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Background. Kaposi sarcoma-associated herpesvirus (KSHV), the etiologic agent of Kaposi sarcoma, is human-specific and is
thought to have emerged from primate-infecting gammaherpesviruses. KSHV seroprevalence shows geographic variation, being
highest in sub-Saharan Africa, intermediate in the Mediterranean area, and low in most other locations. However, KSHV
prevalence is also particularly high in specific regions such as the Miyako Islands (Japan).

Methods. We retrieved KSHV genomes from public repositories and analyzed geographic patterns using principal component
analysis and STRUCTURE. Adaptation to the human host was investigated by likelihood ratio tests for positive selection. Protein
structures were derived from the HerpesFolds database.

Results. Most non-African genomes are genetically separated by the African genomes, and the latter are divided into 2 main
lineages. The African genomes received most of their ancestry from 2 populations showing limited drift, suggesting an African
origin for circulating KSHV strains. Several non-African genomes instead have most of their ancestry covered by a highly
drifted ancestral population. However, some non-African genomes show similar ancestry proportions to the African ones,
including those from Miyako Islands and the variant F subtype sampled in France. Molecular analysis of adaptation to the
human host identified core genes as the major selection targets, including 2 viral enzymes that counteract human immune defenses.

Conclusions. 'We suggest that the genetic diversity of extant strains reflects relatively recent demographic events associated with
viral lineage extinctions, which may have influenced KSHV epidemiology. Adaptation to the human host involved changes in core
genes, possibly a strategy to optimize protein-protein interactions.
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Human herpesvirus 8 (HHV-8, order Herpesvirales, family
Orthoherpesvirinae, genus Rhadinovirus), also known as Kaposi
sarcoma-associated herpesvirus (KSHV), is the etiological agent
of Kaposi sarcoma (KS), primary effusion lymphoma, multicentric
Castleman disease, and KSHV inflammatory cytokine syndrome
[1]. Although the virus is causally associated with tumor forma-
tion, only a small minority of infected subjects eventually develop
disease. In fact, most KS cases occur in people with human immu-
nodeficiency virus (HIV) [1]. In people with HIV, KS commonly
develops upon progression to AIDS. However, it can occur even
in individuals with high CD4" T-cell counts [2-4] and during an-
tiretroviral drug treatment [5]. Moreover, HHV-8-associated
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malignancies can sporadically occur in HIV-seronegative individ-
uals [6-8]. KS was first described by Moritz Kaposi in 1872, well
ahead of the HIV pandemic [9]. At that time, KS was considered
an uncommon, slow-growing malignancy affecting middle-aged
and elderly men [9]. Until the early 1980s, KS remained a rare dis-
ease, mainly reported in Central Africa. The AIDS pandemic raised
the risk of KS worldwide, giving raise to the so-called “epidemic
KS,” as opposed to the previously rare “endemic KS” [8]. For un-
known reasons, the seroprevalence of KSHV shows important geo-
graphic variation: It reaches >90% in rural areas of sub-Saharan
Africa, whereas it amounts to 20%-30% in the Mediterranean
area and drops below 10% in Northern Europe, Asia, and the
United States (US) [8]. However, regional differences also exist,
and KSHV prevalence was reported to be particularly high in spe-
cific regions such as the Xinjiang autonomous region in China and
the Miyako Islands (Okinawa Prefecture, Japan) [10, 11].

