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ABSTRACT

Herpes simplex virus 2 (HSV-2) is a major global pathogen, infecting 16% of people 15 to 49 years old worldwide and causing
recurrent genital ulcers. Little is known about viral factors contributing to virulence, and there are currently only two genomic
sequences available. In this study, we determined nearly complete genomic sequences of six additional HSV-2 isolates, using Il-
lumina MiSeq. We report that HSV-2 has a genomic overall mean distance of 0.2355%, which is less than that of HSV-1. There
were approximately 100 amino-acid-encoding and indels per genome. Microsatellite mapping found a bias toward intergenic
regions in the nonconserved microsatellites and a genic bias in all detected tandem repeats. Extensive recombination between
the HSV-2 strains was also strongly implied. This was the first study to analyze multiple HSV-2 sequences, and the data will be
valuable in future evolutionary, virulence, and structure-function studies.

IMPORTANCE

HSV-2 is a significant worldwide pathogen, causing recurrent genital ulcers. Here we present six nearly complete HSV-2 genomic
sequences, and, with the addition of two previously sequenced strains, for the first time genomic, phylogenetic, and recombina-
tion analysis was performed on multiple HSV-2 genomes. Our results show that microsatellite mapping found a bias toward in-
tergenic regions in the nonconserved microsatellites and a genic bias in all detected tandem repeats and confirm that chimpan-
zee herpesvirus 1 (ChHV-1) is a separate species and that each of the HSV-2 strains is a genomic mosaic.

Herpes simplex virus 2 (HSV-2) causes recurrent genital ulcers
and is a significant global pathogen, with an estimated 536

million people between the ages of 15 and 49 years infected world-
wide (1). Patients infected with HSV-2 experience a number of
reactivation episodes following exposure, with a decreasing fre-
quency of reactivations over time (2). Significantly, asymptomatic
viral shedding occurs during up to 17% of days 10 years postin-
fection (3). Furthermore, HSV-2 seropositivity triples the risk of
HIV coinfection (4). In developed countries, however, herpes
simplex virus 1 (HSV-1) has been undergoing a changing epide-
miology, with an increase in the number of genital infections;
thus, HSV-2 is no longer the exclusive genital herpesvirus (5–7).
As with HSV-1, there is no vaccine currently available. Sequencing
of additional HSV-2 strains may aid vaccine development and
therapeutic approaches by assessing protein variation and identi-
fying possible targets.

HSV-2 infects the genital epithelial mucosa, and, unlike
HSV-1, which establishes latency in the trigeminal ganglia, HSV-2
establishes latency in the lumbar-sacral ganglia (8). There is a
paucity of information regarding factors influencing virulence,
including the significance of the genetic makeup of individual
isolates, which requires more investigation. Most studies involv-
ing HSV-2 have focused on seroprevalence, vaccine development,
antiviral development, and characterization of drug resistance (4,
9–16).

HSV-2 is a large, double-stranded DNA (dsDNA) virus in the
Alphaherpesvirinae subfamily. Phylogenetic analysis has shown
that HSV-2 is more closely related to chimpanzee herpesvirus 1
(ChHV-1) than to HSV-1 (17, 18). Until recently, only one
genomic HSV-2 sequence of a clinical isolate had been available,
but another was made available recently (19, 20). Little is known

about the sequence diversity in circulating strains; however, it has
been estimated to be lower than that in strains of HSV-1 (21, 22).
The HSV-2 genome is approximately 154,700 bp long and is di-
vided into unique long (UL) and unique short (US) segments,
which are flanked by inverted repeats. Variability in genome
length is due to variable-nucleotide tandem repeats (VNTRs),
which include microsatellites and tandem repeats.

We determined the sequence of six nearly complete HSV-2
genomes and included the two previously sequenced strains to
begin to investigate HSV-2 genomic variability, phylogenetics,
and recombination. Although the data set is small, genomic anal-
ysis of the strains suggested that HSV-2 has reduced nucleotide
diversity compared to HSV-1. We also report that nonconserved
microsatellites are biased toward intergenic areas, and tandem
repeats were biased toward genic areas in the UL and US coding
regions similarly to HSV-1. There were approximately 100 amino-
acid-encoding single nucleotide polymorphisms (SNPs) and in-
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dels in each strain compared to the HG52 reference strain. Recom-
bination analysis confirmed that each of the HSV-2 strains is a
genomic mosaic. This is the first study to sequence and analyze
multiple HSV-2 strains and is an important step in expanding the
HSV-2 genomic database.

