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Abstract

A central focus of population genetics has been examining the contribution of selective

and neutral processes in shaping patterns of intraspecies diversity. In terms of selec-

tion specifically, surveys of higher organisms have shown considerable variation in the

relative contributions of background selection and genetic hitchhiking in shaping the

distribution of polymorphisms, although these analyses have rarely been extended to

bacteria and viruses. Here, we study the evolution of a ubiquitous, viral pathogen,

human cytomegalovirus (HCMV), by analysing the relationship among intraspecies

diversity, interspecies divergence and rates of recombination. We show that there is a

strong correlation between diversity and divergence, consistent with expectations of

neutral evolution. However, after correcting for divergence, there remains a significant

correlation between intraspecies diversity and recombination rates, with additional

analyses suggesting that this correlation is largely due to the effects of background

selection. In addition, a small number of loci, centred on long noncoding RNAs, also

show evidence of selective sweeps. These data suggest that HCMV evolution is domi-

nated by neutral mechanisms as well as background selection, expanding our under-

standing of linked selection to a novel class of organisms.
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Introduction

Genetic diversity varies across the genomes of a wide

variety of organisms, and considerable theoretical and

empirical work has been dedicated to deciphering the

relative roles of neutral and selective processes in shap-

ing this variation. The correlation between diversity

and recombination rates in many organisms has pro-

vided evidence consistent with two competing models,

namely background selection and genetic hitchhiking

(Begun & Aquadro 1992; Charlesworth et al. 1993), with

background selection decreasing the fixation probabili-

ties of neutral mutations linked to a deleterious muta-

tion (Charlesworth et al. 1993, 1995; Charlesworth 2013),

and genetic hitchhiking increasing the fixation probabil-

ities of neutral mutations linked to a beneficial mutation

(Maynard-Smith & Haigh 1974; Kaplan et al. 1989). Both

models predict a reduction in diversity around the

regions targeted by selection, where the extent of the

reduction of diversity is correlated with the rate of

recombination—as recombination will dictate the geno-

mic scale of the effect. Thus, a correlation between

diversity and recombination itself does not distinguish

between models of background selection and genetic

hitchhiking. However, the effect on the distribution of

polymorphism frequencies, summarized in the site fre-

quency spectrum (SFS), is expected to differ between
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the two models of selection (Stephan 2010). Specifically,

single hitchhiking events are expected to result in a lar-

ger proportion of high frequency-derived alleles (Fay &

Wu 2000) and an increased proportion of low frequency

alleles as compared to a neutral model due to an

increased proportion of new (i.e. young) alleles near the

site of selection that have arisen since the fixation (Ste-

phan 2010). In contrast to single hitchhiking models,

recurrent hitchhiking models predict an excess of low

frequency alleles but not an excess of high frequency-

derived alleles (Przeworski 2002; Kim 2006), as subse-

quent beneficial fixations erase this pattern. Lastly, a

skewed SFS is not expected under a strong background

selection model in which the effect is simply a rescaling

of the effective population size (Charlesworth et al.

1995); however, under moderate levels of background

selection, the situation is more complex (see Ewing &

Jensen in this issue). Thus, the SFS is a powerful tool to

distinguish between the competing models.

Neutral explanations for variations in patterns of

diversity also exist and are consistent with data sam-

pled from a subset of organisms. Mutation rates are

shown to vary across the genome of many organisms

(Gao & Xu 2008; Lynch et al. 2008; Lynch 2010; Ananda

et al. 2011), which could alter local levels of polymor-

phism as well as the level of interspecies divergence.

The relative contribution of selection or neutral pro-

cesses in shaping patterns of diversity can thus be

explored through the analysis of intraspecies diversity,

interspecies divergence and rates of recombination (e.g.

