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ABSTRACT

Human herpes simplex viruses 1 and 2 (HSV-1 and HSV-2) are large-genome DNA viruses that establish a persistent infection in
sensory neurons and commonly manifest with recurring oral or genital erosions that transmit virus. HSV encodes 12 predicted
glycoproteins that serve various functions, including cellular attachment, entry, and egress. Glycoprotein G is currently the tar-
get of an antibody test to differentiate HSV-1 from HSV-2; however, this test has shown reduced capacity to differentiate HSV
strains in East Africa. Until the recent availability of 26 full-length HSV-1 and 36 full-length HSV-2 sequences, minimal compar-
ative information was available for these viruses. In this study, we use a variety of sequence analysis methods to compare all
available sequence data for HSV-1 and HSV-2 glycoproteins, using viruses isolated in Europe, Asia, North America, the Republic
of South Africa, and East Africa. We found numerous differences in diversity, nonsynonymous/synonymous substitution rates,
and recombination rates between HSV-1 glycoproteins and their HSV-2 counterparts. Phylogenetic analysis revealed that while
most global HSV-2 glycoprotein G sequences did not form clusters within or between continents, one clade (supported at 60.5%)
contained 37% of the African sequences analyzed. Accordingly, sequences from this African subset contained unique amino acid
signatures, not only in glycoprotein G, but also in glycoproteins I and E, which may account for the failure of sensitive antibody
tests to distinguish HSV-1 from HSV-2 in some African individuals. Consensus sequences generated in the study can be used to
improve diagnostic assays that differentiate HSV-1 from HSV-2 in global populations.

IMPORTANCE

Human herpes simplex viruses 1 and 2 (HSV-1 and HSV-2) are large DNA viruses associated with recurring oral or genital ero-
sions that transmit virus. Up to 12 HSV-1 and HSV-2 glycoproteins are involved in HSV cell entry or are required for viral spread
in animals, albeit some are dispensable for replication in vitro. The recent availability of comparable numbers of full-length
HSV-1 and HSV-2 sequences enabled comparative analysis of gene diversity of glycoproteins within and between HSV types.
Overall, we found less glycoprotein sequence diversity within HSV-2 than within the HSV-1 strains studied, while at the same
time, several HSV-2 glycoproteins were evolving under less selective pressure. Because HSV glycoproteins are the focus of anti-
body tests to detect and differentiate between infections with the two strains and are constituents of vaccines in clinical-stage
development, these findings will aid in refining the targets for diagnostic tests and vaccines.

preventing HSV-2 infection provide a progressive approach for
decreasing the HIV-1 epidemic (5).
HSV genomes span approximately 152,000 bp and include 77

H erpes simplex virus 1 and 2 (HSV-1 and HSV-2) are members
of the subfamily Alphaherpesvirinae. They are large, enveloped
DNA viruses that cause infections that cycle between a replication
stage, where infectious virus particles are shed through mucocu-
taneous erosions, and a latent infection stage, where the virus
persists in sensory neurons (1). While HSV-1 and HSV-2 induce
antibody and T cell responses, they are insufficient to clear the
virus. HSV-1 infection is primarily associated with oral lesions
and is frequently diagnosed in children, while HSV-2 is primarily
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associated with genital lesions and is usually sexually transmitted
(1). Coinfection of human immunodeficiency virus type 1
(HIV-1) with HSV-2 is common, with 50 to 90% of those infected
with HIV-1 coinfected with HSV-2 (2). Infectious HIV-1 is shed
in genital HSV-2 erosions, and the immune infiltrate in genital
HSV-2 is enriched in CCR57/CD4™ T cells that are targets for
HIV-1 infection (3, 4). Therefore, HSV-2 lesions can serve as por-
tals for both HIV-1 transmission and acquisition. Strategies for
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unique open reading frames (ORFs) that encode proteins. The
linear form of the genome contains two unique segments, the
unique long (U;) and unique short (Ug) regions, flanked by in-
verted-repeat regions, R; and R, respectively. The genome’s high
GC content and regions of low sequence complexity have limited
the generation of finished full-genome sequences and evolution-
ary analysis among different isolates (6), as described in the ac-
companying paper by Newman et al. (7). While nucleic acid di-
versity among isolates across HSV-2 coding regions is low (0.1 to
0.6%) (8), small, variable-length repeats occur both between the
ORFs and in a small number of ORFs, such as U;36, which en-
codes a large tegument protein, and R;2, which encodes ICPO.
HSV recombination may complicate phylogenetic analysis of full-
length genomes by presenting a conflicting signal (9); therefore,
smaller coding regions have often been used to identify evolution-
ary relationships among genetic isolates of HSV collected in dif-
ferent geographic regions or to compare the two HSV species.
Especially in the case of HSV-2, small data sets and a limited num-
ber of comparable regions have hindered extensive analyses.

