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Abstract

The factors responsible for the maintenance of genetic variation among natural populations remain a mystery. Recent models
of host—parasite co-evolution assume that parasites exert frequency-dependent selection on their hosts by favouring rare alleles
that may confer resistance against infection. We tested this prediction in a comparative analysis that sought relationships
between levels of genetic variation and the number of metazoan parasite species exploiting each host species. We used data on
40 species of North American freshwater fishes. After controlling for sampling effort and phylogenetic influences, we found no
relationship between genetic polymorphism and parasite species richness among fish species. However, we found a marginal
negative correlation between parasite species richness and heterozygosity. This result goes against the prediction that increased
selective pressure by parasites should be associated with higher levels of genetic variation. Instead, it suggests that parasites may
be colonising host species showing low levels of genetic variation with greater success than genetically more variable host

species. © 2000 Australian Society for Parasitology Inc. Published by Elsevier Science Ltd. All rights reserved.
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1. Introduction

Most natural populations of plants and animals
exhibit high levels of genetic variability [1,2]. The
forces maintaining this variation, however, are still
poorly understood and are the subject of much debate
[3-7]. Comparative analyses can shed some light on
the mechanisms maintaining genetic variation in natu-
ral populations, since they can help identify traits of
organisms that are frequently associated with high
levels of variation. For instance, Mitton and Lewis [§]
found that heterozygosity, or the average proportion
of heterozygous loci per individual, correlates with
various life history features of fish. Their analysis
revealed that the most heterozygous fish species tend
to be the ones with smaller body sizes and lower age
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at maturity. Mitton and Lewis [8] interpreted these
results as supporting a role for environmental variabil-
ity in the maintenance of genetic variation, since un-
stable environments should select for high intrinsic
rates of population increase and thus the kinds of life
history traits found to be linked with high levels of
genetic variation.

A comparative approach can be used to test other
hypotheses regarding the maintenance of genetic vari-
ation. A possible mechanism widely discussed in recent
years is that parasites and pathogens exert frequency-
dependent selection on their hosts, favouring rare host
alleles that may confer greater resistance against wide-
spread parasites [9]. Indeed, genetic resistance against
parasites quickly becomes obsolete as parasites evolve
at higher rates than their hosts. Sexual reproduction
may even be an adaptation against parasites that allow
gene recombination and promote genetic variation
[10-12]. Evidence of the selective pressure placed by
parasites on host genetic variability has come from a
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few studies on given host species [13—17]. However,
only a comparative study among related species can
determine whether parasitism explains differences
between species in levels of genetic variation.

We examined the relationship between the number
of metazoan parasite species exploiting North Ameri-
can freshwater fish species and both their heterozygos-
ity (average proportion of heterozygous loci per
individual) and polymorphism (proportion of poly-
morphic loci among the loci surveyed). Metazoan
parasites of fish belong to several taxa, including tre-
matodes, cestodes, nematodes, acanthocephalans, crus-
taceans and molluscs. They inhabit a wide range of
tissues and organs in their hosts, such as the digestive
tract, viscera, swim bladder, nervous system, muscles,
skin and gills. They invade the host in many different
ways and use a variety of mechanisms to evade the
host’s defenses. Therefore, the strength of selection
maintaining genetic variability in hosts should be pro-
portional to the diversity of parasites exploiting a host
species if indeed parasites exert frequency-dependent
selection on hosts. In other words, if parasites are im-
portant in maintaining overall genetic variation, rather
than just variation at specific loci known to be
involved in parasite resistance, then a simple prediction
is that host species showing higher levels of genetic
variation do so in response to infections by a wider
range of parasite species. We tested this prediction in a
comparative analysis among fish species that con-
trolled for important confounding variables such as
sampling effort and host phylogeny.

2. Methods

Data on heterozygosity, H, and polymorphism, P,
were obtained from published electrophoretic studies
of allozyme variation and used as indices of overall
genetic variation. We used two estimates of poly-
morphism, based on two different criteria for poly-
morphism: P99, for which the frequency of the
most common allele had to be <0.99, and P95, for
which the frequency of the most common allele had
to be <0.95. Because of the high variance in single-
locus polymorphism among loci, estimates of genetic
variation are far more severely influenced by the
number of loci sampled than by the number of in-
dividuals examined [18,19]. Thus, following Nei’s
[18] suggestions, estimates were only used if at least
20 loci had been investigated from at least five indi-
vidual fish, or if at least two individuals had been
used and scored for at least 25 loci. Nevertheless,
because investigators may decide to increase their
sample size when little variation is detected, artefac-
tual correlations can appear between numbers of
loci or individuals examined and the estimated gen-

etic variation, and we therefore corrected for both
variables in the analysis (see below). When two or
more studies per fish species were available, we
averaged estimates of heterozygosity and polymorph-
ism, weighting by the number of loci, to obtain
single values of H, P95 and P99 per species.