Cutter & Payseur 2013). The influence of these mecha-

nisms can vary drastically between species. For exam-

ple, recurrent hitchhiking has been argued as the

dominant evolutionary force in the Drosophila species

(Begun & Aquadro 1992, 1994; Andolfatto & Przeworski

2001; Innan & Stephan 2003) and Caenorhabditis elegans

(Andersen et al. 2012), and to a lesser degree in Saccha-

romyces cerevisia (Cutter & Moses 2011), while back-

ground selection against a multitude of deleterious

alleles appears to be important in human evolution

(Lohmueller et al. 2011). In other species, such as Lycop-

ersicon, the evidence of selection is weak, favouring neu-

tral explanations for the variation in diversity (Baudry

et al. 2001; Roselius et al. 2005). It is important to note,

however, that all of the above claims remain con-

tentious and the estimation of background selection in

particular has been under-utilized.

Unfortunately, a full survey of the dominance of

these mechanisms has not been completed across a

wide range of species. In particular, there has been a

dearth of analysis of bacterial and viral systems.

Viruses, due to the short generation times, large effec-

tive population sizes, high mutation rates and compact,

coding sequence dense genomes, provide a novel class

of organisms in which to study these processes. The

few studies available addressing the roles of back-

ground selection and genetic hitchhiking in viral evolu-

tion have focused on RNA viruses (Ramachandran et al.

2011; Strelkowa & L€assig 2012) with low rates of

intrasegment recombination (Worobey et al. 2002; Shi

et al. 2012) and therefore have highlighted the influence

of clonal interference in this context (Strelkowa &

L€assig 2012). In contrast, recombination is common in

DNA viruses (Fleischmann 1996) which should lessen

the influence of clonal interference and increase rates of

adaptation (Miralles et al. 1999) relative to comparably

sized populations without recombination.

Human cytomegalovirus (HCMV), a large dsDNA

virus, is an ideal viral system in which to study the

roles of these processes in shaping levels of diversity in

natural populations. HCMV contains the largest gen-

ome of any human viral pathogen and was first

sequenced over 20 years ago (Chee et al. 1990). The

approximately 235 kilobase (kb) double-stranded DNA

genome encodes at least 160 genes (Dolan et al. 2004),

with recent estimates suggesting >500 unique protein

products (Stern-Ginossar et al. 2012). HCMV is an

opportunistic pathogen that rarely causes disease in

healthy hosts, but can lead to severe pathology in the

immunosuppressed or immunonaive, such as foetuses

and neonates (Griffiths et al. 2015). Indeed, HCMV is

the leading cause of birth defects associated with an

infectious agent (Alford et al. 1990). The cytomegalo-

viruses are an ancient family of viruses that appear to

infect all mammals (McGeoch et al. 1995), but also exhi-

bit a remarkable level of host specificity (Mocarski et al.

2007), such that each host species is infected with a cog-

nate species of cytomegalovirus. Recent studies have

investigated the intrahost evolution of the virus on rela-

tively short timescales, showing that the viral popula-

tions can evolve rapidly due to the joint effects of

positive selection and demography (Renzette et al.

2013). It is currently unclear, however, how these same

mechanisms alter the longer term evolution and diver-

sity of the HCMV species.

Here, we evaluate the genomic patterns of HCMV

intraspecies diversity, showing that the levels can vary

by two orders of magnitude across the genome. Com-

parison of intraspecies diversity and interspecies diver-

gence suggest that a portion, though not all, of the

variation can be explained by neutral mechanisms. Back-

ground selection appears to be the dominant effect alter-

ing these patterns of diversity, although a genomewide

scan of selection does suggest that hitchhiking may have

reduced diversity in regions encoding long noncoding

RNAs (lncRNAs). These regions of adaptation may

provide insight in the phenotypic differences between

human and chimpanzee cytomegaloviruses (CCMVs).
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Materials and methods

Data

The HCMV intraspecies data set contains all available

whole genomes of minimally passaged HCMV isolates

from GenBank (n = 41). Whole genomes of 1 strain of

Panine herpesvirus 2 (i.e. CCMV) and two strains of

Macacine herpesvirus 3 (i.e. rhesus macaque cytomega-

lovirus) were also obtained from GenBank and were

used to infer derived alleles in the HCMV data set.

Information relevant to the strains and Accession nos

used for the analyses can be found in Table S1 (Sup-

porting information).