The envelope of HSV is a lipid bilayer with up to 12 glycopro-
teins, based on evidence for covalent glycosylation of their protein
products. Proteomic analysis of purified HSV-1 virions has de-
tected at least 9 of these proteins (gL, gM, gH, gB, gC, gG, gD, gI,
and gE) (10). Another protein (gN), encoded by U;494, is also
glycosylated in another alphaherpesvirus, pseudorabies virus (11),
butnotin HSV-1 (11, 12). Itis included in this study because there
is evidence that it localizes to the viral HSV-2 envelope and can
also complex with gM (1). HSV glycoproteins are important dur-
ing early interactions between the virus and the target cell, in virus
egress and cell-to-cell spread, and in evasion strategies to avoid the
immune response of the host (13); however, the function of each
glycoprotein varies in relationship to the overall pathogenesis and
immune evasion by the virus. Some glycoprotein genes are dispersed
across the U region; in contrast, others comprise the majority of the
Ug region, where they are closely distributed, separated by small re-
gions of length variation. Analysis across glycoproteins may help
identify antigenic regions, support vaccine development, and provide
better knowledge of the immune response as HSV evolves in global
populations and in relationship to the HIV-1 epidemic. Previous
studies of HSV-1 glycoprotein diversity have shown the presence of
distinct clades and recombination (14-18); however, more recent
studies suggest that no subgroups of HSV-1 exist (6, 19). Studies of
four HSV-2 glycoproteins (gG, gl, gE, and gB) have suggested distinct
HSV-2 clades with (20) and without (21) recombination.

Recently, 36 full-length HSV-2 genomes collected from four
continents have been added to the NCBI sequence database, en-
abling a more robust analysis of HSV-2 glycoproteins (7, 22). Im-
portantly, HSV glycoproteins, in particular gG, are the target of
antibody detection assays used for the diagnosis of HSV-1 or
HSV-2 infections (23); therefore, a comparison of HSV-1 and
HSV-2 glycoproteins could show why these tests sometimes fail,
especially in East Africa, where some serological tests have an assay
specificity as low as 50.7% (24-28). We analyzed all putative gly-
coprotein genes in the U; and Ug regions, which included se-
quences derived from North America, Europe, Asia, the Republic
of South Africa, and East Africa. The goal was to clarify how HSV
glycoproteins have evolved in global populations and in compar-
ison to each other. In addition, for the first time, an analysis of
HSV-2 glycoproteins gL-2, gM-2, gH-2, gN-2, and gJ-2 was pos-
sible.
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MATERIALS AND METHODS

Published HSV-1 and HSV-2 glycoprotein sequences and their location
data (when available) were downloaded from the Virus Pathogen Re-
source (ViPR) (http://www.viprbrc.org/brc/home.spg?decorator=vipr)
interface to NCBI GenBank (https://www.ncbi.nlm.nih.gov/GenBank/)
(see Data Set S1 in the supplemental material).

Automated alignments were generated using MEGAS software (29)
for each HSV species glycoprotein at the amino acid level and optimized
by hand when necessary, after which the alignments were analyzed as
nucleic acids, except where noted. Alignments containing both HSV-1
and HSV-2 sequences for each glycoprotein were also generated. To study
recombination, concatenated alignments containing HSV-1 and HSV-2
glycoprotein sequences were generated from full-length HSV-1 (26 se-
quences) and HSV-2 (38 sequences) published sequences (6, 7, 22). The
concatenated alignments contain glycoproteins in the order in which they
reside in the U (gL-gM-gH-gB-gC-gN-gK) and Uy (gG-gJ-gD-gI-gE)
regions. Individual glycoprotein alignments were also used to assess re-
combination, as described below.

Assessments of overall evolutionary nucleotide diversity within an in-
dividual HSV-1 and HSV-2 glycoprotein alignment and divergence be-
tween HSV-1 and HSV-2 glycoprotein alignments (the average percent
base substitutions per site over all sequence pairs) were conducted in
MEGAS5 (29) using the Tamura 3-parameter model (30). Standard error
estimates were obtained by bootstrap (1,000 replicates). The best molec-
ular model was identified using Model Selection in MEGAS5. Nonsynony-
mous (dN) and synonymous (dS) substitutions per site were calculated
using 1,000 bootstrap replicates and the Nei-Gojobori model (31). Amino
acid divergence between HSV-1 and HSV-2 glycoprotein species was cal-
culated in MEGA5 using the JTT correction. As described above, the mo-
lecular model was selected using Model Selection in MEGAS5. Standard
error estimates were obtained by bootstrap (1,000 replicates). All codon
positions were included, and gapped positions were eliminated globally.

Several algorithms that use different statistical approaches were used
to investigate recombination within individually aligned glycoprotein se-
quences and concatenated glycoprotein sequence alignments, as follows.
The Recombination Detection Program (RDP) includes nine nonpara-
metric recombination detection methods (32). The Genetic Algorithm
Recombination Detection (GARD) program searches for evidence of seg-
ment-specific phylogenies; GARD searches the space of all possible loca-
tions in the alignment for breakpoints, inferring phylogenies for each
putative nonrecombinant fragment, and assesses goodness of fit by the
Akaike information criterion (33). Splitstree uses the pairwise homology
test (PHI test) to statistically test for the presence of conflicting signal
(recombination) in a set of aligned sequences with performance similar to
that of coalescence-based methods; a P value of <0.05 is considered sig-
nificant signal for recombination (34). In the analysis of each glycoprotein
sequence, all genetic data available for each glycoprotein available in
GenBank was used (see Data Set S1 in the supplemental material). In the
analysis of concatenated alignments, only glycoprotein data from full-
length sequences were used (6, 7). Simplot (35) was used to apply a
boot-scanning approach to concatenated alignments with the following
settings: window size, 1,000; step size, 50; strict consensus; F84 maximum-
likelihood model of evolution; and 1,000 bootstrap replicates. A recom-
bination signal in Simplot was considered positive at a cutoff of 70% (36).
To corroborate the recombination signal in Simplot, neighbor-joining
phylogenies (1,000 bootstrap replicates) were constructed using segments
of the alignments that flanked the potential recombination breakpoint.