Like all other herpesviruses, HHV-8 is a double-stranded
DNA virus with a long genome (~165 kb) consisting of a single
unique region flanked by terminal repeats at both termini of the
genome. Its life cycle is characterized by latent and lytic phases;
the virus is primarily transmitted by intermittent shedding
in saliva [12-14] and it enters latency upon cell infection.
Systemic viral reactivation from the latent reservoir, primarily
B cells, results in KSHV-related disease.
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Another feature that KSHV shares with other herpesviruses
is its extremely limited natural host range, which is restricted to
humans [15]. This is generally considered the result of very
long-standing adaptation and co-speciation of these viruses
with their hosts. Indeed, viruses phylogenetically related to
KSHV were isolated from nonhuman primates. Specifically,
in Old World primates of the genera Macaca and Colobus, 2
rhadinovirus lineages were identified: one more closely related
to KSHV, which includes the retroperitoneal fibromatosis—as-
sociated herpesvirus and colobine gammaherpesvirus 1, and a
second one that contains rhesus macaque rhadinovirus,
Macaca nemestrina rhadinovirus, and Japanese macaque rha-
dinovirus [16]. Rhadinoviruses related to KSHV were also de-
tected in chimpanzees and gorillas, but their full genome
sequences have not been obtained [17, 18]. Finally, distinct rha-
dinoviruses, with lower similarity to KSHV, were detected in
New World primates [19].

MATERIALS AND METHODS

Viral Genome Sequences, Alignment, and Network

Viral genome sequences were selected from the Bacterial and
Viral Bioinformatics Resource Center portal (http:/www.bv-
brc.org/). A detailed list of accession numbers is reported in
Supplementary Table 1. A phylogenetic network was generated
using SplitsTree4 (v4.16.2) [20]. Genomic alignments were gen-
erated using MAFFT with default parameters [21]. Alignments
were uploaded in SeaView [22] and visually inspected. Biallelic
parsimony-informative (PI) sites with a minimum frequency
of 2 and with 90% of sequence coverage were selected. A princi-
pal component analysis (PCA) was performed using the PI ma-
trix as input.

T-distributed stochastic neighbor embedding (tSNE) was ap-
plied to visualize the high-dimensional single-nucleotide poly-
morphism (SNP) data in a 2-dimensional plot. tSNE was
calculated with the R package Rtsne [23], with an input matrix
composed by SNPs covered by all viral strains (n = 1712), set-
ting the perplexity parameter at 30 and run for 5000 iterations.

Linkage Disequilibrium

To evaluate linkage disequilibrium (LD), we used LIAN soft-
ware (v.3.7) [24]. Significance was assessed by Monte Carlo
simulations (1000 iterations).

Population STRUCTURE Analysis

The PI data used for PCA analysis were also used to run
STRUCTURE (25, 26]. The optimal K was evaluated with the
Evanno method [27] using the HARVESTER tool [28]. The
amount of drift that each subpopulation experienced from a
hypothetical ancestral population was quantified by the F pa-
rameter calculated for the optimal K value (K =4) [25].

Molecular Dating

The largest sequences (~1227 bp, ORF26) available for a sizable
number of strains sampled before 1995 (Supplementary Table 2)
was used for root-to-tip regression. A maximum-likelihood tree
was generated by IQTREE v1.6.12 [29]. We then calculated the
correlation coefficient () of the regression of root-to-tip genetic
distances against sequence sampling years.

Detection of Positive Selection in the HHV-8 Lineage

We analyzed a viral phylogeny composed of 12 different strains
(Supplementary Table 3): 5 fully sequenced viruses infecting
Old World monkey species and 7 HHV-8 strains selected
from the PCA analysis.

For each viral genome, we retrieved coding sequences of all an-
notated open reading frames (ORFs) (Supplementary Table 4).
Gene alignments were generated using GUIDANCE2 [30]. For
each coding gene, phylogenetic trees were reconstructed using
phyML. Episodic positive selection on the HHV-8 branch was
detected by applying the branch-site likelihood ratio tests from
codeml (“test 2”) [31]. To identify sites evolving under positive
selection, we used Bayes Empirical Bayes analysis.

Structural Mapping of Positively Selected Sites
Three-dimensional protein structure available for capsid vertex
component 2 (ORF19, PDB ID: 7nxq) was obtained from the
Protein Data Bank archive (www.rcsb.org, last accessed 29
July 2024). The molecular structures of all other proteins
were generated from the HerpesFolds database (https:/www.
herpesfolds.org/herpesfolds) [32].

A detailed version of this section is available in the
Supplementary Methods.

