recombination is expected to
play an important role in the evolution of virulence, because it can bring together new mutations
that originally evolved against different genetic backgrounds. DNA replication in
alphaherpesviruses is recombination-dependent, providing a mechanism for homologous
recombination between genetically distinct viruses infecting the same cell (Thiry et al. 2004).
Sequence analysis has provided evidence of past homologous recombination events in several
herpesviruses, including alphaherpesviruses (Bowden et al. 2004; Norberg et al. 2004; Peters
et al. 2006).
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Evidence of past homologous recombination at protein-coding loci can be obtained by
examining the pattern of nucleotide substitution in pairwise comparisons between genomes
(Hughes and Friedman 2004, 2005; Hughes and Langley 2006). Particularly useful information
can be obtained by examining the distribution of the number of synonymous substitutions per
synonymous site (dS) at orthologous protein-coding genes. If dS between two related genomes
is unusually high at one locus compared to that at other loci, that is evidence that the sequence
at the former locus was acquired through homologous recombination in one or both of the
genomes (Hughes and Friedman 2004, 2005; Hughes and Langley 2006). Synonymous sites
rather than nonsynonymous sites are used for these analyses because the rate of substitution at
the latter is expected to differ markedly among genes as a result of different intensities of
purifying selection (Nei 1987).

Here we use homology search to identify putatively orthologous loci in genomes of gallid HV1,
gallid HV2, gallid HV3, meleagrid HV1, and psittacid HV1. In the case of gallid HV2, four
complete genomes were available analysis; these include the highly virulent Md5 and Md11
(Tulman et al. 2000; Niikura et al. 2006); the virulent GA strain (Eidson and Schmittle 1968;
Brunovskis and Velicer 1995; Lee et al. 2000); and the avirulent strain CVI988, which has
been used as the basis of a vaccine (Rispens et al. 1972; Spatz et al. 2007). We apply
phylogenetic analysis to orthologous sequences in order to understand the evolutionary
relationships of these viruses. In addition, we examine the patterns of synonymous nucleotide
substitution at orthologous loci shared by four genomes of gallid HV2 in order to identify loci
involved in past events of homologous recombination.

Methods
The sequences of 8 avian herpesvirus complete genomes were retrieved from the NCBI
database: gallid HV1 (NC_006623); gallid HV2 CVI988 (DQ530348); gallid HV2 GA
(AF147806); gallid HV2 Md5 (AF243438); gallid HV2 Md11 (AY510475); gallid HV3
(NC_002577); meleagrid HV1 (NC_002641); and psittacid HV1 (NC_005264). Gene families
were identified by applying the Blastclust software (Altschul et al.1997) to predicted protein
translations with the parameter L (minimum length coverage) set at 0.5 and the parameter S
(BLAST score divided by the alignment length) set at 0.3. Putative orthologs were identified
as families with exactly one representative per genome. Orthologs were aligned at the amino
acid level using Clustal W (Thompson et al. 1994) and the alignment imposed on the DNA
sequences.

Because of the long repeat regions of gallid HV2 are known to include duplicated copies of
certain genes (Tulman et al. 2000), in identifying orthologs we applied the Blastclust program
separately to duplicated regions. We applied the Dotter (Sonhammer and Durbin 1995) and
Pip-Maker (Schwartz et al. 2000) programs to the complete genome DNA sequences in order
identify quasi-identical repeats within each genome. Genes encoded within the repeats were
identified and subtracted from the rest of the gene repertoire for each genome. Search for
orthologs using Blastclust was done on two sets of genes: genes encoded outside the duplicated
region and genes encoded within the duplicated region. Orthologs from both sets were then
combined to perform the rest of the analysis.

The number of synonymous nucleotide substitutions per synonymous site (dS) and the number
of nonsynonymous substitutions per nonsynonymous site (dN) were estimated for all pairwise
comparisons of orthologs among the four genomes of gallid HV2 by Nei and Gojobori’s
(1986), Li’s (1993), and Yang and Nielsen’s (2000) methods. All methods yielded essentially
identical results, as expected since dS and dN were low (< 0.1 in all comparisons). Therefore
we report on the results of the Nei and Gojobori method, which has the lowest variance of
estimation (Nei and Kumar 2000).
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Phylogenetic analyses of all eight viral genomes were applied to concatenated protein
sequences because synonymous sites were saturated or nearly so in most comparisons between
different viral species. We used a variety of methods including the following: (1) maximum
parsimony (MP) using branch-and-bound search (Swofford 2003); (2) neighbor-joining (NJ;
Saitou and Nei 1986) based on the gamma distance which accounts for rate variation among
sites, using the MEGA 3 program (Kumar et al. 2004); and (3) the quartet maximum likelihood
method (QML) using the TREE-PUZZLE 5.2 program (Strimmer and von Haeseler
1996;Schmidt et al. 2002) based on the JTT model (Jones et al. 1992) with gamma correction
for rate variation among sites. The shape parameter of the gamma distribution was estimated
by the TREE-PUZZLE 5.2 program. Phylogenies of the four gallid HV2 genomes were
constructed by the NJ method independently on the basis of dS and dN. Reliability of branching
patterns in MP and NJ trees were assessed by bootstrapping (Felsenstein 1985). In the case of
QML trees, the percent of puzzling steps supporting a branch represents a measure of the
relative confidence in the branch.