Data analysis

Alignment of the cytomegalovirus genomes was per-

formed with MAFFT (Katoh et al. 2002) and the alignment

was manually investigated for quality and accuracy,

particularly in repeat regions. Genomewide and locus-

specific summary statistics were calculated with the POP-

GENOME package (Pfeifer et al. 2014) for R (R Core Team

2014) and were estimated in 500-bp sliding windows

and reported as diversity per-site in Table 1. Effective

population size (Ne) was estimated using the equation

Θw = 2Nel where l is the mutation rate per-site per-

generation. The estimate of Θw from this study (Table 1)

was used along with a previously reported estimate of

l (Renzette et al. 2015). All statistical analyses were per-

formed in R (R Core Team 2014). For this study, poly-

morphisms were not divided into putatively neutral or

selected sites due to the difficulty in assigning these

classes to the HCMV genome. HCMV transcription is

complex, with nearly the whole genome being tran-

scribed in the sense and antisense directions, and many

sites being functional at the RNA and protein levels

(Gatherer et al. 2011). Further, alternative transcriptional

start sites lead to production of different proteins from

the same locus and further complicate the assignment

of silent and nonsynonymous sites (Stern-Ginossar et al.

2012).

Physical estimates of rates of crossing over have not

been reported for HCMV. Alignments of the HCMV

genomes used in this study were analysed with the

interval algorithm from the LDHAT program (McVean

et al. 2004) to estimate the population recombination

rates in 500-bp sliding windows (Fig. S1, Supporting

information). All values of nucleotide diversity (p),
divergence (Dxy) and population recombination rates

(2Ner, where Ne is effective population size and r is

per-site per-generation recombination rate) were log-

transformed prior to plotting and during calculations of

correlation coefficients to improve the fit of the statistics

to a normal distribution (Figs S2–S4, Supporting infor-

mation). The SWEEPFINDER program, which compares

local increases in high frequency-derived alleles against

the genomewide distribution (Nielsen et al. 2005), was

used to identify putative selective sweeps in the HCMV

data set. Significance of the SWEEPFINDER result was

determined through two sets of simulations. The first

set consisted of 1000 neutral simulations using the ms

program (Hudson 2002) with values of theta and rates

of recombination set at the genomewide averages from

the HCMV data set and constant population size

(Fig. S5A, Supporting information). The second set of

simulations (Fig. S5B, Supporting information) was sim-

ilar to the first, but included a demographic model

based on previous estimates of HCMV population his-

tories (Renzette et al. 2013). This model included a 99%

reduction of population size 500 generations in the past

followed by an exponential growth to the current size.

The second set of simulations, due to the presence of a

recent and strong bottleneck, serves as a more stringent

threshold than the first set of simulations.

Results

An analysis of the patterns of HCMV intraspecies diver-

sity has not been previously reported, although consid-

erable attention has been applied to loci of clinical

importance, such as the virally encoded glycoproteins

(Puchhammer-St€ockl & G€orzer 2011). Thus, the level of

genomewide variation was here quantified through

analysis of 41 publicly available whole genomes of

HCMV. Because extensive in vitro culturing of HCMV

has been shown to result in considerable genomic

changes (Dolan et al. 2004; Bradley et al. 2009; Cunning-

ham et al. 2009; Stanton et al. 2010), only low passage

number strains, or so-called clinical strains, were

included in this analysis. The total level of variation

across the genome was reported as Watterson’s estima-

tor of diversity (Θw) and nucleotide diversity (p), the

average nucleotide difference between sequences, with

Table 1 Summary of human cytomegalovirus genomewide

intraspecies diversity

Number of

sites analysed*

Segregating

sites Θw
† p‡ Ne

§

210 730 28 101 0.0315 0.0197 78 750

*Sites with insertions and deletions were excluded from the

analysis.
†Watterson’s estimator of intraspecies diversity.
‡Intraspecies nucleotide diversity.
§Effective population size estimated by Ne = Θw/2l.

