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Abstract

Genes of the major histocompatibility complex, which are the most poly-

morphic of all vertebrate genes, are a pre-eminent system for the study of

selective pressures that arise from host–pathogen interactions. Balancing

selection capable of maintaining high polymorphism should lead to the

homogenization of MHC allele frequencies among populations, but there is

some evidence to suggest that diversifying selection also operates on the

MHC. However, the pattern of population structure observed at MHC loci is

likely to depend on the spatial and/or temporal scale examined. Here, we

investigated selection acting on MHC genes at different geographic scales

using Venezuelan guppy populations inhabiting four regions. We found a

significant correlation between MHC and microsatellite allelic richness across

populations, which suggests the role of genetic drift in shaping MHC diver-

sity. However, compared to microsatellites, more MHC variation was

explained by differences between populations within larger geographic

regions and less by the differences between the regions. Furthermore,

among proximate populations, variation in MHC allele frequencies was sig-

nificantly higher compared to microsatellites, indicating that selection acting

on MHC may increase population structure at small spatial scales. However,

in populations that have significantly diverged at neutral markers, the popu-

lation-genetic signature of diversifying selection may be eradicated in the

long term by that of balancing selection, which acts to preserve rare alleles

and thus maintain a common pool of MHC alleles.

Introduction

The major histocompatibility complex (MHC) is present

in all jawed vertebrates and encompasses a group of

genes involved in the immune response. Classical MHC

genes encode proteins that bind to antigens derived

from pathogens and present them to the immune sys-

tem. The MHC-antigen complex is then recognized by

T cells, which elicit a highly specific response against

the pathogen (Janeway et al., 2004). MHC class I genes

typically present antigens derived from intracellular

parasites, whereas MHC class II present those from

extracellular ones. Together, MHC class I and class II

genes are the most polymorphic genes in vertebrates

(Garrigan & Hedrick, 2003).

It is believed that the main force driving the evolu-

tion of MHC genes is pressure from parasites, which are

themselves under strong selection to evade detection by

the host immune system. Two types of parasite-driven

balancing selection have been proposed as the mecha-

nisms maintaining the extremely high levels of MHC

polymorphism (reviewed in Spurgin & Richardson,

2010). The negative frequency-dependent selection

hypothesis (also called rare-allele advantage; Clarke &

Kirby, 1966; Snell, 1968; Borghans et al., 2004) pro-

poses that in fast-evolving pathogens, mutations that

allow pathogens to evade recognition by the most com-

mon host MHC genotypes will spread quickly. Thus,

hosts that possess rare or novel MHC alleles will have

an advantage in detecting pathogens. The second type

of balancing selection, heterozygote advantage (i.e.

Correspondence: Magdalena Herdegen, Institute of Environmental

Sciences, Jagiellonian University, Gronostajowa 7, 30-387 Krakow,

Poland.

Tel.: +48 12 664 51 54; fax: +48 12 664 69 12;

e-mail: magdalena.herdegen@uj.edu.pl

ª 2014 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IOLOGY . J . E VOL . B I O L . 2 7 ( 2 0 1 4 ) 2 3 47 – 2 3 59

2347JOURNAL OF EVOLUT IONARY B IO LOGY ª 20 1 4 EUROPEAN SOC I E TY FOR EVOLUT IONARY B IO LOGY

doi: 10.1111/jeb.12476

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by Jagiellonian Univeristy Repository

https://core.ac.uk/display/53115728?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1


‘overdominant selection’; Doherty & Zinkernagel, 1975;

Takahata & Nei, 1990; Hughes & Nei, 1992), proposes

that MHC heterozygous individuals are able to present

more types of antigens to their immune system and, as

a consequence, are able to cope with a wider range of

pathogens than homozygotes. Both types of selection

are expected to favour the establishment, but not the

fixation, of new alleles, which may explain both the

molecular signatures of positive selection typically

found in MHC genes and also the high genetic variation

in these sequences (Hughes & Nei, 1988, 1989; Bernat-

chez & Landry, 2003; Garrigan & Hedrick, 2003).

Apart from molecular evidence, support for the role

of parasites as drivers of MHC diversity comes from

association of MHC genotypes with infections and com-

parisons of actual MHC diversity with that expected

under neutrality (reviewed in Bernatchez & Landry,

2003; Garrigan & Hedrick, 2003; Sommer, 2005; Piert-

ney & Oliver, 2006; Spurgin & Richardson, 2010).

