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Abstract

Information about similarities and differences in the demographic history of host and parasite populations is potentially useful for making
inferences about a variety of evolutionary processes. However, it is difficult to observe the historical demographic properties of natural
populations directly. Here, the extent of demographic similarity in a host and its parasite was examined indirectly by inferring long-term
population history from patterns of genetic variation. Nucleotide sequence diversity in human and JC virus (JCV) DNA is consistent
with a long-term demographic connection between the two species: both show evidence of large-scale population expansion. However,
genetic data also suggest that the two species have different patterns of population substructuring. These similarities and differences have
implications for adaptive evolution in JCV that are not evident when the two species are considered separately. © 2001 Elsevier Science

B.V. All rights reserved.
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1. Introduction

Host—parasite interactions cause correlations between
host and parasite populations that can be used to learn about
evolutionary processes (Page and Charleston, 1998). For
example, studies of evolutionary “arms races” use corre-
lations between host and parasite adaptations to learn about
evolutionary trajectories (Hamilton, 1993), and phylo-
genetic studies can use correlations in the long-term pop-
ulation history of hosts and parasites to make inferences
about evolutionary rates (Ochman et al., 1999).

Models of population dynamics play an important role
in the study of host—parasite interactions by describing
their demographic consequences (Poulin, 1998; Boots and
Sasaki, 1999). Under assumptions about parasite trans-
mission rate, virulence, host reproduction rate and other
parameters, population dynamic models make predictions
about the properties of host—parasite interactions that can
be compared against natural observations (May, 1991).
Nonetheless, empirical studies of host—parasite population
dynamics are uncommon (Berthier et al., 2000). One prob-
lem is that evolutionary processes are difficult to observe
directly on short time scales (Anderson and May, 1979).
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An alternative to the use of direct observation in studies
of population dynamics is the use of molecular genetic
data to make inferences. Population genetic analyses can
use existing patterns of genetic variation to infer historical
processes such as population size, population subdivision
and natural selection (Rogers, 1995; Wooding and Ward,
1997; Zanotto et al., 1999). It should be possible to test hy-
potheses about specific host—parasite relationships by using
the tools of population genetics to look for demographic
correlations involving host—parasite pairs. I present here a
population genetic analysis of the parasite JC virus (JCV)
and its obligate host, Homo sapiens.

JCV is a small, circular DNA virus that resides with little
pathological effect in the urinary tract of 70-90% of adults
world wide (Ault and Stoner, 1992). JCV is transmitted
horizontally, but it is passed most often from parent to child
— an effectively vertical pattern of inheritance — and es-
tablished infections persist in the host for extended periods
(Kunitake et al., 1995).

Evidence that the pathogenicity of JCV is low and that
its pattern of transmission is largely vertical have led to the
suggestion that the virus may be a good surrogate for human
samples in studies of migration and population affiliation
(Sugimoto et al., 1997; Guo et al., 1998; Chima et al., 2000;
Ryschkewitsch et al., 2000; Hatwell and Sharp, 2000). This
suggestion is supported by some empirical findings, which
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show that JCV and human populations do share certain
demographic properties. The relationship between phylo-
genetic relatedness and geographical distribution is similar
in the two species, for example (Sugimoto et al., 1997; Guo
etal., 1998). The extent to which patterns of genetic variation
in JCV are representative of patterns in humans is still ques-
tionable, however. Superficial similarities in phylogeny and
geographical distribution might be observed even if deeper
differences are present. Factors like isolation by distance
could lead to similarities on a broad scale even if factors
like population subdivision or natural selection are acting
locally.

To investigate the extent to which human and JC virus
population histories are similar, I compared DNA sequences
from Africa, Asia and Europe with a focus on their im-
plications for demography. Human population history has
been studied extensively and genetic diversity in humans
has several distinctive features that provide a good basis for
comparison. Under the null hypothesis that JCV and human
demographies have historically been identical, JCV should
show evidence of the same distinctive features as humans.
Departures from similarity are potentially informative about
the relevance of underlying factors such as natural selection
and regional differentiation.

2. Materials and methods
2.1. Data

A sample of 379 nucleotide sequences from the V-T
intergenic region of JCV was assembled from Sugimoto et al.
(1997). These sequences are from 42 populations on three
continents (Fig. 1, and see Fig. 1 in Sugimoto et al., 1997).
The sequences are 612 nucleotides long and span portions of
two coding regions (capsid VP1 and Large T antigen) and a
non-coding segment (intergenic region) of the JCV genome
(Ault and Stoner, 1992).