To investigate positive selection on a site-by-site basis, and because
there is debate about whether counting methods or random-effects mod-
els are better approaches (37-39), we used an agreement-based inference
that included the five methods available in the HyPhy analysis suite (40)
(SLAC, FEL, iFEL, MEME, and FUBAR). A comparison of the SLAC and
FEL methods is available in reference 41. iFEL is slightly different from
FEL in that it investigates sitewise selection on internal branches of a
phylogenetic tree to determine whether selection is occurring at the pop-
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TABLE 1 HSV-1 and -2 glycoprotein sequence population diversity within and divergence between strains

% nucleic acid

Alignment % nucleic acid . . R
No. of sequences length (bp) diversity (SE) within: divergence (SE) % amino acid divergence
between HSV-1 (SE) between HSV-1

Region  Glycoprotein ~ Gene HSV-1 ~ HSV-2  HSV-1  HSV-2  HSV-1 HSV-2 and -2 and -2
U gL U, 1 44 38 675 675 1.5 (0.3) 0.01(0.0) 32.3(2.8) 45.2 (5.0)

gM U.10 39 38 1,422 1,401 0.8 (0.1) 0.2 (0.1) 19.8 (1.3) 19.9 (2.2)

gH U,22 ) 38 2,517 2,529 0.6 (0.1)  0.3(0.1) 22.1 (1.0) 24.1 (1.8)

gB U, 27 57 156 2,739 2,721 0.6 (0.1) 0.2 (0.0) 11.8 (0.8) 13.6 (1.2)

gC U, 44 92 53 1,539 1,443 1.2 (0.1) 0.4 (0.1) 27.3 (1.6) 38.9 (3.2)

gN U49a 37 41 276 264 0.5(0.1)  0.4(0.2) 37.8 (4.5) 64.6 (12.8)

gk U,53 56 43 1,017 1,017 12(0.1) 0.5 (0.1) 17.9 (1.3) 17.2 (2.3)
U e Uy 156 180 723 2,139 1.9(0.3)  0.4(0.1) 64.6 (4.5) 91.8 (9.1)

gl Ug7 75 85 1,317 1,137 1.3 (0.2) 0.3 (0.1) 31.2(2.1) 36.4 (3.7)

[:40] Us6 61 87 1,185 1,182 0.7 (0.1) 0.2 (0.0) 21.6 (1.5) 21.3 (2.5)

g Ugs 233 38 279 279 0.8(0.2)  0.2(0.1) 53.9 (0.7) 103.9 (16.3)

gE Us8 71 84 1,656 1,611 0.7 (0.1) 0.2 (0.0) 23.5(1.3) 29.5(2.6)
ulation level (42). MEME is a mixed-effects model of evolution that in- RESULTS

vestigates episodic diversifying selection affecting individual codon posi-
tions (43). FUBAR uses a Bayesian approach for inferring selection (44). If
at least three of these methods indicated positive selection at a particular
coding position, positive selection was considered likely.

An amino acid phylogeny of HSV-1 gG was constructed using
the JTT evolutionary model and 1,000 bootstrap replicate samples
(45). This phylogeny was imported into Figtree software (http://www
.molecularevolution.org) for graphic viewing of the results. The pro-
gram Cluster Picker (46) was used to isolate clades in the tree meeting
the criteria of >60% bootstrap significance and <0.5% diversity. Phy-
logenies for gI-2 and gE-2 were similarly constructed.

Signature pattern analysis was carried out for aligned HSV-2 gG, g,
and gE sequences using the program VESPA (47). The program detects
positions for which the most common character in the query set differs
from that in the background set. A background set of 15, 12, and 11
African sequences, which represented highly supported phylogenetic
clades in gG, gl, and gE phylogenies, respectively, were isolated and com-
pared to (i) other African sequences, (ii) all Western sequences (U.S. plus
European), and (iii) all Asian sequences. Positions where two or more
background sets were more than 70% different from one another were
identified. Amino acid frequencies at distinguishing sites were calculated.
The genetic distance within each query sequence population was also
calculated. A gG, gl, and gE consensus sequence was generated for all
HSV-1 sequences, the subset of HSV-1 African sequences that were phy-
logenetically distinct, and HSV-2 sequences using Geneious software
(version 6.0.5). Consensus positions in the alignment were based on 95%
identity. In cases where no consensus was identified, an “X” appears in the
alignment. The three consensus sequences representing each glycoprotein
were aligned, and amino acids were highlighted using a polarity color
scheme (yellow, nonpolar; green, polar/uncharged; red, polar/acidic;
blue, polar/basic) in Geneious software (version 6.0.5).