© 2015 John Wiley & Sons Ltd
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insertions and deletions excluded from the analysis

(Table 1). The estimates of HCMV intraspecies diversity

were approximately 10-fold higher than values reported

for intrahost populations of HCMV (Renzette et al.

2011), a result that is not unexpected given the strong

bottlenecks that intrahost populations probably experi-

enced prior to sampling (Renzette et al. 2013). Further-

more, the diversity varied by approximately two orders

of magnitude across the genome, with elevated levels of

diversity near the termini of the genome and the inter-

nal repeat region (Fig. 1).

Variation in genomewide diversity has been reported

in many organisms previously, with both neutral and

selective models invoked to explain the patterns. To

explore the mechanisms influencing variation in HCMV

intraspecies diversity (p), the level of interspecies diver-

gence (Dxy) and genomewide population recombination

rates (2Ner) were estimated. Intraspecies diversity was

shown to positively correlate with the rates of recombi-

nation (Fig. 2A, Pearson’s R = 0.35, P = 1.9 9 10�11), a

result consistent with models of linked selection. How-

ever, levels of diversity also positively correlated with

the level of divergence (Fig. 2B, Pearson’s R = 0.38,

P = 1.2 9 10�13), and in fact, divergence and rates of

recombination are also positively correlated (Fig. 2C,

Pearson’s R = 0.28, P = 5.4 9 10�8). In addition, a linear

model was fit to the data in which intraspecies diversity

was the response variable and interspecies divergence

and recombination rates were the predictor variables.

Both divergence and recombination rates were shown

to be significant predictors of intraspecies diversity

(Table S2, Supporting information). These results can be

explained by neutral processes, such as variation in

ancestral population diversity or fluctuations in

mutation rate across the genome. If the correlation

between diversity and recombination rates results from

linked selection, it is expected that the correlation will

remain when intraspecies diversity is corrected by inter-

species divergence (Roselius et al. 2005); and indeed,

corrected intraspecies diversity (p/Dxy) was positively

correlated with recombination rates (Fig. 2D, Pearson’s

R = 0.19, P = 3.8 9 10�4). Lastly, because the sequential

sliding windows may not represent independent obser-

vations, the data set was thinned to only include win-

dows every 5000 bp (Fig. S6, Supporting information).

The results from the thinned data set were largely con-

sistent with those from the whole data set (Fig. S6, Sup-

porting information). In sum, these results suggest that

the observed variation in HCMV genomewide intraspe-

cies diversity can be explained by neutral processes

along with some mode of linked selection.

Human cytomegalovirus infects a wide range of host

cells and organs, and viral intrahost diversity can vary

among organs (Ross et al. 2011; Frange et al. 2013; Ren-

zette et al. 2013). This phenomenon has been referred to

as compartmentalization and is influenced by neutral

mechanisms, including demography, and by local adap-

tation (Renzette et al. 2013). Thus, HCMV sampled from

various organs of a single host can be viewed as subdi-

vided populations. To test whether the species-level

correlations between diversity, divergence and recombi-

nation rates are also observed in a potentially subdi-

vided HCMV population, only genomes of HCMV

collected from host urine were analysed (i.e. the kidney

compartment). Urine isolates were selected because the

largest number of genomes (n = 17) has been sequenced

from this host fluid. The overall patterns observed in

the urine isolate subset was similar to that observed in
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the data set of all isolates (Fig. 3A–E). Specifically, diver-
sity (p) and divergence (Dxy) were positively correlated

with each other and with recombination rates (2Ner)

(Fig. 3B–D). Further, divergence-corrected diversity (p/
Dxy) remains significantly correlated with recombination

rates (Fig. 3E, Pearson’s R = 0.31, P = 3.1 9 10�10)

although the correlation was stronger than that observed

in the whole data set. The similarity of the two analyses

suggests that the relative contribution of neutral pro-

cesses and linked selection to HCMV evolution is not

influenced by host compartment, although further

surveying of different patient cohorts from a larger num-

ber of host organs would be highly informative.