Sequence variation in the sample is composed of both nu-
cleotide substitutions and insertions/deletions. One sequence
from Italy (accession number AB004477 in Genbank; type
IT-4 in Sugimoto et al., 1997) contains a long sequence gap
of unknown origin, so it was removed from all analyses,
leaving a total of 378 nucleotide sequences, with 11 from
Italy, in this paper.

Sequences were aligned by eye, since the overall differ-
ences between them were low, and were then partitioned into
two main datasets. Amino acid sequences were inferred for
the coding portions of the dataset using the translation code
designated by Genbank (standard). DNA sequences were
modified by removing four nucleotide positions at which an
insertion or deletion was observed, leaving a total of 608
nucleotide positions.

Computer files containing the JCV datasets used in this
paper are available from the author.

Location Symbol n
Accra, Ghana GH 4
Addas Abbaba, Ethiopia ET 8
Bangui, Central African Republic CA 11
Fes/Ifane, Morocco MR 21
s Khartoum, Sudan SuU 9
E Lusaka, Zambia ZA 5
< Nairobi, Kenya KE 8
Nouakchott, Mauritania MA 10
Port Louis, Mauritius MU 8
Tessaoua, Niger NG 8
Welkom, South Africa SO 6
Ankara, Turkey TU 15
Beijing, China CB 10
Chengdu, China CD 10
Chiang Mai, Thailand TL 11
Colombo, Sri Lanka SL 5
Guangzhou, China GZ 13
Harbin, China HB 6
Ishikawa, Japan IK 11
Jakarta, Indonesia 1D 17
Masai, Malaysia ML 14
£ Okinawa, Japan ON 11
< Pamalican Is., Phillipines PH 8
Riyadh, Saudi Arabia SA 20
Seoul, South Korea SK 14
Shenyang/Jinzhou, China SJ 7
Taipei, China TP 9
Tokyo, Japan TY 14
Ulaanbaatar, Mongolia MO 12
Varanasi, India IN 17
Wuhan, China CwW 10
Yangon, Myanmar MN 15
Athens, Greece GR 20
Barcelona, Spain SP 13
Budapest, Hungary HU 17
® Deventer, Netherlands N 12
2 Hlertissen, Germany G 8
5 London, United Kingdom UK 6
= Novosibirsk, Russia RS 14
Prague, Czech Republic CR 18
Rome, Italy IT 11*
Stockholm, Sweden SW 18

Fig. 1. Sampled locations. Locations, symbols and sample sizes of data
assembled from Sugimoto et al. (1997); (* only 11 of 12 sequences from
Italy reported by Sugimoto et al. were used in this study. Genbank ID
ABO004477, type IT-4, was excluded because it has a long gap of unknown
origin.

2.2. Analyses

Five analyses that are standard in studies of human genetic
diversity were applied to patterns of diversity in JCV. These
were chosen to focus on characteristics of human data that
are regarded as hallmark sources of evidence about human
demographic history.

First, patterns of differentiation among individual DNA
sequences and amino acid sequences, and among popula-
tions of DNA sequences, were examined using principal
components analysis, which gives a summary description
of genetic differences (Harpending and Jenkins, 1973).
Second, Tajima’s D-test was applied to the nucleotide se-
quence data to test the hypothesis that the JCV population
has been stationary (i.e. variation is selectively neutral and
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population size has been constant) (Tajima, 1989). Third,
Rogers’ method of moments was applied to the distribu-
tion of pairwise differences among sequences (or mismatch
distribution) to estimate historical demographic parameters
(Rogers, 1995, 1997). Fourth, levels of genetic diversity
within continents were compared using p, the per nucleotide
difference between sequences (Li, 1997). Fifth, the ratio of
synonymous substitutions per synonymous nucleotide posi-
tion and non-synonymous substitutions per non-synonymous
nucleotide position (i.e. K¢/K, ratios) were calculated using
the tools of (Yang, 2000), and analyzed in pairwise com-
parisons as described by Nei and Kumar (2000).

The results of these analyses were compared with
similar analyses of human genetic data in the published
literature (Harpending and Rogers, 2000; Rogers, 1995;
Cavalli-Sforza et al., 1994; Eller, 1999; Stoneking, 1997;
Zhao et al., 2000).