In order to identify gallid HV2 genes involved in past recombination events, we identified
genes with unusually high degrees of synonymous divergence by cluster analysis applied to
the matrix of pairwise dS values among the four gallid HV2 genomes (Hughes and Friedman
2004, 2005; Hughes and Langley 2007). We conducted non-hierarchical k-means clustering
using McQueen’s algorithm (Johnson and Wichern 1992). This is a method of creating clusters
of observed multivariate data points such that variability within clusters is minimized and
variability between clusters is maximized. Starting with k = 2, we increased k by steps of one
until we identified a cluster of genes with anomalous dS values.

Results
Phylogenetic Analysis

We identified 31 orthologues present in the genomes of gallid HV1; gallid HV2 CVI988; gallid
HV2 GA; gallid HV2 Md5; gallid HV2 Md11; gallid HV3; meleagrid HV1; and psittacid HV1.
When the location of each gene in gallid HV1 was plotted against the location of the same gene
in gallid HV2 Md5, we observed a pattern indicative of two large-scale inversions between
these two genomes (Figure 1A). The inverted regions corresponded minimally to positions
19,461-49,439 and 111,204-118,782 of gallid HV2 Md5 (Figure 1A). By contrast, the
relationship between positions in gallid HV3 and that in gallid HV2 Md5 was much more linear
(Figure 1B). The only except to this linearity was the UL10 gene, encoding glycoprotein M,
located at positions 30824-32098 in gallid HV3 but 43848-45122 in gallid HV2 Md5 (Figure
1B). This suggests that a translocation of the UL10 open reading frame has occurred since the
common ancestor of gallid HV2 and gallid HV3.

Phylogenetic trees were constructed by a variety of methods based on the concatenated
sequences of the proteins encoded by the 31 orthologous genes (Figure 2). When rooted by the
mid-point method, the cluster of gallid HV1 and psittacid HV1 formed an outgroup to the other
sequences (Figure 2). Assuming this rooting, meleagrid HV1 formed an outgroup to gallid
HV3 and gallid HV2; and gallid HV3 formed an outgroup to the four genotypes of gallid HV2
(Figure 2). These patterns received strong support in all phylogenetic methods (Figure 2). This
result is consistent with a previous phylogenetic analysis by Thureen and Keeler (2006) based
on the DNA polymerase (UL30) protein.

However, the phylogenetic methods did not agree with one another with respect to the
relationships of gallid HV2 genomes. Both MP and QML placed gallid HV2 GA as an outgroup
to the other gallid HV2 genomes, though with quite weak bootstrap support in the case of MP
(Figure 2B-C). By contrast, NJ based on the gamma distance placed gallid HV2 CVI988 as an
outgroup to the other three gallid HV2 genomes, with significant (98%) bootstrap support
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(Figure 2A). The NJ tree clustered gallid HV2 Md11 with gallid HV2 GA, likewise with
significant (97%) bootstrap support (Figure 2A). By contrast, the MP tree clustered gallid HV2
Md11 with gallid HV2 Md5, although the bootstrap support was relatively low (Figure 2B).
The QML tree, on the other hand, gave strong support to yet another pattern, clustering gallid
HV2 Md5 and Gallid HV2 CVI988 (Figure 2C).

Recombination in Gallid HV2
We identified 74 orthologs shared by the four genomes of gallid HV2 and estimated the number
of synonymous nucleotide substitutions per synonymous site (dS) pairwise between each
genome at each of these loci. We then applied k-means clustering to these dS values in order
to identify clusters of genes with distinctive patterns of synonymous substitution. With k = 3,
three clusters were identified that showed strikingly distinctive patterns (Table 1). Mean dS
values differed significantly among the three clusters for all comparisons except that between
the highly similar Md5 and Md11 genomes (Table 1). Cluster 1 included 64 genes for which
dS values were lowest between Md5 and Md11; intermediate between those two genomes and
CVI988; and highest between GA and the other three genomes (Table 1). Cluster 2 consisted
of eight genes that showed no synonymous differences among Md5, Md11, and CVI988, but
relatively high dS values between these three genomes and GA (Table 1). Cluster 3 included
three genes that showed no synonymous differences among Md5, Md11, and GA, but relatively
high dS values between the latter three genomes and CVI988 (Table 1).