12 \
1
0 . |
B 06 — #Hsv1
7
7 | Al Hsv2
0.2 | - . -
gL gM gH g8 gC gN gk g6 @ gD g gE

—

FIG 1 Ratios of nonsynonymous (dN) to synonymous (dS) substitutions.
When dN/dS is greater than 0.6, the bar is outlined with a thick line.
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The numbers of sequences for each of the individual HSV-1 and
HSV-2 glycoproteins were comparable among most sets of
aligned glycoproteins, with two exceptions: for gB, there were
three times more HSV-2 sequences, and for gJ, there were approx-
imately three times more HSV-1 sequences (Table 1). The se-

TABLE 2 Recombination calculated within HSV1 and HSV2
glycoproteins

Result

Region Product PHI” GARD"” RDP*

U, gL-1 0.00 306 1
gl-2 1.00 0
gM-1 0.00 0
gM-2 0.01 0
gH-1 0.01 0
gH-2 0.15 762 0
gB-1 0.00 0
gB-2 0.50 0
oC-1 0.82 793 5
gC-2 0.37 576 0
gN-1 1.00 0
gN-2 1.00 0
gK-1 0.06 576 0
gK-2 0.44 1

Uy ¢G-1 0.57 0
¢G-2 0.50 0
-1 0.00 0
oJ-2 0.59 0
gD-1 0.35 0
gD-2 0.13 0
gl-1 0.91 674 2
gl-2 1.00 0
gE-1 0.00 0
gE-2 0.05 0

Journal of Virology

@ The PHI test identifies recombination signal in a phylogenetic network; P values are
listed (P values of <0.05 are considered positive for recombination).

® GARD identifies putative breakpoints within aligned nucleic acid sequences; the
locations of the calculated breakpoints in the nucleic acid alignments are listed.

¢ RDP uses nine pairwise scanning approaches to detect recombination; the numbers of
approaches that detected recombination are listed.
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Query Sequence: 17_Europe
gL gM gH gB gC gN gk

2. McKrae_Europe

—— F_Europe
—— H129_Europe
—— HF10_Europe
e —— KOS_Europe
—— McKrae_Europe.

1. H129_Europe 3. H129_Europ

% of Permuted Trees
Qo
o

o 500 1,000 1,500 2,000 2,500 3,000 3,500 4,000 4,500 5,000

1 2

Position 3

) E23_Africa 3K p=E13_Africa 23_Asia
Asia E25_Africa E14_Africa 25_Asia
E15_Africa E07_Africa R62_Asia
i Asle. Eufpie E11_Africa 17_Europe Query R11_Asia
Mixed E10_Africa McKrae_Europe McKrae_Europe F_Europe
Query E06_Africa E12_Africa 17_Europe Query
E35_Africa R62_Asia H129_Europe H129_Europe
Europe E08_Africa 23_Asia CR38_Asia
E07_Africa 25_Asia KOS_Europe
E12_Africa R38_Asia * E12_Africa
E13_Africa 0S_Europe McKrae_Europe
E13_Africa E19_Africa R11_Asia * EEOB_Alrica
E14_Africa E14_Africa HF10_Europe E19_Africa
E12_Africa HF10_Europe * F_Europe E14_Africa
E08_Africa Africa 1 F_Europe H129_Europe HF10_Europe
E19_Africa 3k 4E03_Africa =E08_Africa E13_Africa
07_Africa E22_Africa L=E19_Africa E07_Africa
E06_Africa *Kp=17_Europe Query 06_Africa E03_Africa
Efg :inca H129_Europe H129_Europe 25_Africa E25_Africa
_Africa McKrae_Europe 10_Africa E22_Africa
X 11 Africa Africa 2 R11_Asia 11_Africa E10_Africa
[E15_Africa K _4CR38_Asia 15_Africa E11_Africa
[E23_Africa KOS_Europe 23_Africa E06_Africa
E35_Africa R62_Asia 35_Africa E15_Africa
K _4F03 Africa 5 . * i % ( i _Afi
‘ i) Africa 3 S23_Asia 03_Africa E23_Africa
£22_Africa 'S25_Asia 22_Africa E35_Africa

Concatenated Sequences 1. 1000bp- partial gM-gH 2. 1500bp- partial gH 3. 1500bp- partial gC

FIG 2 Boot-scanning and phylogenetic analyses for evidence of recombination within concatenated HSV-1 U glycoprotein sequences. (A) HSV-1 strain 17 was
used as the query sequence against other HSV-1 U; concatenated glycoprotein sequences using a boot-scanning approach. The x axis in the boot scan reflects the
position in the aligned set of sequences, and the y axis shows the percentage of permuted trees in which an individual HSV-1 strain clustered with the query. A
recombination cutoff value of 70% is indicated by the dashed line. Regions of the scan associated with each glycoprotein segment are boxed, with the glycoprotein
name above the plot. Three putative recombination events occurred and are numbered. The arrows indicate positions where sequence concatenation may be
linked to the recombination signal. Directly below the boot-scanning plot, numbered black lines indicate regions of the alignment used to substantiate the
recombination signal in the phylogenies shown in panel C. (B) Concatenated glycoprotein phylogeny with taxa colored by region (green, Europe; red, Africa;
orange, Asia). The tree was used as a guide to group some sequences in the boot-scanning analysis plot shown in panel A. Boot-scanning groups, indicated by
colored cones subtending the sequence names, were defined by bootstrap significance of >90% and included three African groups (1 to 3), one European group,
one Asian group, and one mixed group containing sequences from Asia and Europe. (C) Three midpoint-rooted phylogenies were generated and are shown in
cladogram format. The phylogenies were generated with segments of the alignment as noted in panel A. The lengths of the segments used to create the phylogeny
are shown at the bottom. Portions of the tree containing highly supported clades, similar to the phylogeny containing the full concatenated sequence (panel B),
are indicated. The strain containing the most closely related recombinant segment is indicated next to the phylogeny with the query sequence (strain 17). The
asterisks indicate bootstrap values of 70% or higher.

quence populations for each glycoprotein were derived from vi-
ruses isolated in Europe, North America, Asia, East Africa, and
South Africa. As expected, HSV-1 and HSV-2 glycoprotein genes
were similar in length and aligned well, except for gG, for which
the HSV-1 and HSV-2 genes were of different lengths and difficult
to align, except at the 3 ends of their coding sequences. The re-
cently published 36 full-length HSV-2 genomes (7, 22) allowed a
first-time evaluation of diversity in five glycoproteins (gL-2, gM-2,
gN-2, gH-2, and gJ-2).