3. Results and discussion

Patterns of genetic diversity in the JC virus have been
used as a surrogate for human genetic diversity in several
studies of population structure and migration (Sugimoto
et al., 1997; Guo et al., 1998). Such studies have relied on
an apparent large-scale correlation between JCV and human
population structure: on an average, distantly related hu-
man populations contain distantly related JCV lineages, and
closely related human populations contain closely related
JCV lineages (Sugimoto et al., 1997). However, a variety
of factors could lead to superficial similarities between hu-
man and JC virus populations even if deeper differences
are present. If isolation by distance occurs in both popula-
tions, for example, then human and JCV populations might
show similar patterns of regional differentiation superim-
posed on differences in population size trends or population
subdivision.

Given the rising availability of human genetic data, a
more effective approach is to treat the historical relationship
between human and JCV as an unknown. Human history is
exceptionally well studied and information about humans
should provide a good basis for comparison with other
species. Evidence for low levels of pathogenicity and largely
vertical patterns of transmission in JCV suggest the null
hypothesis that human and JCV populations have strongly
correlated demographic histories. Inferred differences may
be useful for learning about long-term demographic and
evolutionary processes in the virus.

Human genetic diversity is characterized by four hallmark
trends that are relevant to the investigation of long-term
demographic processes in JCV (Harpending and Rogers,
2000). First, phylogenies of human genes tend to be
comb-shaped, with most terminal branches being nearly the
same length (Cann et al., 1987; Harpending and Rogers,
2000). Second, the distribution of pairwise differences
among linked polymorphisms, or mismatch distribution, is a

smooth unimodal wave in most human populations (Rogers
and Harpending, 1992; Harpending and Rogers, 2000;
Wooding and Rogers, 2000; Alonso and Armour, 2001).
Third, genetic differences between human populations tend
to be correlated with geographical distance, and genetic
differences between continents tend to be relatively uniform
(Eller, 1999; Harpending and Rogers, 2000; Cavalli-Sforza
et al., 1994). Fourth, human populations within Africa tend
to be more genetically diverse than populations on other
continents (Stoneking, 1997). These patterns are consistent
with Late Pleistocene population growth and range expan-
sion originating in Africa (Harpending and Rogers, 2000).

Among surveys of genetic diversity in JCV, the sample
of Sugimoto et al. (1997) is most informative in a demo-
graphic context. It includes a large number of sample pop-
ulations distributed over three continents and is comparable
in both size and geographical distribution to a number of
human genetic datasets (Harpending and Rogers, 2000;
Cavalli-Sforza et al., 1994) (Fig. 1). In earlier phylogeo-
graphic analyses of the sample, three main trends were iden-
tified. Phylogenetic trees relating DNA sequences showed
evidence of several clades with relatively limited geograph-
ical distributions, including a distinct, basal European clade
(designated Eu) (Fig. 1 in Sugimoto et al., 1997). Graphical
displays of the data supported the existence of regional dif-
ferences in lineage composition and relatedness (Sugimoto
et al., 1997; Guo et al., 1998). Populations with known his-
tories of human migration and admixture showed evidence
of migration and admixture with respect to viral diversity
(Kato et al., 1997; Sugimoto et al., 1997).

Earlier findings in JCV are consistent with observations
based on human genes (Harpending and Rogers, 2000),
but there are some important differences. The tendency of
human genetic lineages to group geographically, and the
distinctness of migrant lineages in admixed populations are
well established (Cavalli-Sforza et al., 1994). However, the
presence of a distinct, basal clade of European lineages is
unexpected. In human gene genealogies the basal position of
lineages from Africa is often interpreted as evidence for an
African origin of modern humans (Cann et al., 1987; Horai
et al., 1995; Thompson et al., 2000; Cavalli-Sforza et al.,
1994). The phylogenetic position of European lineages in
JCV is inconsistent with the argument that JCV-infected
humans prior to their hypothesized expansion out of Africa.