RESULTS

Genetic Diversity and Geographic Associations of Circulating KSHV
Strains

We obtained all available complete or almost complete KSHV ge-
nomes from public databases (Supplementary Table 1). Sequences
with known country of origin (n=164) were aligned and a
neighbor-net split network was generated (Figure 1A). Despite ex-
tensive reticulation, suggestive of recombination, some clusters
were evident and showed association with geographic areas.
Whereas some of such clusters mostly included sequences sam-
pled in Africa, many non-African genomes defined a single cluster
with apparently limited genetic diversity (Figure 1A).

To gain insight into the genetic relatedness of KSHV ge-
nomes, we applied PCA (Figure 1B). The first principal compo-
nent (PC), which explained 21% of the variance, mainly
separated sequences sampled in sub-Saharan Africa. Some ev-
idence of clustering in this geographic area was observed, with
west-to-east and north-to-south gradients. In fact, sequences
from West Africa (Cameroon) tended to separate from those
sampled in Central Africa (Uganda) and Southern Africa
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Figure 1. Divergence among human herpesvirus 8 (HHV-8) strains. A, Neighbor-net split network of HHV-8 genomes (n = 164). Each sequence is shown as a dot,
color-coded according to geographical location, as described in the key. B, Principal component (PC) analysis of HHV-8 whole-genome diversity. Onto the Cartesian axes
(y and x), the first and second components are reported, which describe 21% and 19% of genome diversity. Each dot is a genome, color-coded as in A. On the right, a
geographic map of Africa shows countries color-coded according to geographical information of African HHV-8 isolates.

KSHV Diversity and Adaptation to Humans « OFID « 3

920z Afenuer gz uo Jasn oueI Ip 1PNIS 11Bap BYSIOAIUN AQ 81 L8E0S/L | LIBIO/E/Z | /A01E/PLO/L0D"dNO"OILBPEOE//:SARY WO POPEOIUMOQ



(Malawi and Zambia). However, the clustering was clearly in-
complete, with sequences from Uganda having the widest dis-
tribution along the first PC. The second PC (19% of variance)
clearly placed most non-African sequences in a distinct cluster,
but also contributed to the separation of the African ones.
Seven genomes from France, Canada, and the US instead re-
mained in the African cluster. Also, 4 of the 5 Japanese se-
quences (including 3 from Miyako Islands in Okinawa
Prefecture) formed a distinct cluster. For further validation,
analyses were also performed using a different approach, name-
ly tSNE. Results very similar to those in the PCA were obtained,
with the formation of 3 major clusters comprising non-African
sequences (plus a single sequence from Uganda), mixed ge-
nomes, and Africa-only strains (Supplementary Figure 1).

Analysis of KSHV Populations
To gain further insight into the structure of KSHV populations,
we used the program STRUCTURE, which relies on a Bayesian
statistical model for clustering genotypes into populations
without prior information on their genetic relatedness
[25, 26, 33]. The program can identify distinct subpopulations
(or clusters [K]) that compose the overall population.
Subpopulations can then be related to specific features such as
geographic origin or genotype classification. Because
STRUCTURE is ideally suited for weakly linked markers [25],
we first analyzed the level of LD with LIAN v3.7 [24].
Statistically significant LD was detected (P <.01), with a stan-
dardized index of association of 0.0692, a value indicating very
weak LD and allowing application of STRUCTURE models.
We used the linkage model with correlated allele frequencies,
which assumes that discrete genome “chunks” were inherited
from K ancestral populations [25]. To estimate the optimal
number of subpopulations, we ran STRUCTURE for values
of K from 1 to 14. The AK method yielded a major peak at
K =4 (Supplementary Figure 2). Analysis of ancestry compo-
nents was thus performed for 4 subpopulations (Figure 2A).
For each of these subpopulations, we used the linkage model
in STRUCTURE to estimate the F parameter, which represents
a measure of genetic differentiation between populations based
on allele frequencies (Figure 2B). Results indicated that the low-
est drift was experienced by 1 subpopulation (Africa_1) that ac-
counted for the largest ancestry component of all Cameroonian
samples, as well as most sequences from Uganda. The Africa_1
population also contributed considerable ancestry proportions
to some sequences from Zambia and Malawi. This population
also appears at high proportions in a few non-African samples,
which correspond to some of those that failed to separate on the
second PC. These include the F variant strains, which were as-
sociated with severe clinical presentation in French patients,
whereas the reference F strain was derived from a Congolese
patient with multicentric Castleman disease [34]. The 2 popu-
lations with intermediate drift (Africa_2 and Worldwide) had