The two competing models of background selection

(Charlesworth et al. 1993, 1995) and genetic hitchhiking

(Maynard-Smith & Haigh 1974; Kaplan et al. 1989)

could each possibly explain the observed correlation

between diversity and recombination rates reported in

Figs 2 and 3. Thus, further analysis was performed to

distinguish between these models. Innan & Stephan

(2003) demonstrated that in regions of low (but non-

zero) rates of recombination the relationship between

Θ and Θ/r (per-site per-generation recombination rate)

is markedly different under the two models. Hitchhik-

ing models result in a negative correlation between

these values, while background selection leads to a pos-

itive correlation. In the HCMV whole species data set, a

strong positive correlation is observed between Θ and

Θ/r in regions of low recombination (r < 3 9 10�9 cross-

overs per-site per-generation), consistent with a model

of background selection (Fig. 4A, Pearson’s R = 0.95,

P < 2.2 9 10�16). The strong correlation remained even

when three regions of low recombination rates but high

diversity were excluded from the analysis (Fig. 4B,

Pearson’s R = 0.86, P = 3.8 9 10�11) and was also

observed in the isolates collected only from urine

(Fig. 3F, Pearson’s R = 0.97, P > 2.2 9 10�16). Thus, the

results suggest that background selection has had a

globally larger effect than genetic hitchhiking in shap-

ing patterns of HCMV intraspecies diversity.

Genetic hitchhiking and background selection models

are also expected to leave different imprints on the dis-

tribution of polymorphism frequencies, or the SFS.

Specifically, for large populations with biologically rea-

sonable deleterious mutation rates, background selec-

tion is expected to cause little skewing of the SFS as

compared to the neutral expectation (Charlesworth et al.

1995). In contrast, single hitchhiking models predict an

excess of high frequency-derived alleles (Fay & Wu

2000) and low frequency mutations in the SFS, with the

effect expected to be more pronounced in regions of

low rates of recombination (Kim & Stephan 2000). An
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increased proportion of low frequency alleles is also

expected in recurrent hitchhiking models (Braverman

et al. 1995), and the proportion should be negatively

correlated with recombination rates (Andolfatto &

Przeworski 2001). However, recurrent hitchhiking mod-

els do not predict an excess of high frequency-derived

alleles (Przeworski 2002; Kim 2006). The predictions of

the models were tested with the HCMV species data by
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calculating unfolded SFS for the entire genome as well

as the regions with the lowest and highest recombina-

tion rates (5th and 95th percentiles, respectively, where

n = 23 windows for both groupings). The SFS across the

different regions were statistically indistinguishable

(P = 0.98, Kruskal–Wallis, Fig. 5A–C). Furthermore, no

significant correlation was observed between the pro-

portion of low frequency alleles (f < 0.05) and rates of

recombination (Fig. 5E, Pearson’s R = 0.07, P = 0.19).

Thus, predictions of both single hitchhiking and recur-

rent hitchhiking models, including a skewing of the SFS

and an increased proportion of low frequency alleles

with decreasing rates of recombination, were not sup-

ported by the data. These results, in combination with

those presented in Fig. 4, are more consistent with pre-

dictions of a background selection model.

The previous results suggest that background selec-

tion is the dominant mode of linked selection influenc-

ing variation in HCMV diversity, but do not exclude

the possibility that a fraction of the HCMV genomewide

diversity has been altered by genetic hitchhiking. To

test for evidence of hitchhiking within the HCMV spe-

cies, two statistics were calculated across the genome.

The first is a SFS -based approach (SWEEPFINDER; Nielsen

et al. 2005), and the second, a linkage disequilibrium

(LD)-based approach (ZnS; Kelly 1997). The SWEEPFINDER

analysis searches for genomic regions containing a SFS

consistent with the genetic hitchhiking model, with the

test statistic being the ratio of the composite likelihood

(CLR) under a selective sweep model compared to the

composite likelihood under a null model derived from

the genome wide data. The combination of the CLR-

based approach with LD data has been shown to be a

powerful method for confidently identifying selective

sweeps (Pavlidis et al. 2010), and thus, both analyses

were applied to the HCMV data set, as the CLR-based

approach alone has been shown to suffer from high

false-positive rates under a range of nonequilibrium

models (Crisci et al. 2013).