The distinctness of the Eu clade recognized by Sugimoto
et al. (1997) is also unexpected. In a principal components
analysis of differences among V-T intergenic region nu-
cleotide sequences based on synonymous nucleotide substi-
tutions only, the first two principal components of variation
account for 9.2 and 5.2% of the total variance, respectively,
and divide JCV lineages into two distinct clusters (Fig. 2). A
large cluster (A) is observed, which contains lineages found
predominantly in Asia and Africa, and a smaller cluster (B)
is observed, which corresponds to the Eu clade identified
previously. Such clusters are not typically observed in prin-
cipal components maps of large samples of human genetic
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Cluster A

Cluster B

Second Principal Component (5%)

First Principal Component (9%)

Fig. 2. Principal components map of JCV DNA sequences. Percent values
on the axes indicate the proportion of variance accounted for by each
component, but otherwise the axes are dimensionless.

diversity, which tend to have more diffuse distributions.
Some forms of balancing selection could cause clustering
to occur, but such selection would only explain the presence
of clusters, not their different geographical distributions
(Page and Holmes, 1998).

A principal component analysis of JCV subpopulations
based on DNA sequence variation is consistent with the
hypothesis of regional subdivision, as well. Like JCV nu-
cleotide sequences, JCV subpopulations are divided into
two main clusters defined by geography (Fig. 3). These
population clusters are not as distinct as the DNA sequence
clusters. Although African and Asian populations are
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composed mostly of lineages from cluster A and European
populations are composed mostly of lineages from cluster
B, the geographical division is not strict. Lineage clusters
A and B are both found on all three continents.

One notable feature of the principal components map of
JCV subpopulations is the similarity of Asian and African
subpopulations, which differ from European subpopulations.
Analyses of human genetic diversity ordinarily reflect more
uniform between-continent differences (Eller, 1999; Ding
et al., 2000). Another notable feature is that subpopulations
located near the geographical intersection of continents are
located near the intersection of continents on the principal
components map, as well. Populations from Greece, Turkey,
Morocco and Saudi Arabia, for example, fall between popu-
lations from Europe and Africa, and Europe and Asia. This
pattern is consistent with the argument that isolation by
distance may be the source of similarity in the large-scale
genetic structure of human and JCV populations.

Levels of diversity within continents differ from obser-
vations in humans as well. Measures based on the mean
number of nucleotide differences between human genes
consistently find more genetic variability in Africa than
in Asia and Europe. This trend is generally interpreted
as evidence for African origins (Stoneking, 1997). In a
comparison of DNA sequences from chromosome 22, for
example, Zhao et al. (2000) found 7 values in Europe, Asia
and Africa of 0.0077, 0.0075 and 0.0085, respectively. In
JCV, diversity is higher in Europe (7 = 0.0185) than in
Asia (mr = 0.0171) or Africa (w = 0.0169).

The phylogenetic differences between lineage clusters
A and B and overall differences in diversity between
the European and African/Asian clusters suggest that the
JCV subpopulations found in Europe are demographically
distinct from JCV populations elsewhere. Geographically

@ Africa
A Asia
M Europe
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First Principal Component (23%)

Fig. 3. Principal components map of JCV subpopulations based on DNA sequence variation. Percent values on the axes indicate the proportion of variance
accounted for by each component, but otherwise the axes are dimensionless. A key for population symbols is shown in Fig. 1.
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defined demographic units may be present. An effective
method for comparing the demographic properties of popu-
lations is to compare the distribution of pairwise differences
among sequences, or mismatch distribution. The mismatch
distribution is a well-established tool for studying popula-
tions that have been subdivided or have changed in size over
time. Whereas single, panmictic populations tend to show
moderately rough mismatch distributions, strongly subdi-
vided populations tend to show two modes (Marjoram and
Donnelly, 1994). Whereas populations that have expanded
exhibit smooth mismatch distributions with a single mode
correlated with the time of expansion, populations that have
not expanded exhibit rough mismatch distributions (Rogers
and Harpending, 1992; Rogers, 1995).

The mismatch distribution in JCV DNA sequences shows
evidence of both expansion and subdivision (Fig. 4a).
Unlike the mismatch distribution for human mtDNA, which
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Fig. 4. Mismatch distributions. (a) Mismatch distribution of all JCV nu-
cleotide sequences. Circles represent observed differences; (b) mismatch
distribution of JCV nucleotide sequences from cluster A. Circles repre-
sent observed differences. Solid line represents the mismatch distribution
expected for the parameters estimated for cluster A using Rogers’ method
of moments (dp = 3.52, 6, = 47.32 and ¢ = 6.82); (c) mismatch dis-
tribution of JCV nucleotide sequences from cluster B. Circles represent
observed differences. Solid line represents the mismatch distribution ex-
pected for the parameters estimated for cluster B using Rogers’ method
of moments (Jp = 0.01, §; = 118.20 and ? = 5.35).

is smooth and unimodal, the mismatch distribution of JCV
sequences is smooth, but strongly bimodal, with peaks at 11
and 21 nucleotide differences. Such patterns are unusual,
but have been described in other cases population subdivi-
sion followed by population expansion (Wooding and Ward,
1997). No methods are available to estimate demographic
parameters for subdivided, expanding populations, but the
distinctness of JCV clusters A and B indicates that it is
appropriate to analyze them separately.