Parasite data were obtained from the checklists of
Margolis and Arthur [20] and McDonald and Mar-
golis [21], which include fish species from Canada
and the northern USA. For each fish species, we
recorded the total number of known metazoan
parasite species, whether they infected fish as adults
or larval stages and whether they were internal or
external parasites. We excluded protozoan parasites,
because they are only recorded from fish species
that have been the subject of detailed surveys; their
occurrence is therefore poorly known for most fish
species. The species richness of the metazoan para-
site fauna of a given fish species is to some extent
dependent on how much effort has gone into study-
ing that fish: on average, more parasites are known
from intensely-studied host species than from
poorly-studied ones [22,23]. To control for variabil-
ity in study effort among host species, we used the
average number of articles published per year on
each fish species over a 10 year period (1984-1993),
obtained from Cvancara’s compilations [24], as an
independent index of our relative knowledge of each
fish species. Finally, we obtained data on body size
(total length in mm, from Scott and Crossman [25])
for each fish species since this variable may be as-
sociated with parasite species richness and mask any
relationship with genetic variation [22].

We used Felsenstein’s [26] phylogenetically indepen-
dent contrasts method for the comparative analysis.
Contrasts were computed on log-transformed data
using the CAIC 2.0 statistical package [27]. The
method consists in deriving statistically independent
sets of contrasts between sister taxa from a phylogeny,
and using these contrasts to test for relationships
between variables. We used Nelson’s [28] proposed
phylogeny of higher taxa of fish, and various sources
of information on within-family relationships [29-34].
Contrasts need to be standardised for the time since
divergence of sister taxa, or branch lengths in the phy-
logeny [35]. Since this information is unavailable for
the fish phylogeny, we used the estimation method of
Grafen [36]. Relationships among contrasts were
assessed using correlations forced through the origin
(see [35] for justification). To control for the confound-
ing effect of study effort (i.e. number of individuals or
loci examined, number of articles per year per fish
species), residuals of a regression of contrasts in the
variable of interest against contrasts in the confound-
ing variable were used instead of uncorrected contrasts
[35].
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3. Results trasts to be used; the actual number varies among
analyses since data on the three measures of genetic
Our data set comprised 40 fish species from nine variability were not always available for all fish
different families (Table 1). The fully-resolved phylo- species.
geny (Fig. 1) allowed a maximum of 39 sets of con- The three measures of genetic variation correlated
Table 1

Data on parasite species richness and genetic variation for the 40 freshwater fish species included in the comparative analysis

FAMILY Parasite richness No. loci® H P95 P99 Ref.
species (study effort)® (no. fish sampled)®

CATOSTOMIDAE

Ictiobus cyprinellus 1 (0.8) 32 (15) 0.102 0.281 0.371 [43]
Carpiodes cyprinus 38 (1.8) 31 (15) 0.083 0.323 0.409 [43]
Catostomus columbianus 5(0.2) 29 (15) 0.048 0.138 0.190 [43]
Catostomus catostomus 67 (4.0) 29 (15) 0.038 0.172 0.236 [43]
Catostomus commersoni 86 (18.2) 30 (85) 0.029 0.094 0.114 [43,44]
Minytrema melanops 0(0.2) 27 (15) 0.059 0.222 0.293 [43]
Erimyzon sucetta 0(0.3) 29 (15) 0.058 0.207 0.273 [43]
Moxostoma macrolepidotum 26 (2.2) 27 (15) 0.075 0.222 0.293 [43]
Moxostoma duquesnei 0(0.2) 27 (15) 0.015 0.111 0.153 [43]
Moxostoma erythrurum 10 (2.3) 27 (15) 0.034 0.148 0.203 [43]
Hypentelium nigricans 4 (0.5) 38 (72) 0.016 0.056 0.066 [43,45]
CYPRINIDAE

Notemigonus crysoleucas 29 (3.8) 24 (15) 0.068 0.210 0.277 [46]
Notropis emiliae 4(0.2) 21 (38) 0.036 0.119 0.119 [47]
Pimephales promelas 26 (21.0) 22 (5) 0.197 0.182 0.318 [48]
Hybognathus nuchalis 0 (0.1) 22 (20) 0.064 0.227 0.318 [48]
Hybognathus hankinsoni 11 (0.8) 22 (21) 0.026 0.058 0.221 [48]
Campostoma anomalum 3(2.0) 22 (367) 0.048 0.141 0.208 [48,49]
Nocomis micropogon 7 (1.0) 43 (15) 0.032 0.047 0.047 [50]
Rhinichthys cataractae 24 (3.2) 43 (346) 0.029 0.047 0.102 [49,50]
ICTALURIDAE