Diversity within HSV glycoprotein genes at the nucleotide level
ranged from 0.5 to 1.9% for each sequence population (Table 1).
HSV-1 sequence alignments were =50% more diverse than
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HSV-2 sequences in all cases except in gN. The nonsynonymous
(dN)-to-synonymous (dS) nucleotide substitution ratios were
usually less than 0.5 in HSV-1 glycoprotein genes but were above
0.6 in seven HSV-2 glycoprotein genes (gL, gB, gC, gK, gG, gI, and
gE), suggesting that different evolutionary constraints were acting
on the two HSV populations (Fig. 1). gM, gH, gC, and gD had
similar dN/dS ratios in the two HSV subtypes.

Analysis of nucleotide divergence between HSV-1 and HSV-2
glycoprotein genes showed that three of the four HSV glycopro-
tein genes necessary for virus entry (gH, gB, and gD) were among
the five most highly conserved between the two species; however,
gL, which is also essential, was among the least conserved between
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Query Sequence: G19090_UG

A. gL g™ gH gB gC  gN gk
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2 2.G19078_UG — G19071_UL_UG
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Q 80 ,\/ — G19075_UL_UG
L 75 _S:’SS’UL’UG
':70-_____-. - —— v ——————— —— - —— — 15078 UL_UG
8§ © 65 G19081_UL_BAL
E TR 1. G19076_UG = G19082_UI_BAL
g 5% - —— G19083_UL_WASH
g 2% USA1
§ E s e G19086_UL_WASH
£ = 40 — G19087_UL_UG
s’ g 35 — G19092_UL_SA
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— Japan 1
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5 — (G32591_UL_JP
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y ¥ y y T T y T T y y ¥ . . - . . - ’ — (32593 _UL_JP
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G19082 UL~ 30590 UL P G19086_UL"USA
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G130%0-UL-UG
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19088 UL_UG Uganda 1 e ¢ 2568"UL )
5613281 UL EU

UL 19084_UL_USA G32590_ULJP
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Concatenated Sequences

UL
G19083_UL_USA
G44422_UL_ZA

1. 1000bp- partial gH

HSV2_UL_SD90_ZA
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FIG 3 Boot-scanning and phylogenetic analyses for evidence of recombination within concatenated HSV-2 U, glycoprotein sequences. (A) HSV-2 Uganda
strain G19090_UG was used as the query sequence against other HSV-2 U, concatenated glycoprotein sequences using a boot-scanning approach. The x axis
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bootstrap values of 70% or higher.

acid divergence followed a similar pattern, except that in this case,
the gJ gene was the most divergent glycoprotein gene between
species (Table 1). Amino acid divergence between HSV-1 and
HSV-2, calculated using the best-fitting molecular model (JTT),

species (Table 1). The most closely related glycoprotein between
HSV-1and HSV-2 was gB, at 11.8% divergence, followed by gK at
17.9%. In contrast, the most divergent glycoprotein genes were
the gG gene at 64.6%, followed by the gJ gene at 53.9%. Amino
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TABLE 3 Positively selected amino acid positions for HSV-1 and HSV-2 starting from the first codon in the reference sequence using five methods

Amino acid position(s)

Region  Product  FEL (0.1)" SLAC (0.1)” iFEL (0.1)” MEME (0.1)* FUBAR (0.9)¢ Agreement?
U, gl-1 212 212 212 157,171, 212 212
gL-2 37
gM-1 203 203 203 203 203 203
gM-2 13,243
gH-1 284 284 284 284, 369 284, 369, 370 284
gH-2 516, 634 516 516 634 112, 154, 516, 634 516, 634
gB-1 59 549
gB-2 7,336, 851 336, 402, 851 7,336, 851 7,43, 336, 488, 851 7,42, 55, 336,402,851 7,336,851
gC-1 23,289,306,366  23,289,306,366 23,75,132,242,262, 16,23,71, 80,132,242, 16,23, 132, 262, 289, 23,289, 306, 366
289, 309, 349 245, 248, 262, 264, 300, 306, 366, 424
289, 305, 306, 383,
393, 414, 424
gC-2 53 344, 428 194 53,194, 195 53,169, 214 53
gN-1
gN-2
gK-1 224 224, 309 40, 224, 226, 309, 325 224 224
gK-2 247 115, 247
Uy gG-1 3,167, 225,238 167 97, 166, 167, 207 3,167,207, 214, 238 3,97, 167, 238 3,167,238
gG-2 204, 212, 291, 204, 338, 426 204, 212, 291, 338, 136,204, 212,291, 331, 35, 136, 204, 212,291, 204, 212, 291,
338, 426 400, 426, 569 338, 400, 426, 469, 328, 338, 349, 408, 338,426
562, 563, 604 426, 445, 512, 592
gl-1 60 25 54, 60, 91
gj-2 30, 86
gD-1 50 84, 369, 374
gD-2 353
gl-1 189, 297 18, 179, 189, 297 18,179, 189,221,222 189
gl-2 246 215, 246 120, 259
gE-1 188 259 120, 259
gE-2 194 43,51, 410

“ The number in parentheses is the cutoff P value for the single degree of freedom likelihood ratio test to classify a site as positively selected.