MATERIALS AND METHODS
Cells. Vero cells were used to generate viral DNA stocks and were
cultured in Dulbecco’s modified Eagle’s medium (DMEM) with 5%
serum and antibiotics as described previously (23). For viral DNA
isolation, the infections were carried out in DMEM with 2% serum and
antibiotics.

Viruses. HSV-2 strains 333 and HG52 are high-passage-number
laboratory strains, while SD90e, 1192, CtSF, CtSF-R, COH 3818, and
GSC-56 are low-passage-number clinical isolates. Strain 333 was iso-
lated from a genital lesion in Texas, USA (24), and strain 1192 was
isolated from a genital lesion in Wisconsin, USA, and was passaged
three times prior to sequencing. The CtSF, CtSF-R, COH 3818, and
GSC-56 strains were isolated from unknown locations in the United
States. The genomic sequences for HSV-2 HG52 and SD90e (20) were
obtained from GenBank, and these strains were from Scotland and
South Africa, respectively. The genomes and associated accession
numbers are shown in Table 1.

Viral DNA preparation. The viral DNA was prepared using a modi-
fication of our previous protocol (25). Briefly, a confluent TC100 plate of
Vero cells was infected with virus and 4 ml of DMEM with 2% serum and
then harvested when the cells reached a 100% cytopathic effect (CPE). The
cells were scraped, and the whole preparation was subjected to three
freeze-thaw cycles. The volume of the whole preparation was brought to 5
ml with DMEM with 2% serum. The viral preparation was then distrib-
uted equally onto five confluent TC100 plates of Vero cells. When the cells
reached 100% CPE, the five plates were harvested, combined, and centri-
fuged at 600 � g for 10 min. The supernatant was removed, and then 5 ml
of the supernatant was placed back into the tube containing the pellet and
subjected to vortex mixing. The vortexed pellets were then subjected to
three freeze-thaw cycles. The samples were then centrifuged at 600 � g for
10 min. The supernatants were combined and centrifuged at 600 � g for
20 min. The supernatant was layered onto a 36% sucrose cushion in phos-
phate-buffered saline (PBS) and centrifuged for 80 min at 24,000 � g. The
resulting pellet was resuspended in 5 ml of PBS and layered onto another
36% sucrose cushion in PBS and centrifuged 80 min at 26,200 � g. The
viral pellet was then resuspended in 3 ml of TE buffer (10 mM Tris [pH
7.4], 1 mM EDTA) with 0.15 M sodium acetate and 50 �g/ml RNase A and
then incubated 30 min at 37°C. Proteinase K and SDS (50 �g/ml and
0.1%, respectively) were added, and the solution was incubated for 30 min

at 37°C. The viral DNA was purified by phenol-chloroform extraction and
ethanol precipitation, resuspended in deionized water, and stored at
�20°C.

Construction and sequencing of Illumina libraries. High-quality
genomic DNA (500 ng) was submitted to the University of Wisconsin—
Madison DNA Sequencing Facility for paired-end library preparation.
Each library was generated using an Illumina TruSeq Nano LT sample
preparation kit (Illumina Inc., San Diego, CA, USA) per the manufactur-
er’s specifications, targeting 550-bp fragments. The quality and quantity
of the DNA were assessed using an Agilent DNA High Sensitivity series
chip assay (Agilent Technologies, Santa Clara, CA, USA) and a Qubit
dsDNA kit (Life Technologies, Grand Island, NY, USA), respectively, and
libraries were standardized to 2 nM. Paired-end sequencing (250 bp) was
performed on an Illumina MiSeq system using version 2 kits and return-
ing an average of 250,000 unique reads (125 Mb) per library. FASTQ
reports were created using CASAVA 1.8.2.