Cluster 2 genes thus appeared to correspond to loci at which recombination has acted to
homogenize CVI988 with Md5 and Md11, whereas cluster 3 included cases where
recombination has homogenized GA with Md5 and Md11. Phylogenetic analyses based on
both dS and dN in the concatenated coding sequences of the genes in each cluster supported
these interpretations (Figure 3A-F). These phylogenetic trees were rooted by the midpoint
method. In the case of Cluster 1, Md5 and Md11 clustered together with highly significant
(100%) bootstrap support in trees based on both dS and dN, while GA showed the longest branch
and was thus used as outgroup (Figure 3A-B). In the case of Cluster 2, GA again showed the
longest branch, while Md5, Md11, and CVI988 were identical at synonymous sites (Figure
3C). In the tree based on dN in Cluster 2 genes, Md11 and CVI988 clustered together with
modest (77%) bootstrap support; but distances among Md11, CVI988, and Md5 were very
small compared to those between these genomes and GA (Figure 2D). On the other hand, in
the case of cluster 3, Md5, Md11, and GA were all identical at both synonymous and
nonsynonymous sites, while CVI988 showed a long branch (Figure 3E-F).

In order to test further the appropriateness of rooting trees of non-recombined genes from gallid
HV2 using GA as an outgroup (Figure 3A-B), we assembled a data set of orthologs shared by
gallid HV3 and the four gallid HV2 genomes. This data set included 8 of the 10 members of
clusters 2 and 3 involved in putative recombination events; excluding these genes, there were
55 remaining genes. An NJ tree based on dS in the concatenated sequence of these 55 genes
was constructed using gallid HV3 as the outgroup (Figure 3G). In this tree, the hypothesis that
GA forms an outgroup to the other three gallid HV2 genomes was supported by a significant
(96% bootstrap support) internal branch (Figure 3G).

Cluster 2 included two sets of loci physically adjacent in the gallid HV2 genome: (1) UL6 and
UL7; and (2) UL16, UL17, and UL18 (Table 2). The fact that these loci are linked suggests
that a single recombination event may have acted to homogenize UL6 and UL7 between
CVI988 and a genome closely related to Md5 or Md11. Similarly, a single recombination event
may have acted to homogenize UL16, UL77, and UL18 between CVI988 and a genome closely
related to Md5 or Md11.
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Discussion
Phylogenetic analyses based on concatenated amino acid sequences from 31 orthologous loci
from eight genomes of alpha herpesviruses infecting birds provided strong support for the
hypothesis that gallid HV3 is a sister taxon to gallid HV2 (Figure 2). By contrast, gallid HV1
was not found to be closely related to the other two chicken herpesviruses (Figure 2). This
conclusion was further supported by evidence for large-scale genomic inversions between
gallid HV2 and gallid HV1 but not between gallid HV2 and gallid HV3 (Figure 1). In addition,
the phylogenetic analyses supported the hypothesis that the turkey virus meleagrid HV1 was
closer to both gallid HV2 and gallid HV3 than was gallid HV1 (Figure 2). Thus, the
herpesviruses infecting the chicken (Gallidae) did not form a monophyletic group apart from
the virus infecting turkey (Meleagridae), indicating that the phylogeny of these viruses is not
congruent with that of their hosts and therefore supporting the hypothesis of past host switches
in the evolution of these viruses.

Analysis of the pattern of synonymous nucleotide substitution between orthologous genes
shared by four complete genomes of gallid HV2 showed strong evidence of past events of
homologous recombination that homogenized certain loci between genomes. Eight of these
loci represented cases where the CVI988 genome closely resembled Md5 and Md11. Since
these eight loci included two groups of adjacent loci, one including two loci and the other three
loci, the homogenization of the eight loci need only have required five separate recombinational
events. In addition, there were two loci at which GA was identical to Md5 and Md11.

The phylogenies based on concatenated amino acid sequences at 31 orthologous loci acid
sequences at 31 orthologous loci did a poor job of resolving the relationships of the four gallid
HV2 genomes. This may have occurred partly as a result of the confounding effects of
recombination on the phylogenetic analysis, since three of the loci implicated in recombination
events (UL6, UL12, and UL18; Table 2) were among the 31 loci used in these analyses.
However, another factor may simply have been the relatively small numbers of amino acid
differences among the four gallid HV2 genomes and the consequent large stochastic error. On
the other hand, a phylogenetic tree of gallid HV2 genomes rooted with gallid HV3 and
excluding genes implicated in recombination events provided strong support for the hypothesis
that the virulent GA genome forms an outgroup to the both the avirulent CVI988 genome and
the highly virulent genomes Md5 and Md11 (Figure 3G).