Y The number in parentheses is the cutoff P value for the two-tailed extended binomial test to classify a site as positively selected.

¢ The number in parentheses is a cutoff value for the Bayes factor for the event of positive selection at a given site, sel 2.

@ At least three methods indicated positive selection at the coding position(s) listed; boldface indicates agreement among all selection methods.

was sometimes much higher than corresponding nucleic acid
divergence calculations. This is likely due to the nonlinear scal-
ing for multiple substitutions with a complex model. More-
over, HSV genes have a high GC content, with about 80% G or
C occurring at the 3rd codon position. This permits a biased
codon usage for HSV, with an effective codon usage of approx-
imately 40/61 different codons. These biases are expected to
cause relatively low nucleotide diversity for a given degree of
amino acid diversity.

A variety of computational approaches are classically used to
detect genomic recombination events, and the strength of the pos-
itive signal for recombination varies between algorithms (9, 34,
48). These methods could be sensitive to sequence populations
containing a very large amount of diversity that would result in
phylogenetic noise; likewise, in a low-diversity data set, recombi-
nation would be impossible to detect using any computational
approach (9). Using GARD, the PHI test in Splitstree, and nine
other recombination algorithms in RDP, we detected moderate
recombination in HSV-1 and infrequent recombination in HSV-2
glycoprotein alignments (Table 2). In most cases these alignments
contained similar numbers of diverse global HSV isolates. The
methods used were often inconsistent in their abilities to detect
recombination, with the PHI test suggesting the most recom-
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bination events, in eight HSV-1 and HSV-2 glycoprotein align-
ments; GARD identified six recombination breakpoints within
the aligned data, and RDP calculated recombination signal in
only three sets of aligned data.

Concatenating glycoprotein sequence alignments and applying a
boot-scanning approach could identify recombination within larger
genetic segments of HSV. One would expect, given the physical dis-
tance between the locations of the glycoproteins in the full genome
(especially in Uy ), clear breakpoints would occur near or at sites of
concatenation. The same algorithms (GARD, PHI test, and RDP)
applied to individual alignments were applied to the concatenated
alignments. Again, HSV-1 exhibited more evidence of recombina-
tion than HSV-2 alignments, with a median value of 5 breakpoints for
HSV-1 compared to 0 breakpoints for HSV-2 in U; and a median
value of 3.5 breakpoints in HSV-1 compared to 0 breakpoints in
HSV-2 in Ug. Boot-scanning (Simplot) analysis of concatenated se-
quence alignments suggested recombinant segments for both HSV-1
and HSV-2 in U, (Fig. 2 and 3), with recombination breakpoints
appearing close to glycoprotein concatenation sites. To substantiate
this result, phylogenies were generated using recombinant segments
of the aligned data (Fig. 2B and 3B and C). Many highly supported
branches were identified in each of the partial HSV-1 phylogenies,
whereas very few highly supported branches were identified in the

jviasm.org 8211


http://jvi.asm.org

Lamers et al.

& o ',441"
g
\,u--n-..,,
& ‘
4 \
X i NN
A — _:‘,_ S
2
g
'y 2
> 3 ,~ \
»
N ) y ¥
| 4 % »
'v'v
W <o
— A 4

8.0E-4

'VV" v

0.001

v
\{
\& >
'v,’
A East Africa
> x A
> A Europe
> I
5 A Asia
Y A : A North America
) A South Africa
* A
A
A
A
A
* Y
A
4
% ‘
<
<
\ad
v

L

80E-4

FIG 4 Maximum-likelihood phylogenetic analysis of HSV-2 gG, g, and gE amino acid sequences. Individual sequences are colored by global region. The
asterisks indicate clades identified with Cluster Picker with a bootstrap value of >60% and within-clade diversity of <0.5%.

HSV-2 U, partial phylogenies, arguing that recombination in HSV-2
either is occurring less or is simply too difficult to detect using a
computational approach. Also of note is that putative recombination
was usually detected within continents and much less frequently be-
tween continents in both strains. Boot scanning was also performed
for the HSV Uj concatenated sequence alignments. Again, recombi-
nation was detected in most HSV-1 sequences but could not be con-
firmed in any of the HSV-1 Uy sequences.

Positive selection occurs in coding regions when evolution se-
lects for advantageous amino acid residue changes. Of the meth-
ods used for detecting amino acids under positive selection,
MEME and FUBAR frequently identified many positively selected
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sites compared to the older methods (FEL, iFEL, and SLAC)
(Table 3). Both of these algorithms are considered superior to the
other methods used because they reflect selection under a wider
range of scenarios that may vary over a larger number of site
classes (43, 44). Glycoprotein C, which plays a significant role in
attachment to the cell surface and the adsorption of virus to cells,
contained the most positively selected amino acids in HSV-1 (Ta-
ble 3). Combined with high diversity (1.2 = 0.1) and a high dN/dS
ratio, this indicates that HSV-1 gC is perhaps more flexible than
other glycoproteins while simultaneously fixing potentially bene-
ficial mutations. In HSV-2, gG contained the most positively se-
lected sites and a corresponding high dN/dS ratio. Again, this in-
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TABLE 4 U.S. HSV-2 glycoprotein signatures for a subset of African sequences