Genomic assembly. The paired-end sequencing reads from the
HSV-2 333, 1192, CtSF, CtSF-R, COH 3818, and GSC-56 strains were
aligned to reference HSV-2 strain HG52 (JN561323.2) using CLC-Bio
Genomic Workbench (version 6.0). De novo assembly was also per-
formed; however, we found it had no significant advantage over the ref-
erence assembly (data not shown). A consensus sequence generated from
the aligned reads was extracted with a minimum threshold of 4� cover-
age. Regions with less than 4� coverage were represented with “N=s.”
Gaps in the sequence were filled with “N=s” rather than being filled with a
proxy sequence, as has been done with HSV-1 (26, 27). Following anno-
tation, the sequences were submitted to GenBank.

Genomic sequence alignments. Two genomic alignments of the eight
HSV-2 strains were generated, one with the eight HSV-2 strains alone and
one using HSV-1 and ChHV-1 as outgroups. All alignments were pro-
duced with ClustalW (28) from the Mega 6 software package (29). The
two alignments are available as FASTA files at sites. ophth. wisc. edu/
brandt/.

DNA polymorphism and DNA variability analysis. To detect DNA
polymorphisms across the eight HSV-2 genomes, DNAsp (30) was used to
analyze the genomic HSV-2 alignment. Alignment gaps were excluded from
the analysis with a sliding window of 100 bp and a step size of 25 nucleotides.
To calculate nucleotide distance in the HSV-2 genomes, the HSV-2 alignment
was first subjected to DNA substitution model testing using Mega 6, with the
alignment gaps removed. The Tamura-Nei substitution model resulted in the
lowest Bayesian inference criterion (BIC) score and was used to calculate
overall mean and pairwise distances (Mega 6).

Microsatellite and tandem repeat detection. To detect microsatellites
and tandem repeats, HSV-2 strain HG52 was first analyzed as a baseline
with Msatcommander (31, 32) and Tandem Repeat Finder (TRF) (v.
4.07b) (33). Msatcommander was configured to detect mononucleotide-
to-hexanucleotide repeats, with a mononucleotide length of 10, a dinu-
cleotide repeat length of 6, and the remaining parameters using a repeat
length of 4. Tandem Repeat Finder (TRF) was used with the following
parameters: match, 2; mismatch, 5; delta, 5; PM, 80; minscore, 40; max-

TABLE 2 MiSeq sequencing statistics of HSV-2 isolates

Viral
isolate

No. of
reads

No. of
reads
mapped
to
reference

Avg
mapped
read
length
(bp)

Avg
coverage

Gapped
genome
length
(bp)

333 475,138 99,906 217 140� 154,764
1192 321,344 109,545 216 152� 154,668
CtSF 452,640 144,919 218 203� 154,709
CtSF-R 494,046 140,481 216 190� 154,705
COH 3818 416,512 128,195 219 181� 154,739
GSC-56 407,234 110,159 219 156� 154,703

TABLE 1 Genomes and accession numbers

Virus Strain Host
Country of
origin

GenBank
accession no.

HSV-1 17 Human Scotland, United
Kingdom

JN555585.1

ChHV-1 105640 Chimpanzee United States NC_023677.1
HSV-2 HG52 Human Scotland, United

Kingdom
JN561323.2

HSV-2 SD90e Human South Africa KF781518
HSV-2 333 Human Texas, United

States
KP192856

HSV-2 1192 Human Wisconsin,
United States

KP334095

HSV-2 COH 3818 Human United States KP334096
HSV-2 CtSF Human United States KP334097
HSV-2 CtSF-R Human United States KP334093
HSV-2 GSC-56 Human United States KP334094
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period, 500. The remaining HSV-2 strains were also scanned with Msat-
commander and TRF.

Phylogenetic analysis. For genomic phylogenetic analysis, the HSV-1
strain 17 and ChHV-1 genome sequences were retrieved from GenBank
and aligned to the eight HSV-2 genomic sequences. Nucleotide substitu-
tion modeling was performed on the data set using Mega 6, and this
resulted in the GTR�G model having the lowest BIC score. A maximum
likelihood tree was generated using GTR�G, with five gamma categories
and 1,000 bootstrap replicates, and using Mega 6. Gaps were excluded
from the alignment, resulting in a total of 135,376 positions in the data set.