Elevated CLR values were calculated at many loci

across the genome (Fig. 6A). In contrast, marked

increases in LD were only observed in three genomic

regions, at approximately genomic positions 4, 96 and

158 kb, which coincided with regions of elevated CLR

values. Interestingly, the high LD regions are devoid of

protein coding sequence but are nearly perfectly cen-

tred on the three lncRNAs, specifically lncRNA2.7,

lncRNA4.9 and lncRNA5. Haplotype maps of these

three regions show that there is strong conservation of

the loci across all HCMV strains (Fig. S7, Supporting

information), and the regions also exhibited the lowest

levels of intraspecies diversity (Fig. 1) and patterns

expected after a recent selective sweep. Characterizing

the functions of the lncRNAs is an active area of
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Fig. 5 Relationship between recombina-

tion rates and site frequency spectra.

Unfolded site frequency spectra were

estimated for (A) the whole genome and

regions in the 5th (B) and 95th (C) per-

centile of recombination rates. The 5th

and 95th percentile regions each include

23 windows. SNP frequencies were

binned into 20 groups and plotted. The

last bin corresponds to SNPs of

0.95 < f ≤ 0.975 (i.e. frequency of a SNP

present in 40 of 41 analysed genomes)

and does not included fixed derived alle-

les. The proportion of low frequency alle-

les (f < 0.05) within the site frequency

spectrum were calculated in 500-bp win-

dows across the genome and compared

to local recombination rates. (D) Scatter

plot of the proportion of low frequency

alleles (f < 0.05) and recombination rates

(Pearson’s R = 0.07, P = 0.19).
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research, although it is clear that the encoded RNAs are

highly transcribed during in vitro and in vivo HCMV

infections (Stark et al. 2012; DeBoever et al. 2013). Thus,

the data suggest that positive selection is here targeting

RNA, rather than protein, function.

Discussion

Studies of variation in natural populations have

increased our understanding of the relative contribution

of neutral processes and selection in evolution. Here,

analysis of HCMV diversity, divergence and recombina-

tion has shown that viral evolution is shaped by both

neutral and selective processes. Purifying selection

against deleterious alleles appears to have an important

influence on HCMV diversity, although evidence of

selective sweeps of advantageous alleles is also

observed at lncRNAs.

Our observations suggest that no single evolutionary

model can alone explain HCMV evolution. Neutral pro-

cesses clearly influence patterns of intraspecies diver-

sity. These processes could include variation of

mutation rates across the genome, particularly near

sequence motifs that also influence recombination rates

(Hellmann et al. 2003). However, our data are not

inconsistent with a model in which recombination itself

is mutagenic (Magni 1964), although the validity of this

model has been questioned in other organisms (Cutter

& Moses 2011). These models are highly tractable to

in vitro experimental studies and can be disentangled

in future work. In addition, purifying selection against

recurrent deleterious mutations appears to be the domi-

nant selective mechanism shaping patterns of diversity,

particularly in regions of low recombination rates.

Lastly, evidence of genetic hitchhiking was observed at

three loci, which were all centred on lncRNAs. The

function of the lncRNAs has been the focus of recent

research. All three are highly transcribed (Gatherer et al.

2011; Stark et al. 2012) and easily detectable in human

hosts during natural infection (DeBoever et al. 2013).

lncRNA2.7 has been shown to interact with host

enzymes to prevent host cell apoptosis and alter meta-

bolism in favour of viral replication (Reeves et al. 2007).