very different distributions. Africa_2 accounted for a major an-
cestry component of several genomes sampled in Zambia,
Uganda, and Malawi, being poorly represented elsewhere.
The worldwide component instead occurred with variable pro-
portions in most sequences. Finally, the most drifted compo-
nent (non-Africa) was observed at very high frequency in
most non-African genomes and only accounted for minor an-
cestry components of African sequences. Compared to other
non-African strains, sequences from Japan, including those
from Okinawa Prefecture, had lower representation of the
non-African component and more of the Worldwide and
Africa_1 components (Figure 2).

Overall, these data are consistent with the presence of 2 ma-
jor KSHYV lineages in Africa [35], which are characterized by
the Africa_1 and Africa_2 components. Most non-African ge-
nomes have instead their ancestry contributed by a highly drift-
ed ancestral population with relatively low representation in
Africa.

Molecular Dating of KSHV

Next, we aimed to estimate the time of KSHV emergence using
tip dating. To this purpose, a heterochronous dataset is neces-
sary. We thus searched public databases for KSHV genome
fragments sampled across the widest possible time interval.
We identified 42 sequences of ORF26 that were sampled
from the 1970s to the 1990s, and we combined them with the
ORF26 sequences from our full genome dataset. We thus ob-
tained an alignment of 177 sequences with sample dates be-
tween 1971 and 2021 (Supplementary Table 2). Reliable time
estimates can only be obtained if a temporal signal is detected
in the sampled sequences. Thus, we performed regression of
root-to-tip genetic distances against sampling dates. No signifi-
cant correlation was found (r = —0.03), indicating that there is
no temporal signal in the data and that molecular dating cannot
be pursued (Supplementary Figure 3).

Genome-wide Scan of Positive Selection on the KSHV Branch

As mentioned above, KSHYV is a human-specific pathogen, im-
plying that the virus must have evolved to infect our species.
We thus sought to identify the molecular mechanisms that con-
tributed to human adaptation. To this aim, we exploited the
availability of complete genomic sequences of rhadinoviruses
that infect other primates. Specifically, we selected a set of ge-
nomes from rhadinoviruses that infect macaques and colobes,
as well as 7 KSHV strains representative of the genetic diversity
of circulating strains, according to the PCA analysis (Figure 1B,
Supplementary Table 3). To detect adaptation to the human
host, we applied a branch-site test [31] and we designated as
foreground branches those that lead to the HHV-8 sequences
(Figure 3). The test was performed for 66 coding genes, for
which we confidently retrieved orthologous sequences from
nonhuman primate rhadinoviruses (Supplementary Table 4).
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Figure 2. Population structure analysis of human herpesvirus 8 (HHV-8) strains. A, Bar plot representing the proportion of ancestral population components for K = 4. Each
HHV-8 genome is represented as a vertical line colored according to the proportion of sites that have been assigned to the 4 ancestral components by STRUCTURE. Genomes
are grouped according to sampling location. B, Distributions of F values for the 4 populations. Ancestry components are named based on the geographical region where they

are more prevalent. Colors are as shown in A. Abbreviation: Pr, probability.

After accounting for recombination, we found evidence of pos-
itive selection in 6 genes: ORF19, ORF33, ORF36, ORF39,
ORF42, and ORF54 (Table 1). All of these are core genes shared
among all herpesviruses [36].

The branch-site test also provides information on which co-
dons were targeted by selection. Positively selected sites were
found in all genes, except for ORF39 (glycoprotein M)
(Table 1). To analyze the location of the selected sites relative
to protein structural domain, we searched for 3-dimensional
structures of KSHV proteins. The crystal protein structure
was only solved for capsid vertex component 2 (ORF19). For
proteins encoded by ORF33, ORF36, ORF42, and ORF54 we
used the 3-dimensional models available from the HerpesFolds
database [32].