Recombination analysis. Two different methods were used to detect
recombination within the eight HSV-2 strains. First, Splitstree (v. 4.13.1)
(34) was used to generate a neighbor network based the whole-genome
alignment of HSV-2, which included the HSV-1 and ChHV-1 genomes as
outgroups. The Kimura 2-parameter substitution model (35) was used,
with alignment gaps excluded from the data set. Next, individual
Bootscan plots for each of the strains were produced, where one strain was
used as the reference genome and scanned against the remaining ge-
nomes. The plots were created using whole-genome HSV-2 alignment
(minus outgroups) and the RDP4 package (36), with a sliding window of
1,500 nucleotides, a step size of 750 bp, and the Kimura 2-parameter
substitution model.

Nucleotide sequence accession numbers. The genomes and associ-
ated accession numbers are shown in Table 1.

RESULTS AND DISCUSSION
Sequencing and genomic assembly. The total number of se-
quence reads for each viral isolate ranged from 321,344 for strain
1192 to 494,046 for strain CtSF-R, with average read lengths of 216
and 219 bp for strains 1192 and COH 3818, respectively (Table 2).
The average genomic sequence coverage ranged from 140� for
strain 333 to 203� for strain CtSF. The coverage distribution was
similar to that seen in HSV-1 (37), with lower coverage in the large
repeat regions and higher coverage in the UL and US coding re-
gions (Fig. 1). The areas of lower coverage generally corresponded
to high GC content (Fig. 1). The sequence gaps were cataloged and
are available for download at sites. ophth. wisc. edu/brandt/.

Nucleotide polymorphism analysis. To identify nucleotide

differences between the HSV-2 genomes, we first mapped DNA
polymorphisms across the alignment to distinguish whether the
polymorphisms were evenly distributed or whether there were
polymorphism hot spots. The subsequent analysis showed that the
large terminal and internal inverted repeat regions contain a large
amount of variability; however, this is mainly artifactual, due to
lower coverage in these regions (Fig. 1). Additionally, the analysis
showed a generally even distribution across the UL and US coding
regions (Fig. 1). Four polymorphism spikes were detected in the
UL coding region at approximately 72,000 bp, 89,000 bp, 99,000
bp, and 106,000 bp. The polymorphism spikes at approximately
72,000 bp and 106,000 bp are artifacts due to low sequencing
coverage (Fig. 1). The polymorphism spike at 89,450 bp is a highly
covered region which corresponds to an approximately 200-bp
region in the reference HG52 strain that is variable compared to
the remaining seven sequences. The cause of the nucleotide vari-
ability in this region of the HG52 strain is unclear. A spike occur-
ring at an approximately 99,000-bp spike was also highly covered
and appears to represent a small area of DNA variability among
the HSV-2 strains. The genomic alignment shows an area of vari-
ability between bases 99452 and 99623 of the whole-genome align-
ment. This area corresponds to mainly a noncoding sequence be-
tween the UL45 and UL46 genes. The significance of this finding is
not clear. Further studies may determine whether this 159-bp re-
gion is an area of low evolutionary constraint or an important
variable regulatory region.

Short sequence repeat characterization. Two categories of
short sequence repeats (SSRs), microsatellites and tandem re-
peats, were next examined. The HG52 reference sequence was
scanned for microsatellites and tandem repeats and used as a base-
line. The baseline distribution of the microsatellite and tandem
repeats is plotted in Fig. 1 and categorized in Fig. 2A. The catego-
rization of the repeats excluded the terminal repeat long/terminal
repeat short (TRL/TRS) regions to prevent over counting. The
baseline distribution analysis showed that 53% of the microsatel-
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lites were located in the UL coding region, 36% percent in the
internal repeat long/internal repeat short (IRL/IRS) region, and
6% in the US coding region. The baseline tandem repeat distribu-
tion revealed that 49% were in the UL coding region, 48% were in
the IRL/IRS repeats, and 3% were in the US coding region.