Ictalurus punctatus 39 (76.3) 23 (13) 0.022 0.040 0.170 [51]
ESOCIDAE

Esox lucius 65 (26.3) 26 (40) 0.001 0.040 0.040 [52]
SALMONIDAE

Thymallus arcticus 25(2.3) 36 (60) 0.033 - 0.110 [49]
Salmo salar 64 (134.0) 43 (1434) 0.023 - 0.101 [49]
Salvelinus fontinalis 90 (42.7) 39 (284) 0.081 0.191 0.249 [53]
Salvelinus namaycush 65 (23.8) 50 (484) 0.015 - 0.142 [49]
Salvelinus alpinus 45 (24.0) 37 (474) 0.006 - 0.016 [49]
Oncorhynchus kisutch 56 (103.7) 27 (1971) 0.016 - 0.129 [49]
Oncorhynchus tshawytscha 29 (83.3) 28 (1516) 0.063 - 0.196 [49,54]
Oncorhynchus gorbuscha 45 (60.7) 29 (910) 0.032 - 0.151 [49]
Oncorhynchus keta 23 (75.3) 28 (706) 0.034 - 0.079 [49]
Oncorhynchus nerka 73 (69.5) 27 (2067) 0.017 - 0.100 [49]
Oncorhynchus mykiss 73 (364.3) 24 (1321) 0.107 0.243 0.356 [55]
Oncorhynchus clarki 24 (18.2) 59 (293) 0.016 0.040 0.051 [56]
CYPRINODONTIDAE

Fundulus heteroclitus 11 (21.2) 24 (5) 0.170 0.330 0.330 [57]
COTTIDAE

Cottus bairdi 23 (7.7) 32 (257) 0.020 0.061 0.133 [58]
PERCICHTHYIDAE

Morone americana 23 (6.5) 33 (29) - 0.061 0.061 [59]
Morone chrysops 30 (6.5) 33 (142) - 0.030 0.061 [59]
PERCIDAE

Stizostedion vitreum 70 (24.3) 39 (80) 0.049 0.128 0.231 [60]
Stizostedion canadense 29 (2.3) 39 (5) 0.009 0.026 0.026 [60]
Etheostoma microperca 1(9.8) 23 (60) 0.010 - 0.055 [49]

% Mean number of articles published per year per fish species.
® When data come from more than one source, the number of loci used is from the study that looked at the most loci.
¢ When data come from more than one source, the number of fish is summed up across studies.
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positively with one another (H vs P95: r = 0.655,
n = 27 sets of contrasts, P < 0.001; H vs P99:
r=0.750, n = 37, P < 0.001; P95 vs P99: r = 0.839,
n =129, P < 0.001). Heterozygosity correlated signifi-
cantly with the number of individual fish examined
(r=-0.352, n = 37 sets of contrasts, P = 0.03),
whereas both measures of polymorphism correlated
with the number of loci investigated (P95: r=—0.432,
n =29, P=0.019; P99: r=-0.303, n = 39, P = 0.056).
In subsequent analyses, we used corrections for either
number of fish or number of loci to control for the in-
fluence of these confounding variables. Similarly, we
corrected parasite species richness for study effort since
these two variables were strongly positively correlated
and study effort explains more than 50% of the var-
iance in parasite species richness (r = 0.724, n = 39
sets of contrasts, P < 0.001).

Fish body size tended to covary with parasite
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Catostomus columbianus
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Fig. 1. Phylogeny of the 40 North American freshwater fish species
included in the comparative analysis. True branch lengths are not
available in this composite tree, so the scale used in the figure is arbi-
trary.

species richness (r = 0.277, n = 39 sets of contrasts,
P = 0.088), though it explains only about 7% of the
variance in richness. However, fish size did not
correlate with any measure of genetic variation (H:
r = 0.086, n = 37, P > 0.50; P95: r = 0.163, n = 29,
P =0.39; P99: r = 0.226, n = 39, P = 0.16).

Parasite species richness was weakly associated with
heterozygosity (Fig. 2), with the more heterozygous
fish taxa tending to harbour fewer parasite species
than their less heterozygous relatives (r=-—0.319,
n = 37 sets of contrasts, P = 0.056). Polymorphism,
on the other hand, showed no relationship with
parasite species richness (P95: r=-0.146, n = 29,
P =0.45; P99: r = 0.012, n = 39, P > 0.50; Fig. 3).