Mapping of the positively selected sites onto the molecular
models, as well as on the structure of the capsid vertex compo-
nent 2, indicated that most of them are surface exposed
(Figure 4). The capsid vertex component 2 protein is a key

component of the viral capsid. The 2 positively selected sites
are located in the globular domain of the protein. Although
not directly involved in the interaction with other pORF19
monomers, these 2 sites can potentially interact with other pro-
teins, as ORF19 is also a component of the capsid-associated
tegument complexes [37].

Signals of positive selection were also found in 2 cytoplasmic
envelopment proteins (cepl:ORF42 and cep2:ORF33), which
are involved in tegumentation and envelope acquisition within
the host cytoplasm, playing a direct role in viral egress [38, 39]
(Figure 4). These 2 proteins are predicted to interact with many
other viral proteins. The interaction of ORF33 from MHV-68
(murine gammaherpesvirus 68, which is closely related) with
ORF25 and ORF26 capsid proteins and with ORF38 and
ORF45 tegumental proteins was experimentally validated, but
the molecular determinants of these interactions remain still
unknown. Only the ORF33 N-terminal domain (1-17 aa) was
demonstrated to be essential for interaction with ORF45
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Figure 3. Branch-site analysis. A maximum-likelihood tree of ORF9 (encoding the DNA polymerase catalytic subunit) is drawn to exemplify the phylogenetic relationships
among primate rhadinoviruses (strain information and GenBank IDs are reported in Supplementary Table 3). The tree was constructed using PhyML and visualized using
FigTree. The human herpesvirus 8 branch, which was specifically tested for episodic positive selection, is shown in red. Silhouette images were retrieved from PhyloPic
(www.phylopic.org). Abbreviations: CbGHV1, colobine gammaherpesvirus 1; HHV-8, human herpesvirus 8; JMRV, Japanese macaque rhadinovirus; KSHV, Kaposi sarco-
ma—associated herpesvirus; MneRV2, Macaca nemestrina rhadinovirus; RFHV, retroperitoneal fibromatosis—associated herpesvirus; RRV, rhesus macaque rhadinovirus.

(yellow, Figure 4) [39]. Interestingly, 2 positively selected sites
(V20 and G25) are just downstream from this region, and
together with the P93 residue define a restricted protein edge,
opposed to the alpha helix involved in ORF45 recruitment
(Figure 4). ORF42 is also considered a tegumental protein,
but it was recently identified to have a peculiar function in
promoting viral protein expression, a feature that may be re-
stricted to HHV-8 [40]. Recently, ORF42 was shown to interact
with ORF55, and a variant typical of strains from Okinawa
Prefecture (R136Q) was found to affect interaction with
ORF55 and mature virion production. Mapping of the R136

position indicates that it is located in the same surface area as
the positively selected C69 site [41].

Finally, ORF36 and ORF54 encode 2 viral enzymes: the viral
kinase (vPK) and the deoxyuridine 5'-triphosphate nucleotido-
hydrolase (dUTPase). In vPK, positively selected sites are not
located in the region directly involved in ATP binding or in
the structures involved in the binding of the RNA helicase
[42, 43]. In dUTPase, most of the positively selected sites
are in the C-terminal part of the protein and 4 of them fall
within the dUTPase-related domain, which was suggested to
have evolved to enable interactions with other proteins [44].
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Table 1. Likelihood Ratio Test Statistics for Models of Variable Selective Pressure on the Kaposi Sarcoma—Associated Herpesvirus (Human Herpesvirus 8)
Branch
MA vs MA1
Gene Protein Name PValue® —A2InLP BEB Sites®
ORF19 Capsid vertex component 2 .0437 8.30 P271, S344
ORF33 Cytoplasmic envelopment protein 2 .0212 10.26 V20, G25, P93, C152, G178, S269
ORF36 Viral protein kinase .0212 9.95 N298, G332
ORF39 Envelope glycoprotein M .0180 11.20
ORF42 Cytoplasmic envelopment protein 1 .0180 11.92 Ce9, S225
ORF54 Deoxyuridine 5'-triphosphate nucleotidohydrolase .0002 21.57 T51, P120, N134, E169, R226, F233, H254

Abbreviations: BEB, Bayes Empirical Bayes.