Whereas correlations between MHC heterozygosity and

resistance to parasites have been documented in some

studies (e.g. Arkush et al., 2002; Froeschke & Sommer,

2005; Oliver et al., 2009), associations between resis-

tance and particular MHC alleles appear to be more

common (e.g. Paterson et al., 1998; Meyer-Lucht &

Sommer, 2005; Schad et al., 2005; Tollenaere et al.,

2008; Fraser & Neff, 2010; Biedrzycka et al., 2011). In

addition to selection from parasites, balancing selection

on MHC may result from preferences for MHC dissimi-

lar mates (Hedrick, 1992) and from accumulation of

recessive deleterious mutations in the MHC region,

which favours MHC heterozygosity (van Oosterhout

2009).

Compared to a neutral scenario with no selective

forces, balancing selection is thought to result in more

even allele frequencies (Garrigan & Hedrick, 2003), but

a recent simulation has shown that this assumption is

valid only in the case of heterozygote advantage, and

not for frequency dependence (Ejsmond et al., 2010).

However, it can be expected that balancing selection

should result in lower between-population differentia-

tion in MHC genes compared to that found at neutral

markers. This is because balancing selection should pre-

vent the loss of rare variants due to drift, as exemplified

by the long persistence time of MHC allelic lineages

(Figueroa et al., 1988), and also because balancing

selection increases the effective rate of gene flow

among populations by promoting initially rare immi-

grant alleles (Schierup et al., 2000; Castric et al., 2008;

Nadachowska-Brzyska et al., 2012). A clear pattern of

reduced differentiation between populations and species

has been observed in plant self-incompatibility genes,

where the significance of the rare-allele advantage as

the dominant mechanism of balancing selection has

been well established (Castric & Vekemans, 2004;

Gl�emin et al., 2005; Castric et al., 2008; Ruggiero et al.,

2008). Thus, it can be predicted that under balancing

selection, MHC genes should flow between populations

and/or species more readily than neutral genes, leading

to weaker population structure in MHC. Alternatively,

if adaptations to local pathogenic fauna result in diverse

MHC allele pools being maintained in populations or

species, these genes will display more pronounced pop-

ulation structure than neutral genes. Additionally, tem-

poral changes in parasite fauna and their resulting

effects on MHC allele frequencies are likely to be

uncoupled across populations, which could be another

mechanism leading to interpopulation differentiation.

Empirical data on wild populations do not provide

concordant results on this subject. Numerous studies

have found a similar degree of population structure in

MHC and neutral genes (Boyce et al., 1997; Gutierrez-

Espeleta et al., 2001; Hedrick et al., 2001; Biedrzycka &

Radwan, 2008). Others have reported that MHC genes

are more highly structured among populations than

neutral markers, although some of these results are

inconsistent across different populations of the same

species. In studies of salmonids, for example, Landry &

Bernatchez (2001) and Miller et al. (2001) observed

more clearly delineated population structure at MHC

genes compared to neutral loci, but in less than half of

the studied populations. Aguilar & Garza (2006) also

found more structure in the MHC than in neutral

genes, but only in some of the investigated populations

of steelhead trout (Oncorhynchus mykiss). MHC alleles

also provided clearer evidence of large-scale population

structure in a migratory bird, the great snipe (Gallinago

media), than was obtained from microsatellite data

(Ekblom et al., 2007); the same pattern was reported in

breeding colonies of grey seals (Halichoerus grypus; Cam-

men et al., 2011) and in house sparrows (Passer domesticus,

MHC I alleles; Loiseau et al., 2009). However, several

studies have found weaker population structure at

MHC genes compared to neutral markers: a comparison

of two Trinidadian guppy (Poecilia reticulata) populations

revealed that MHC genes provided less evidence of

population structure than microsatellite data did (van

Oosterhout et al., 2006), and likewise, two populations

of giant jumping rats (Hypogeomys antimena) were more

similar in their MHC alleles than in the mitochondrial

control region (Sommer, 2003).

The reasons for these discordant results are not clear.