A homologue of lncRNA5 is critical for transitioning

from acute to persistent viral infection, thereby influenc-

ing virulence (Kulesza & Shenk 2006). Little has been
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Fig. 6 Genomewide scans of selective

sweeps in the human cytomegalovirus

(HCMV) genome. (A) Composite likeli-

hood ratio test (i.e. SWEEPFINDER analysis)

of selective sweeps in the HCMV gen-

ome. Solid horizontal line represents 99%

significance threshold as obtained from

neutral simulations with constant popu-

lation size, and dashed horizontal line

represents 99% significance threshold

from simulations with a recent, strong

bottleneck. (B) Genomewide patterns in

linkage disequilibrium (LD). LD was esti-

mated with Kelly’s ZnS statistic calcu-

lated in 500-bp sliding windows (Kelly

1997).
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reported about lncRNA4.9. The underlying biological

mechanisms that cause these loci to be targets of posi-

tive selection are unclear. However, it is tempting to

speculate that the divergence of these loci between

CCMV and HCMV, as well as the strong conservation

within HCMV, may play a role in the strong host speci-

ficity of CCMV and HCMV (Mocarski et al. 2007). For

example, other herpesviruses are able to infect cells

from highly diverged species (Whitley 1996), and the

reason that HCMV and CCMV can efficiently infect

solely their cognate hosts is unclear, although both viral

and host factors probably play a role (Jurak & Brune

2006; Child et al. 2012). The identification of the

lncRNAs in this genomewide screen suggests that these

genes have played an important role in the fitness of

HCMV in human hosts and may also play a part in the

phenotypic divergence between CCMV and HCMV.

The current study extends our knowledge of the cor-

relation between diversity, divergence and recombina-

tion in viral populations. Previous studies in higher

organisms have shown that the relationship between

these measures can vary drastically between species.

For example, in Drosophila, a seminal study by Begun

& Aquadro (1992) showed that diversity and recombi-

nation rates are strongly correlated, but divergence does

not scale with recombination. The authors concluded

that that these patterns are consistent with genetic

hitchhiking models, a conclusion supported by other

studies (Begun & Aquadro 1994; Andolfatto & Prze-

worski 2001; Innan & Stephan 2003). In Caenorhabditis

elegans and Saccharomyces cerevisiae, hitchhiking has

reduced diversity in multiple chromosomes, although

the signature is weaker than that observed in Droso-

phila (Cutter & Moses 2011; Andersen et al. 2012). In

contrast, studies of wild and domesticated tomato spe-

cies (Lycopersicon spp.) have shown patterns largely con-

sistent with neutral evolution (Baudry et al. 2001),

although weaker evidence of background selection is

also observed (Roselius et al. 2005). Similarly, back-

ground selection is an important contributor to the pat-

terns of diversity observed in humans (Lohmueller et al.

2011) and wild and domesticated rice (Flowers et al.

2012). In comparison, HCMV evolution is consistent

with a weak signature of linked selection, likely driven

by background selection. The explanation for this pat-

tern is not clear, but a few aspects of virus biology may

contribute. Perhaps most importantly, the smaller more

gene-dense genomes of viruses probably increase the

relative proportion of deleterious alleles, while the

higher mutation rates increase the absolute input of

deleterious mutations. Similar studies of other viruses

can be used to test the potential connection between the

particulars of viral biology and the dominant underly-

ing selection mechanism.

A confounding factor missing from the current analy-

sis is the role of demography in shaping the observed

patterns of diversity. Studies of other human pathogens

have shown that host and pathogen demographic histo-

ries are similar, including origins in Africa (Linz et al.

2007; Montano et al. 2015) and recent population expan-

sions (Wirth et al. 2008). Cytomegaloviruses are pro-

posed to be an ancient virus family that have speciated

with their cognate hosts (McGeoch et al. 1995), and

thus, HCMV has likely experienced a similar demo-

graphic history to its human hosts. Furthermore,

HCMV, such as humans, could be geographically sub-

divided, which would inhibit the ability to detect hitch-

hiking in species-level data (Cutter & Payseur 2013).

The majority of publically available HCMV sequences

were sampled from Europe and the United States,

although increasing numbers have recently been sam-

pled from Asia. By studying the global distribution of

HCMV diversity, future work can be directed at under-

standing whether HCMV is geographically subdivided

and thus whether patterns of local subpopulation-speci-

fic adaptation may be more dominant than species-wide

patterns.
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