Amino acid(s) at position®:

% amino acid

distance in 862 gl-2
Alignment gG (SE) 291 338 372 546 10 159 230 gE-2, 134
African subset (background; 14 sequences) 0.1 (0.1) Gioo Los/1, VoA Tioo Vs Lioo L,o/P,; R,o/L,,
Other African (query; 27 sequences) 0.5 (0.1) Eg,/Gig Ry¢/Lss Ao Ao Ao Res/Ls; Ss,/P /L, Lgs/Ri5
Western (query; 118 sequences) 0.6 (0.1) Eos/Gs Rgy/Ly, Ao Ao Ao R, /L, Pg,/Si6 Loo/Ryq
Asia (query; 8 sequences) 0.6 (0.2) Eg;/Gs Rigo Ajgo Ao Ajgo Lgs/Ry, P1oo L7s/Rys

@ The subscript number indicates the percentage of sequences in the alignment with the corresponding amino acid. The positions correspond to the positions in the amino acid

alignments shown in Fig. 4 to 6.

dicates a region that is randomly accumulating mutations while
fixing those that are advantageous.

Because serology tests used to discriminate HSV-1 and
HSV-2 infections are frequently inaccurate in East African
populations (25-28), we further examined HSV-2 gG amino
acid sequences using phylogenetic methods. The analysis dem-
onstrated that most global strains were dispersed around the
tree, with few clusters with bootstrap support greater than
50%; however, there was one large (14 sequences), low-diver-
sity clade (<0.1%) with moderate bootstrap support (>60%)
(Fig. 4A). The viruses represented in this clade were similarly
identified in phylogenies of glycoproteins gI-2 and gE-2 (Fig.
4B and C). This group of African sequences comprised 37% of
the total East African sequences in GenBank and was derived
from subjects in Tanzania and Uganda.

To understand the changes in amino acids that resulted in the
phylogenetic grouping of the African subset, a signature pattern
analysis was performed that compared the sequences to align-
ments with the other African, the Western-derived, and the Asian
sequences. A unique amino acid signature emerged for the HSV-2
gG, gl, and gE glycoproteins in the East African subset (Table 4).
Four positions in gG-2 varied significantly from those in the other
groups. gG-2 position 291 was always a neutral glycine in the
African subset and primarily a negatively charged glutamic acid in
the other groups. At gG-2 position 338, a lysine was identified in
98% of the African subset, whereas arginine was present in most
other sequences. Significant polymorphisms in positions gG-2
372 and 542 were not departures in charge but could represent
slight differences in hydrophobicity or polarity. Position 542 is
within a known immunodominant region of gG (49). Additional
signature amino acid polymorphisms occurred in glycoproteins
gl-2 and gE-2 (Table 4). Alignments containing consensus amino
acid sequences from HSV-1, HSV-2, and the African subset for
gG, gl, and gE contain numerous regions with enough sequence
identity for the development of new enzyme-linked immunosor-
bent assays (ELISAs) that would improve the diagnostic serology
for HSV-1 and HSV-2 in global populations (Fig. 5 to 7).

DISCUSSION

Until the recent availability of 36 full-length HSV-2 sequences (7,
22) to add to a panel of 26 full-length HSV-1 genomic sequences
(6), our ability to analyze the diversity between HSV-1 and HSV-2
has been limited. The genetic distance between HSV-1 and HSV-2
glycoprotein nucleotide and amino acid sequence populations can
be quite large (11 to 64% and 13.5 to 83%, respectively). Despite
the finding that HSV-1 glycoproteins are significantly more di-
verse than those of HSV-2 (P > 0.001), nonsynonymous substi-
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tutions were more frequently observed in HSV-2 glycoproteins.
Opverall, this implies that while HSV-2 is accumulating both syn-
onymous and nonsynonymous changes, the change is occurring
at such a low level that there is limited biological effect.

Nucleotide and amino acid diversity revealed a number of con-
trasting results between HSV-1 and HSV-2 strain glycoproteins.
For example, this study was the first to examine a large number of
sequences of gL-2, gM-2, gN-2, gH-2, and gJ-2 and to compare
them to their HSV-1 counterparts. Nucleotide diversity in gL-2, a
protein that chaperones gH through the Golgi apparatus to the
plasma membrane (1), was almost nonexistent, in contrast to con-
siderably high diversity in gL-1. Nucleotide diversity levels in gM,
gH, and gN were similar in HSV-2 and HSV-1 strains. Calcula-
tions of gJ diversity showed a difference between the two species;
however, in both species, gJ maintained the same length and
showed a highly conserved region from amino acid positions 48 to
75, which may be important in the glycoprotein’s function of
blocking apoptosis (1). The large genetic diversity between the gG
proteins of the two species is due to the fact that they share ho-
mologous segments only at the 3’ end of the gene, and because of
this divergence, the viral protein product has historically been
used to differentiate HSV-1 and HSV-2 antibody responses (1).
Glycoprotein B has diverged least between HSV-1 and HSV-2,
which may be related to the essential nature of gB for viral entry via
fusion of the envelope with the plasma membrane (1). Glycopro-
tein K, which appears to be associated with neurovirulence, is the
second most conserved glycoprotein between the two virus types.
The fact that it is conserved more than glycoprotein H is particu-
larly interesting, because gH is thought to be essential for virus
entry and virus-induced cell fusion (1). This is important, because
it provide evidence that gK has important in vivo functions that
are not essential for viral replication in cell culture. While the
results presented here are not intended to give an exhaustive re-
view of diversity in all glycoproteins, they provide evidence that
will be useful for additional studies, such as protein modeling and
elucidating how glycoprotein variation affects structure-function
relationships among HSV species.