Higher differentiation at MHC loci compared to neutral

loci is usually interpreted as evidence for adaptation to

local environments and local parasite assemblages (Ber-

natchez & Landry, 2003; Eizaguirre et al., 2012), but it

is not clear how to reconcile this interpretation with

long persistence of MHC alleles (Figueroa et al., 1988),

which requires some form of balancing rather than

directional selection. A recent study demonstrated, via

computer simulations, that metapopulation structure

can cause high turnover of alleles at loci under over-

dominant selection in sink populations (McMullan &

van Oosterhout, 2012). This temporal structure may
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appear as spatial structure if different sink populations

are sampled at different times. Here, we propose that

whether MHC genes show higher or lower spatial struc-

ture than neutral markers may also depend on the spa-

tial or temporal scales involved.

We hypothesize that in neighbouring populations

experiencing considerable gene flow which homoge-

nizes allele frequencies at neutral loci, selection on the

MHC may lead to increased differentiation in this gene

region due to local adaptation, frequency fluctuations

caused by frequency-dependent selection or metapopu-

lation dynamics. However, among populations that

have diverged at neutral markers due to some barrier

to gene flow (e.g. geographic barriers, spatial distance

or reproductive barriers), the situation will be reversed

because MHC genes may flow more easily than other

parts of the genome due to frequency-dependent selec-

tion. Indeed, two recent studies have demonstrated that

MHC alleles can introgress into recently diverged spe-

cies more easily than neutral markers can (Abi-Rached

et al., 2011; Nadachowska-Brzyska et al., 2012). Fur-

thermore, balancing selection will retain MHC alleles in

populations for longer than neutral markers (Takahata

& Nei, 1990).

To test our hypothesis, we compared population

structure in MHC genes to that found in neutrally

evolving microsatellites across different spatial scales in

the guppy, P. reticulata, a small tropical ovoviviparous

fish originally native to northern regions of South

America as well as to the islands of Trinidad and

Tobago. Signatures of balancing selection acting on

MHC sequences in guppies were reported (Lighten

et al., 2014), and associations between MHC supertypes

and infection with gyrodactylid parasites known to

affect guppy survival (van Oosterhout et al., 2007) have

been documented (Fraser & Neff, 2010). Guppy popula-

tions inhabiting different streams are partially isolated

from each other, but non-negligible gene flow between

populations also occurs (Crispo et al., 2006). In this

study, we take advantage of the hierarchical structure

of Venezuelan guppy populations to investigate two

levels of population structure: well-defined geographic

regions and populations within those regions.

Materials and methods

Samples

A total of 440 guppies (males and females) were col-

lected in continental Venezuela and on Margarita

Island in 2011 (Fig. 1). Eighteen localities in four geo-

graphic regions were sampled. Of the three sampled

regions in continental Venezuela, two were located in

adjacent drainages: Cariaco (four localities) and San

Juan (ten localities). The populations in the Cariaco

drainage have recently been proposed to represent a

case of incipient speciation driven by divergent sexual

selection (Alexander & Breden, 2004; Poeser et al.,

2005; Alexander et al., 2006). These populations are

geographically close to the common guppy populations

found in the San Juan drainage but are separated from

them by a mountain range (Fig. 1), and a recent study

(Herdegen et al., 2014) found substantial differentiation

between the Cariaco and San Juan populations using

both mtDNA and microsatellite data. The third sampled

region (hereafter referred to as West) comprised

populations from central and western Venezuela (two

localities): one near the city of Caracas and one near

the city of Guanare. The fourth sampled region was

Margarita Island (two localities; Fig. 1, Table S1).

The fish were captured with dip nets, euthanized in a

0.03% solution of MS-222 (tricaine methanosulfonate)

Fig. 1 Map of northeastern Venezuela,

including Margarita Island; sampling

locations are marked with stars (Cariaco

drainage), hexagons (San Juan

drainage), rectangles (West) and

triangles (Margarita); population names

are abbreviated as listed in Table S1.
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and stored in 95% alcohol until molecular analyses

could be performed.

Microsatellite genotyping

Total DNA was extracted using the Wizard Genomic

DNA Purification Kit (Promega, Fitchburg, WI, USA).