False discovery rate—corrected P values.

52AInL: twice the difference of the natural logs of the maximum likelihood of the models being compared.

Positions refer to proteins of human herpesvirus 8 strain GK18 (NC_009333). Sites had a posterior probability >0.95 to have » > 1.

Interestingly, the selected sites define a specific linear surface-
exposed patch (Figure 4).

DISCUSSION

The seroprevalence of KSHV shows remarkable geographic
variation [8]. The high prevalence observed in sub-Saharan
Africa was suggested to be due to environmental factors, such
as coinfection with malaria and other parasites, or behavioral
practices that expose children to saliva [45, 46]. However,
prevalence varies even outside Africa, being higher in the
Mediterranean regions, for instance, than in several other loca-
tions. Moreover, some specific geographic areas are known to
have an extremely high prevalence of KSHYV, including the
Xinjiang region of China [47], the Miyako Islands (Okinawa
Prefecture, Japan) [11], and Peru [48]. Factors such as historical
migrations and human genetic diversity were proposed as
explanations, but definitive causal links are missing [11, 49].
Our study was thus motivated by the idea that a better under-
standing of KSHV diversity and evolution might provide fur-
ther insight into its epidemiology.

Confirming previous results [35, 50], our analyses showed that
most non-African genomes are genetically separated by the
African ones and that the latter are divided into 2 main lineages.
Population structure analysis indicated that the African genomes
received most of their ancestry from 2 populations showing
less drift than the worldwide and non-African populations.
Specifically, population Africa_1, which is most common in ge-
nomes from Cameroon and Uganda, experienced the lowest drift.
Overall, these data strongly suggest an African origin for circulat-
ing KSHYV strains, with a possible emergence in a central region
followed by diversification and southward migration. Several
non-African strains instead have most of their ancestry covered
by a highly drifted ancestral population. This is in principle con-
sistent with the idea that the out-of-Africa event was accompanied
by abottleneck with consequent genetic drift. It is thus tempting to
conclude that KSHV infected anatomically modern humans as

they evolved in Africa and migrated from the continent with its
hosts, an event that affected the genetic diversity of both the virus
and of human populations [51]. In this scenario, the non-African
genomes that show similar ancestry proportions to the African
ones may represent instances of recent migrations. However
such strains also include the 3 from Miyako Islanders, which the
PCA also identified to be most closely related to African strains
compared to most other non-African genomes. Given the high
prevalence of the virus in these islands and their remote geograph-
ic position, it is unlikely that the 3 sequences derive from recent
migrations. One alternative possibility is that the genetic diversity
of extant strains reflects more recent events associated with viral
lineage extinctions, as previously shown in the case of other her-
pesviruses [52, 53, 54]. As an example, circulating strains of herpes
simplex virus (HSV) type 1 were shown to have originated 7000 to
5000 years ago [53, 54], well after the initial out-of-Africa migra-
tion of modern humans (dated around 60 000 years ago) [51].
This is not surprising, as following the initial worldwide dispersal,
human migration patterns across continents often resulted in the
replacement of existing populations. For instance, large-scale pop-
ulation migrations and replacements during the Bronze Age oc-
curred in Eurasia [51, 55]. Turnover in human populations
might have caused the consequential replacement of KSHV
strains. If this were the case, viruses with a strong component of
ancestry contributed by the non-African population might have
replaced in several areas those circulating previously, whereas oth-
er regions (including the Miyako Islands) may have instead re-
tained the original strains. Unfortunately, these hypotheses are
impossible to test, as molecular dating of KSHV evolutionary his-
tory is presently not applicable. Extensive geographic sampling of
the diversity of KSHV or the sequencing of viral genomes from
archaeological remains might in the future allow dating of the
origin and out-of-Africa spread of KSHV. Alternatively, new
methods that incorporate modeling of the decrease of substitution
rates with the timescale of measurement may provide insight
into KSHYV evolutionary history [56, 57]. Based on present data,
it is however worth noting that the viruses sampled in a high-
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prevalence region, the Miyako Islands, have a different genetic his-
tory than those that are common outside Africa. Whether this
affects some virus phenotypes associated with transmissibility
and, as a consequence, seroprevalence remains to be evaluated.