The remaining seven HSV-2 strains were then analyzed for
microsatellites and tandem repeats; however, the terminal and
internal inverted repeat regions were excluded from the analysis
because of low coverage sequencing limitations in the terminal
and the internal inverted repeat segments. The genome coordi-
nates of the SSRs detected by the analysis were normalized to the
HG52 baseline genome and plotted (Fig. 1). The microsatellites
and tandem repeats were then classified into genic and intergenic
as well as conserved and nonconserved categories (Fig. 2B and C).
Microsatellite detection found that, overall, only 12% of the sites
were conserved in the UL region and 29% were conserved in the
US region (Fig. 2B). The analysis detected a genic bias of 80% in
the conserved microsatellite sites in the UL region. However, the

nonconserved microsatellite sites displayed an intergenic bias in
both the UL and US regions, with intergenic bias values of 68%
and 80%, respectively (Fig. 2B).

The tandem repeat detection determined that, overall, 84% of
sites were conserved in the UL region and 100% were conserved in
the US region (Fig. 2C). The tandem repeat sites showed a bias
toward genic locations in both conserved and nonconserved sites
in both the UL and US coding regions (Fig. 2C). The conserved
tandem repeat sites were biased 89% toward genic sites in the UL
region and 100% in the US region. The nonconserved tandem
repeat sites were biased 80% toward genic regions in the UL re-
gion, with no nonconserved sites in the US region. The high per-
centage of conserved tandem repeat sites within genic areas is
unsurprising, given that the majority of genic sequences encode
proteins. The full lists of microsatellite and tandem repeats are
available for download at the laboratory website sites. ophth. wisc.
edu/brandt/.

The distribution of the short sequence repeats detected in this
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study was broadly similar to the distribution of those detected in
HSV-1 (27). Microsatellite and tandem repeats have been used in
the past to characterize HSV-1 and HSV-2 strains (38–40), and
genomic analysis of the multiple strains in this study may allow
precise short sequence repeat targeted analysis for the rapid char-
acterization of viral strains.

Genomic distances. To investigate HSV-2 genetic diversity,
the genomic pairwise distances for the sequence data set were

calculated (data not shown). The greatest calculated genetic dis-
tance was between strains HG52 and 333 (0.361%), while the
smallest distance was between COH 3818 and CtSF-R (0.061%)
(data not shown). The genetic distances were low, with the overall
distance calculated at 0.2355%, compared to 0.8% with HSV-1
(41). The lower observed overall distance reported here corre-
sponds to previous reports of lower genetic diversity in HSV-2
than in HSV-1 (21, 22). It is possible, however, that the low genetic
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FIG 3 Maximum likelihood tree of eight genomic HSV-2 sequences. (A) Maximum likelihood tree using the GTR�G substitution model with five gamma
categories, 1,000 bootstrap replicates, and complete deletion of alignment gaps. HSV-1 and ChHV-1 were used as outgroups. (B) Expansion of the HSV-2-
specific node.
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diversity observed in this study was simply the result of the use of
a low sample size. Only as more genomic sequences become avail-
able will it be feasible to perform a direct comparison of interstrain
diversity between HSV-1 and HSV-2.

SNP and indel variant analysis. SNP and indel variant analysis
was performed on the six HSV-2 strains sequenced in this study to
create a catalog of SNPs and indels. The HG52 genome was used as
a reference genome, with a threshold of 4� coverage and 30%
variable base frequencies. The results are shown in Table S1 in the
supplemental material. The variant detection found a range of
from 250 SNPs in strain 1192 to 279 SNPs in strain CtSF-R. Ad-
ditionally, the analysis found a range of from 58 indels in strain
GSC-56 to 69 indels in strain COH 3818. Of the SNP and indels
detected, 94 protein-coding SNPs and indels were found in
GSC-56 and up to 109 protein-coding SNPs and indels were found
in strain CtSF-R. The variant analysis detected several complex
SNPs and indels (Table S2 in the supplemental material) in each of
the six strains, with a minimum of four in strain COH 3818 and a
maximum of nine in strain 333. A total of three frameshift muta-
tions were found; however, all three were the result of complex
deletions. Two were found in strain 333 (UL32 [Ala271fs] and
UL47 [Thr586fs]) and one in strain GSC-56 (UL32 [Ala271fs]).