Because of the potentially confounding effect on evolution
and important biological implications, viral recombination is
essential to consider when studying HSV-1 and HSV-2 diver-
sity. A high degree of recombination has been suggested in the
literature for both HSV-1 (6, 14, 16) and HSV-2 (20) strains.
While we were able to identify recombination using numerous
algorithms in more than 50% of the HSV-1 glycoproteins, dif-
fering from previous reports (20), recombination in HSV-2
was much more difficult to detect. This is likely due to the
decreased sequence divergence in HSV-2 sequence populations
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in part to the U.S. strain of HSV-2 used to provide the antigens in
the Western blot and extends to the antigen used in commercial
ELISAs. Serologic differences in performance with African sera
may be partially based on the finding that the gG-2 gene differed
the most between African and Western strains of HSV-2. Further
testing of HSV amino acid sites under positive selection may show
how these sites affect glycoprotein structure. Phylogenetic analysis
indicated that a subset of East African sequences that were col-
lected from Uganda (7) and Tanzania (20) frequently segregated
together in a low-diversity clade, especially in the Ug glycopro-
teins. Signature pattern analysis revealed that these sequences pos-
sess a unique signature in gG-2 that includes one position in an
antigenic region bound by HSV-2-reactive antibodies (49). An
amino acid signature in this East African subset was also identified
in gI-2 and gE-2. gl and gE form a complex with each other, and
this complex binds to the Fc domain of IgG (1); therefore, unique
signature patterns across these Uy glycoproteins could be due to
coevolution of amino acids based on necessary structural or phys-
ical functions. While this group of African sequences does not
represent a true unique clade of HSV-2, the study demonstrates
that virus evolving over many years in localized regions could
perhaps generate enough unique signatures to impact serological
testing. Future studies will explore whether other HSV-2 glyco-
proteins or different HSV-1 gG consensus sequences are more
suited for antibody detection assays.

Several vaccines to prevent or treat HSV-2 infection have re-
cently been tested in clinical trials, and additional vaccines are
being tested (51-53). Each of these vaccines has a different com-
position, ranging from a single truncated gD-2 in the case of the
GlaxoSmithKline vaccine (51) to a nearly complete HSV-2 in the
case of the replication-incompetent strain with mutations in U} 5
and U, 29 (54). The implications of variation between HSV-1 and
HSV-2 and between HSV species vary for these different vaccine
formats. The truncated gD-2 protein vaccine (51) would not be
expected to differ in efficacy with geographic region, as gD-2 se-
quences show very little variation. This vaccine showed better ef-
ficacy against HSV-1 than against HSV-2 in HSV-seronegative
women, with the efficacy correlating with anti-gD2 antibody lev-
els (55). This cross-protection is not completely unexpected, as
gD-2 and gD-1 are highly similar in amino acid sequence. The
absence of variability within gD-1 sequences bodes well for this
candidate should it be advanced for HSV-1 protection. gB-1, also
required for cell entry, has a similar favorable absence of diversity
within and between strains, while our analyses show that gH and
gL, which are also the targets of neutralizing antibodies, exhibit
greater diversity. In contrast, HSV-2 therapeutic vaccines de-
signed to elicit antibodies and T cells (56) are typically multivalent
and may be less prone to sequence variation effects (57). Amino
acid alignments containing consensus sequences from HSV-1,
HSV-2, and the African subset further elucidate the differences
between glycoprotein strains and will be used to generate new
ELISAs that can better discriminate HSV-1 from HSV-2 antibod-
ies in human sera.

Summary. In this study, several analyses indicated that HSV-2
isolates are less diverse and perhaps evolving under different evo-
lutionary pressures than those of HSV-1. This finding is likely due
to the different evolutionary histories of the two strains (50, 58,
59). In the most recent analysis of the origins of the herpesvirus,
HSV-1 was estimated to have emerged approximately 6.6 million
years ago due to codivergence of chimpanzees and humans,
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whereas HSV-2 arose later, the latter hypothesized to be a cross-
species transmission from chimpanzee to humanoids about 1.6
million years ago (50). Several factors may contribute to the
higher worldwide seroprevalence and diversity of HSV-1 than of
HSV-2, such as the time difference between the origins of the two
species (60, 61) and more frequent exchange of oral secretions
than genital secretions. In cell culture, HSV-1 also provides higher
yields than HSV-2, so there may be more copies of HSV-1 shed-
ding (1), which could impact viral diversity and the yield of re-
combinant viruses during a cellular coinfection event. Viruses
evolving in different cellular reservoirs may also have impacted
the difference in evolution between the two species. One final
hypothesis is that HSV-1 may have reached a saturation point
where positive selection is acting to control diversity that is not yet
observable or essential for viral success in some HSV-2 genes. The
influence of HSV-2 infection on the HIV-1 epidemic emphasizes
the importance of studies that provide in-depth genetic analysis of
HSV genes, especially the glycoproteins, because they permit fur-
ther exploration of the evolutionary history of these viruses and
because of their importance in designing serological tests and in
vaccine development.
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