4. Discussion

Based on previous theoretical work [9], we expected
that parasite-mediated frequency-dependent selection
should play a role in the maintenance of genetic diver-
sity among fish species. In other words, we expected
fish species exposed to a wide range of parasite species
to display higher levels of heterozygosity and/or poly-
morphism because such species are subject to a greater
variety of selection pressures. Not only do our results
fail to support this prediction, they suggest the oppo-
site, i.e. a negative relationship between parasite
species richness and heterozygosity. This result was
obtained after controlling for phylogenetic influences
and correcting for sampling effort. We also controlled
for fish body size; other ecological variables some-
times, but not always, correlate with parasite species
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Fig. 2. Relationship between parasite species richness (corrected for
study effort) and heterozygosity (H, corrected for the number of
individual fish examined) among North American freshwater fish.
Data points represent phylogenetically independent contrasts.
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richness in fish and other vertebrates, but fish body
size is the most pervasive covariate among these
[22,37]. We eliminated several fish species from our
data set because they had been investigated at fewer
than 20 loci and estimates of their genetic variability
may have been imprecise [18,19]. In a further analysis
in which we lowered our standards to include all fish
species that had been investigated at more than 15 loci
(this procedure allowed inclusion of species from three
additional fish families: Centrarchidae, Gasterosteidae,
and Clupeidae), the negative relationship between
parasite species richness and heterozygosity remained
approximately the same (r=-0.311, n = 42 sets of
contrasts, P = 0.046). Therefore, although they may
select for variation at some specific loci, parasites do
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Fig. 3. Relationship between parasite species richness (corrected for
study effort) and genetic polymorphism (P95 and P99, both cor-
rected for the number of loci investigated) among North American
freshwater fish. Data points represent phylogenetically independent
contrasts.

not appear to be involved in the maintenance of vari-
ation throughout the genome in general.

In an earlier study [38], we found no relationship
between genetic variation and the prevalence of infec-
tion by protozoan blood parasites among bird species.
These findings, combined with the results of the pre-
sent study, provide no support for the idea that para-
sites maintain genetic variation among host species via
frequency-dependent selection. Some other neutral or
selection mechanism must be at work. Alternatively,
one could argue that the data we used contain too
much noise for existing patterns to emerge. For
instance, parasite species richness is only one of many
ways of estimating the selective pressure exerted by
parasites on their hosts. The level of infection by a
particularly virulent parasite species may give a better
idea of the strength of selection; this approach, how-
ever, does not allow comparisons among host species
exploited by different parasites. Also, data for parasite
species richness and genetic variation should ideally
have been obtained from the same fish populations,
perhaps even from the same individual animals, rather
than compiled from independent studies. While the
data have shortcomings, these are not fatal to our
analysis. Other comparative studies, using the same
type of genetic data, have found correlations between
genetic variation and other biological traits among ver-
tebrate species [8,39] despite the potential weakness of
the data.

It is interesting to note that our analysis, although
not designed to test the suggestion of Mitton and
Lewis [8] that environmental variability promotes gen-
etic variation, does not support their conclusions
either. We did not find a significant relationship
between fish body size and genetic variation, as did
Mitton and Lewis [8]. The discrepancy between their
results and ours may result from the fact that we elimi-
nated species sampled at fewer than 20 loci from our
analysis (they included fish species sampled at 10 or
more loci) and that we controlled for phylogenetic in-
fluences whereas they did not. Thus it may be necess-
ary to re-evaluate the importance of environmental
stability, and other factors such as aquatic habitat type
(see [40]), in the maintenance of genetic variation
among fishes using a more rigorous comparative
approach.

Whatever force (or forces) is actually maintaining
genetic variation among natural populations, we pro-
pose that parasite species may be more successful at
colonising host species or host populations that show
low levels of genetic variation. A generally low diver-
sity of possible allelic combinations in hosts may
favour parasites in the evolutionary arms race by limit-
ing the range of possible host defenses. This would
lead to host species that are genetically homogeneous
accumulating parasite species at a higher rate than
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related but genetically more variable species. A recent
study of mouse populations provides support for this
hypothesis. Meagher [41] found that populations of
deer mice (Peromyscus maniculatus) with low levels of
allozyme heterozygosity had higher prevalences of
nematode infections than genetically more diverse
populations. This result and ours suggest that popu-
lations or species of hosts with low levels of genetic
variation will be more susceptible to parasite infec-
tions. Recently, Guégan and Morand [42] showed that,
among African freshwater cyprinid fish, polyploid
species harbour more species of ectoparasitic worms
than their diploid relatives. This result is the opposite
of what we might have expected, since polyploid
species have more opportunities to fight parasites via
genetic resistance because they have twice or more the
number of genes to do so. The evolutionary signifi-
cance of this result is unclear, but could be related to
our suggestion that parasites take advantage of other
forces acting on the genome of their hosts. According
to this scenario, a high number of parasite species
exploiting a host species would be a consequence, and
not a cause, of genetic variation in the host.
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