The results of these analyses suggest that, in reconstructing the evolutionary relationships
among a set of genomes encompassing a wide range of evolutionary distances, it may be helpful
to approach the problem in a stepwise fashion, using amino acid sequences to construct the
phylogeny of more distantly related taxa and DNA sequences to resolve the relationships of
closely related taxa, as done here (compare Figures 2 and 3G).

Because the virulent genome GA clustered apart from the two highly virulent genomes Md5
and Md11 in the phylogenetic tree (Figure 3G), recombination among these genomes may have
been involved in the transmission of virulence between these two lineages of gallid HV2. As
a consequence, the two loci (UL49.5 and RLORF12) that were homogenized among GA, Md5,
and Md11 (Table 2) appear to be candidates for contributing to virulence. Consistent with this
hypothesis is evidence that the envelope protein encoded by the UL49.5 gene of gallid HV2 is
essential for cell-to-cell spread in vitro (Tischer et al. 2002), suggesting an important role in
the infection process. Moreover, in the completely sequenced genome of CVI988 (DQ530348)
there is a premature stop codon in the RLORF12 reading frame, and deletions in this gene have
been reported in other avirulent strains of gallid HV2 (Spatz and Silva 2006).

Given the avirulent nature of CVI988, recombination events involving this genome are unlikely
to have involved virulence factors. Nonetheless, the loci involved recombination events among
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CVI988, Md5, and Md11 included two loci encoding tegument (UL16 and UL17) proteins
(Table 2); and there is evidence of host antibody responses directed against tegument proteins
in a number of herpesviruses (Lazzarotto et al. 2001;van Drunen Little-van den Hurk 1995).
Thus these recombination events also genotypes may have played a role in the evolution of
viral interactions with the host.
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Figure 1.
Plot of genomic location (start site) of 31 orthologous genes in (A) gallid HV1 and gallid HV2
Md5; and (B) gallid HV3 and gallid HV2 Md5.

Hughes and Rivailler Page 9

Virus Res. Author manuscript; available in PMC 2009 October 2.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Figure 2.
Phylogenetic trees (showing topology only) based on concatenated amino acid sequences of
31 orthologous genes from avian alphaherpesvirus genomes (15,476 aligned amino acid sites);
trees are rooted by the mid-point method: (A) NJ tree based on the gamma distance (shape
parameter = 1.16); (B) MP tree; and (C) QML tree based on the JTT with gamma (shape
parameter = 1.16). Numbers on the branches are percentage of bootstrap samples supporting
the branch (A and B) or percentage of puzzling steps supporting the branch (C).
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Figure 3.
NJ trees of four gallid HV2 genomes based on concatenated coding sequences of orthologous
genes: (A) dS in Cluster 1; (B) dN in Cluster 1 (Table 1); (C) dS in Cluster 2; (D) dN in Cluster
2; (E) dS in Cluster 3; (F) dN in Cluster 3; (G) dS in orthologs shared with gallid HV3, rooted
with gallid HV3 and excluding members of Cluster 2 and Cluster 3 (topology only shown).
Numbers of aligned codons were as follows: A-B: 34,488: C-D: 3,408; E-F: 162; and G: 32,305.
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Table 1
Mean dS (± S.E.) in clusters of gallid HV2 genes identified by cluster analysis.

Comparison Cluster 1 (N = 64) Cluster 2 (N=8) Cluster 3 (N = 2)

Md5 vs. MD11 0.00046 ± 0.00023 0.00000 ± 0.00000 0.00000 ± 0.00000

vs. CVI988 0.00205 ± 0.00042 0.00000 ± 0.00000 0.04425 ± 0.00005a

vs. GA 0.00468 ± 0.00075 0.04855 ± 0.00746 0.00000 ± 0.00000a

Md11 vs. CVI988 0.00210 ± 0.00042 0.00000 ± 0.00000 0.04425 ± 0.00005a

vs. GA 0.00473 ± 0.00075 0.04854 ± 0.00746 0.00000 ± 0.00000a

CVI988 vs. GA 0.00519 ± 0.00076 0.04855 ± 0.00746 0.04425 ± 0.00005a

a
Difference among cluster means significant at P < 0.001 (one-way ANOVA).
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Table 2
Members of clusters 2 and 3.

Cluster Gene symbol (Md11; AY510475) Protein function

Cluster 2 LORF1 Hypothetical

UL6 Capsid protein

UL7 Capsid protein

UL12 Deoxyribonuclease

UL16 Tegument protein

UL17 Tegument protein

UL18 Capsid protein

UL32 Nuclear phosphoprotein

Cluster 3 UL49.5 Envelope protein

RLORF12 Binds growth-related translationally controlled tumor protein
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