Separate analyses of the lineages in cluster A and B yield
results expected under population growth, without subdi-
vision. A test of the frequency spectrum of mutations in
each sample using Tajima’s D-statistic, which compares the
total number of variable nucleotide positions in a sample of
sequences with the mean pairwise difference, rejects the hy-
pothesis of demographic stationarity for both groups at the
95% confidence level (D = —1.76 for cluster A, and —1.94
for cluster B) (Tajima, 1989). The mismatch distributions of
the two clusters also match expectations under population
expansion when analyzed separately. Both are smooth and
unimodal. However, the modal difference within cluster A
is nine nucleotides, and the modal difference within cluster
B is four nucleotides (Fig. 4b).

The application of Rogers’ method of moments yields
o = 3.52, ) = 47.32 and T = 6.82 for cluster A and
éo =0.01, él = 118.20 and t = 5.35 for cluster B (Rogers,
1995). The estimate of t for cluster A seems slightly too
low, possibly due to substructuring within the cluster. Under
a two-epoch “sudden change” model of population history,
which makes the assumption that a population changed in-
stantaneously from an ancient population size to the modern
one, § = 2Nou provides an estimate of ancient population
size Np) (the number of haploid genomes in the popula-
tion), where u is the per nucleotide substitution rate times
the number of nucleotides in the sequence under considera-
tion. Similarly, T = 2ut provides an estimate of the length
of time ¢ that has passed since the size change occurred
(Rogers, 1995).

Under the synonymous nucleotide substitution rate for
primate polyomaviruses proposed by Yasunaga and Miyata
(1982) (3.8 x 1078 synonymous substitutions per site per
year), @ = 2.3 x 107 and estimates of 7 obtained using the
method of moments imply an expansion time of 150,000
years before present for cluster A and 115,000 years before
present for cluster B. These expansion times are similar to
the expansion time of 66,000-150,000 years before pre-
sented for humans inferred from mitochondrial DNA poly-
morphism (Rogers, 1995). However, the time of expansion
for cluster B under this substitution rate predates the perma-
nent occupation of Europe by humans, which occurred after
the last glacial maximum around 18,000 years ago (Klein,
1999). Such an early expansion time implies that this substi-
tution rate is too low.The rate of 3.8 x 107 synonymous sub-
stitutions per site per year proposed for JCV by Hatwell and
Sharp (2000) yields different results. It implies an expansion
time of around 14,000 years before present for cluster A
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and 11,000 years before present for cluster B. However, this
rate rests on the assumption that the earliest divergences in
JCV correspond to those found in humans. It is circular to
use Hatwell and Sharp’s estimate for comparisons between
JCV and human diversity here since the substitution rates
of the two species were not calculated independently.

The signature of population expansion and subdivision in
JCV could be due to a variety of factors. One possibility is
that JCV populations have been divided into demes corre-
sponding to isolated human subpopulations. Another possi-
bility is that natural selection is causing between-continent
differentiation. Under the latter hypothesis, variation should
be present in the phenotypes of JCV variants. These might
appear in the form of amino acid substitutions in the V-T
intergenic region.