Phylogenetic and recombinational analysis. To investigate
the phylogenetic structure of the eight HSV-2 strains, a maxi-
mum-likelihood-based tree which included HSV-1 and ChHV-1
as outgroups was generated (Fig. 3A), with an expansion of the
HSV-2-specific node (Fig. 3B). The data suggest that, while they
are closely related, HSV-2 and ChHV-1 are separate species, with
a mean distance of approximately 8% (data not shown) between
the ChHV-1 and the HSV-2 strains collectively. Both the phylo-
genetic tree data (Fig. 3B) and neighbor network data (Fig. 4A)
show the presence of some clustering structures (e.g., clusters of
333, CtSF, and GSC-56 and of COH 3818 and CtSF-R), while the
remaining strains are phylogenetically distinct.

The use of small numbers of genes has been effective for exam-
ining the deeper evolutionary roots of herpesviruses and has
shown that herpesviruses generally codiverge with their hosts
(42). However, using small gene sets to determine interstrain phy-
logenies is more difficult due to recombination. For example, in
HSV-1, using the gG, gE, and gI genes, three genotypes have been
described, with each gene tree showing various topologies, imply-
ing recombination (43). Subsequent research with HSV-1 whole
genomes suggested the presence of several geography-based, phy-
logenetic interstrain groupings (27, 41); however, phylogenetic
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strains HG52, 333, and 1192 as reference sequences, scanned against the remaining HSV-2 genomic sequences. A 1,500-bp sliding window with a 750-bp step size
and the Kimura 2-parameter nucleotide substitution model were used. The dotted line within the plot indicates the 70% bootstrap cutoff.
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trees based on 5-kb segments of the genome resulted in various
topologies and did not reflect the geographic origins of the sam-
ples (41). Thus, it is critical to use genomes that are as complete as
possible in HSV-1 phylogenetic analysis. A previous study exam-
ining HSV-2 gG, gE, and gI genes from Norway, Sweden, and
Tanzania reported extensive recombination (21). The study also
concluded that there were two main genotypes, genotypes A and
B. It is, then, highly likely that this is an underestimate of phylo-
genetic groupings and that sequencing and analysis of additional
HSV-2 strains will also result in additional geography-based, phy-
logenetic interstrain groupings.

To investigate genomic recombination among the eight HSV-2
strains, two methods were used. First, a neighbor network was
constructed using a whole-genome sequence alignment which in-
cluded the eight HSV-2 strains (plus outgroups). The HSV-2-
specific node is shown in Fig. 4A and highlights the phylogenetic
dissonance in the data set, implying recombination. Finally, a
whole-genome sequence alignment, which included the eight
HSV-2 strains (minus outgroups) was used to perform Bootscan
recombination analysis. Bootscan analysis is used to detect incon-
sistent phylogenetic signals across a sequence alignment, and the
results imply recombination. Three representative scans are
shown in Fig. 4B, with the remaining scans found in Fig. S1 in the
supplemental material. The variable patterns observed in compar-
ing the individual Bootscan plots and the phylogenetic dissonance
results observed in the neighbor network suggest that each HSV-2
strain is a genetic mosaic, as expected. Additionally, the Bootscan
recombination analysis suggests that recombination appears to
occur randomly in the genome, with no obvious recombination
hot spots or cold spots detected (Fig. 4B; see also Fig. S1).

Summary. In conclusion, we determined the nearly complete
genomic sequences of six HSV-2 strains using Illumina MiSeq
SNP/indel analysis of the six HSV-2 strains and detected approx-
imately 100 protein-coding SNPs and indels per genome.
Genomic bioinformatic analysis of the 6 sequenced strains along
with the genomes of two HSV-2 strains obtained from GenBank
found a small amount (0.235%) of interstrain diversity. Microsat-
ellite mapping of the full eight-strain data set found a bias toward
intergenic regions in the nonconserved microsatellites and a genic
bias in all detected tandem repeats. Recombination analysis fur-
ther suggested that each HSV-2 strain is a genomic mosaic, as
expected. Additional genomes will need to be sequenced to deter-
mine the clade structure and determine whether geographic clus-
tering is present as has been shown for HSV-1. This will require an
expansion of our strain collection. For the first time, the genomes
of multiple HSV-2 isolates were analyzed, and these data will be
highly useful in future evolutionary, virulence, and structure-
function studies.
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