Another interesting observation concerns the viruses sampled
in France, Canada, and the US that have similar genetic ancestry
as those sampled in Africa. Whereas it is impossible to determine
if they derive from historical or recent migrations, in France
these viruses belong to the variant F subtype, which was recently
described in a study that investigated KSHV-related disease in
men who have sex with men (MSM) [34]. The variant F subtype
was associated with a severe clinical presentation in the context
of immunosuppression and was found to circulate in a restricted
MSM population [34]. It was thus suggested that this new variant
has a recent origin and has only recently spread in humans [58].
Our data do not support this view, as the ancestry components of
these viruses are similar to some sampled in Africa and are not
particularly drifted.

Irrespective of the origin and evolutionary history of extant
strains, it is generally considered that human herpesviruses
emerged from primate viruses through cospeciation or host
switching [59, 60]. Because these viruses are highly species-specific
in nature, they must have adapted to infect their hosts, and the
changes that contributed to such adaptation should be traceable
in their phylogenetic trees. We thus used a phylogeny of primate
rhadinoviruses to search for evidence of positive selection on the
HHV-8 branch. The positively selected genes we detected are all
core genes. One of them encodes the capsid vertex component
2 (pORF19), which is essential for capsid assembly and virion re-
lease [61], whereas other 2 (ORF42 and ORF33; cytoplasmic en-
velopment proteins 1 and 2, respectively) are involved in
tegumentation and envelope acquisition within the host cyto-
plasm, playing a direct role in viral egress [38, 39]. Interestingly,
the HSV type 2 (HSV-2) ortholog (UL25) of KSHV ORF19 was
also found to contribute to adaptation to the human host, and
the same holds true for other capsid components encoded by hu-
man cytomegalovirus (HCMV) [62, 63]. More generally, similar
to our findings in KSHV, proteins involved in virion formation
and egress were targeted by selection in both HSV-2 and
HCMYV and contributed to host adaptation [62, 63]. One possible
explanation for these common findings is that, because virion
maturation in herpesviruses is orchestrated by the interplay of vi-
ral and host proteins [64], the positive selection signals derive
from optimization of protein—protein interactions.

Selection in 2 viral enzymes, vPK (ORF36) and dUTPase
(ORF54), was observed as well. These proteins play a number
of functions in infected cells, which are related or unrelated to
their enzymatic activity. Interestingly, both proteins were shown
to counteract the host immune defenses. In fact, vPK inhibits
IRF-3-mediated type I interferon responses [65], and ORF54 me-
diates the degradation of IFNAR1 [66], as well as the downregu-
lation of the NKp44 ligands, which are involved in the activation

of natural killer cells [67]. It is thus likely that the selective pres-
sure on these viral genes was exerted by the necessity of modulat-
ing the host immune response to the advantage of the virus.

Our study clearly has limitations. First, the available number
of fully sequenced KSHV genomes is relatively small and their
geographic distribution uneven. Most sequences were sampled
in Africa, and several high-prevalence areas (eg, Xinjiang and
Peru) are not represented. This possibly introduces biases and
limits our ability to relate evolutionary history and epidemiolo-
gy. Biases are also likely to be caused by the fact that most African
sequences derive from patients with KS, whereas the genomes as-
sociated to KSHV inflammatory cytokine syndrome or primary
effusion lymphoma were sampled outside Africa. Thus, addi-
tional sequencing of KSHV genomes will be instrumental to pro-
vide insight into the evolution of the viral populations, as well as
into disease epidemiology and clinical presentation.
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