Variable Position

0000000000111111111122222222
1234567890123456789012345678

JCV_A_1 ALFLVFGGSRVDIQMRMKPTQYHGSASC
JCV_A_2 T T v o MEBm omes wmma i 8
JCV_A_4 T mome = F...VE. ...,
JCV_A_5 B wowsa wanid BB wns wmraw sves on
JCV_A_6 T n some = mpmn I..E.i i iiiiinnn
JCV_A_7 B wowa wraven st Bl wnes wuraw s o
JCV_A_8 R Eoiiiieeiaan F.
JCV_A 9 B wowsa sraner s .
JCV_A_10 T n som = myme s Eo'ovinnnn. S.
JCV_A_11 e cowa wrases niss o Wooos wmmasw v F
JCV_A_12 o Kevooiiieean
JCV_A_13 i cowva sraiers snite o w5 = S — F.
JCV_A_l14 ML n siomn = mymn mimie miman s moee i F.
JCV_A_I5 Ml cosa srasis aits CTANE NS WuMaTE SR B
JCV_A_19 e mimy mrmman s VE..... A........
JCV_A_20 Poms v utiin s VE.q cuu WiiiPowa ws
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Fig. 5. Summary of variable amino acid positions. Variable sites are listed
and numbered in the order they occur in the sequence data. Sequence
JCV_A_1 is the reference sequence. Below it, letters indicate substitutions
and dots indicate identity. Unshaded sequences are from cluster A and
shaded sequences are from cluster B.

Translations of the DNA sequences reported by Sugimoto
et al. (1997) show that amino acid sequence variation is
present in both of the coding regions reported. A total of
37 different sequences defined by 27 variable amino acid
positions is observed (Fig. 5). A total of 23 of the observed
variants occur only once in the sample, with the remaining
14 occurring two or more times.

The structure of a parsimony network generated using the
method described by Wooding and Ward (1997) shows some
of the structure suggested by the principal components anal-
ysis of JCV DNA sequences in Figs. 2 and 3; amino acid
sequences in clusters A and B fall into different parts of the
network. Europe and Africa each contain fewer amino acid
variants than Asia does, and every lineage occurring more
than once in the sample is found in Asia. Also, as suggested

Cluster A

Y4

Cluster B

o _/

Fig. 6. Parsimony network relating amino acid variants. Node sizes are
proportional to lineage frequencies. Within each node, shading indicates
the relative abundance of the lineage in each of the three continents: black
represents Africa, gray represents Asia and white represents Europe.
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by the principal components analysis of JCV subpopulations
in Fig. 3, the lineages endemic to Europe are relatively dis-
tinct from those found in Africa and Asia, although lineage
compositions of the continents overlap (Fig. 6).

The population structure suggested by the relative abun-
dances of amino acid lineages in each region is reflected in
a principal components map of JCV subpopulations based
on amino acid sequence variation (Fig. 7). In this map, Eu-
ropean subpopulations are distinct from African and Asian
subpopulations, but African and Asian subpopulations are
indistinguishable from each other and form a single nebu-
lous cluster (Fig. 7). The extent of overlap among African
and Asian subpopulations to the exclusion of Europeans is
remarkable given that the amino acid sequence variation
is a subset of DNA sequence variation distinguishing the
three continents. The simplest explanation for this pattern is
that natural selection has occurred, resulting in convergent
evolution.

The pattern of amino acid substitution in the parsimony
network is consistent with the hypothesis that convergent
evolution has occurred in JCV proteins (Fig. 8). Of the
eight amino acid substitutions informative in a parsimony
analysis (i.e. substitutions in which at least two variants
are observed in two or more samples), five appear to have
occurred only once in JCV’s history, but three must have
occurred more than once. Two (16 R-K and 22 Y-F) can be
explained by one convergent amino acid substitution each.
One substitution (27 S-F) requires at least six convergent
amino acid substitutions to explain. For example, if the
27 S-F substitution occurred once between lineage 11 and
12, then the similarity of lineage 14 to 15 would require
a parallel mutation, the similarity of lineage 8 to 9 would
require another parallel mutation and so on.
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An alternative explanation for the recurrence of 27 S-F
substitutions in JCV haplotypes is genetic recombination.
Recombination has been regarded in much of the pub-
lished literature as an insignificant factor in natural JCV
populations, but the pattern observed here would be easily
explained by the presence of a recombination hot spot. Un-
fortunately, an analysis using the method of Jakobsen and
Easteal (1996), which tests for recombination by identifying
cladistic incompatibilities among variable sites, shows that
the 27 S-F substitution is the last cladistically informative
substitution in the data set. It is impossible to tell whether
this position is cladistically incompatible with substitutions
both upstream and downstream, which would point to re-
peated amino acid substitution, or if it only incompatible
with substitutions that are upstream, which would point to
recombination.

One way to distinguish the hypothesis of multiple
substitution from recombination would be to examine the
synonymous nucleotide changes in the vicinity of the
amino acid substitution. If recombination has occurred,
then synonymous substitutions upstream from the 27 S-F
substitution should be incompatible with those downstream.
Unfortunately, not only is the informative amino acid sub-
stitution of interest the last amino acid substitution in the
sequence, the non-synonymous change that causes the sub-
stitution is the third to last informative nucleotide substitu-
tion in the sequence. No convincing pattern is found in the
final two informative positions. Comparisons of more JCV
DNA sequence data will be required to answer the ques-
tion of whether the 27 S-F changes have occurred through
parallel substitution or recombination.

The bimodality of JCV’s mismatch distribution, the basal
position of the European clade in a phylogeny, the excessive

spll

Y |

First Principal Component (39%)

Fig. 7. Principal components map of JCV subpopulations based on amino acid sequence variation. Percent values on the axes indicate the proportion of
variance accounted for by each component, but otherwise the axes are dimensionless. A key for population symbols is shown in Fig. 1.
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Fig. 8. Parsimony network indicating amino acid substitutions. Contours
define the state of amino acid substitutions in which each variant is found
in two or more samples (i.e. substitutions informative in a parsimony
analysis). The number—letter pairs on each contour indicate the substitution
and its alternate states. The number is the substitution number as defined
in Fig. 5. The number inside a contour indicates the residue found in
lineages inside the contour. The letter outside a contour indicates the
residue found in lineages outside the contour. The dashed contour indicates
the 27 S-F substitution.

genetic diversity in Europe and the predominantly European
origins of cluster B imply that although JCV and humans
have a tightly coupled biological relationship, their demo-
graphic histories differ. JCV DNA sequences are most likely
a poor source of data for studies of human demography out-
side of the low-resolution applications reported so far. The

use of genetic diversity in the JCV parasite to study human
populations may be possible at low scales of resolution, but
differences between JCV and human demography indicate
that inferences about human populations based on diversity
in the virus should be treated with caution.

Given the abundant and rapidly increasing base of hu-
man genetic data and the depth of detailed investigations
into human population history based on genetic, linguistic,
morphometric and archaeological evidence (Cavalli-Sforza
et al., 1994), an alternative approach to analyzing genetic
diversity in JCV is justified. Information about human
demographic history should be used as a context for under-
standing the demographic history of the virus, rather than the
other way around. The incorporation of well-supported prior
findings about either host or parasite populations into stud-
ies of host—parasite coevolution is likely to provide a useful
foundation for identifying otherwise unobservable trends of
the evolutionary process. In the case of the human—-JCV re-
lationship, similarities and differences in patterns of genetic
diversity have a variety of implications that are not evident
when the two species are considered separately.

The most obvious pattern of diversity in JCV that is
placed in context by information about human population
history is evidence for population growth. Whereas evidence
for a population expansion in JCV in the absence of an ex-
pansion in humans would be clear evidence of an epidemi-
ological sweep, evidence for an expansion in both species
allows the possibility that they expanded simultaneously.
The hypothesis that human and JCV populations expanded
simultaneously will be testable if more accurate estimates
of nucleotide substitution rates in JCV can be obtained. In-
formation about human history is important for interpreting
phylogenetic topologies and diversity levels in JCV popu-
lations as well. These lines of evidence suggest that JCV’s
relationship with humans began in Europe. While not sta-
tistically testable, the basal position of a European clade
of JCV lineages, and the relatively high level of diversity
() levels there, are both more consistent with European
origins than they are with prior evidence for human origins
in Africa, which are supported by analogous patterns in
human genes.

Patterns of between-continent divergence in JCV are sim-
ilar to patterns found in humans in that they both show ev-
idence for isolation by distance. But the distinct difference
between European and Africa/Asian JCV subpopulations,
and the marked similarity between subpopulations from
Asia and Africa, indicate that human population structure
alone cannot account for diversity patterns in the virus. The
population dynamics of JCV must include the influence of
factors such as natural selection or life history traits, such as
horizontal transmission, that could enforce between-region
similarities and differences independent of those found in
humans. High levels of amino acid diversity and evidence
for purifying selection imply that natural selection is an
important underlying force that may be important in the

regional differentiation of viral and human populations.
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Further examination of differences between regional sub-
populations will be required to define fine-scale trends in
the adaptive evolution of JCV. The specific comparison of
European and non-European populations should be parti-
cularly informative in understanding these trends.
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