All individuals were screened for variation at fifteen

previously described microsatellite loci: AG1 and AG9

(Olendorf et al., 2004); G75, G183, G255 and G325

(Shen et al., 2007); Pret-52 and Pret-48 (Watanabe

et al., 2003); TACA033 (GenBank Acc. No. AY258896);

CA061 (GenBank Acc. No. AY258683); TAGA033 (Gen-

Bank Acc. No. 258667); Pre15 (GenBank Acc. No.

AY830943); and Pre26 (GenBank Acc. No. AY830946).

The genotypes at these loci of all individuals from Cari-

aco and San Juan regions have already been published

by Herdegen et al. (2014), whereas the amplification

and genotyping of the remaining samples was per-

formed here following their methods.

MHC primer design and amplification

The existing primers available to amplify MHC class II

sequences in guppies show multiple mismatches when

aligned with the homologous sequences of other Poecil-

lids (Xiphophorus available in GenBank; Poecilia lattipina

– M. Herdegen, unpublished data). This indicates that

these primers may not amplify all allelic lineages, and

we decided to design new primers. First, we extracted

RNA from spleens of 20 individuals of P. reticulata

obtained from our stock population, which had origi-

nally been sampled from the Ticaragua river in Trini-

dad. After conversion to cDNA, we amplified exons 1–4
of MHC II from each sample. The primers for these

reactions were designed using sequences of Poecilia and

Xiphophorus available in GenBank (Table S2). We then

cloned the PCR products and Sanger-sequenced 86

clones. Based on these sequences, and on sequences

available from other Poeciliids, we designed new prim-

ers to amplify a 200-bp fragment of the second exon of

MHC II (Table S2), which codes for antigen binding

groove of the MHC molecule (Janeway et al., 2004).

The amplicons were genotyped via sequencing on an

Ion Personal Genome Machine (PGM; Life Techno-

logies, Carlsbad, CA, USA).

To be able to assign sequencing reads to their individ-

ual guppy of origin, a unique 6-bp tag was added to

each of the specific primers. A combination of 12

tagged forward primers and eight tagged reverse prim-

ers (we used a mixture of four reverse primers, as the

high variation in this genome region precluded the use

of only one primer version and we preferred this solu-

tion to the highly, 16-folds, degenerated primer, see

Table S2) was used to amplify a set of 96 individuals.

The 10-lL PCR mixture included 5 lL Multiplex Master

Mix (Qiagen, Hilden, Germany), 0.2–0.4 lM primer

mixture, containing one forward and four reverse prim-

ers, and 20–100 ng of genomic DNA. The reaction con-

ditions were a 15-min denaturation step at 95 °C; 35

cycles of 30 s at 94 °C, 1 min at 53 °C, and 1 min at

72 °C; and a final extension step of 10 min at 72 °C.
Following amplification, each set of 96 individuals was

pooled approximately equimolarly. Five uniquely bar-

coded libraries were created from amplicon pools and

sequenced using a 318 chip on the PGM at the Func-

tional Genomics Center, Zurich. For 14 individuals, two

independent amplicons were obtained and sequenced

in separate pools to estimate genotyping error.

To verify whether PGM sequencing captured the

majority of MHC II variants present in the guppy gen-

ome, we also performed MiSeq (Illumina, San Diego,

CA, USA) paired-end sequencing using internal prim-

ers that were designed based on the sequences of a

large number of alleles obtained earlier from PGM

sequencing (see above; Table S2; note that these prim-

ers were optimized for Venezuelan guppy populations

only). MiSeq sequencing was performed for the same

subset of 14 individuals that had been used to esti-

mate genotyping error. As the internal primers were

located in conserved portions of the exon and identi-

fied from a very large number of MHC II alleles, this

sequencing effort could potentially yield additional

MHC variants, but concordance between the two

genotyping approaches would increase our confidence

in the accuracy of genotyping. The primers were bar-

coded and contained a fragment of Illumina forward

or reverse Nextera adaptors at the ends. In the first

PCR round, we amplified a 131-bp fragment of the

second MHC II exon. The 10-lL PCR mixture included

5 lL Multiplex Master Mix (Qiagen); 0.2–0.4 lM pri-

mer mixture, containing three forward and three

reverse barcoded primers, and 20–100 ng of genomic

DNA. The reaction conditions were a 15-min denatur-

ation step at 95 °C; 33 cycles of 30 s at 94 °C, 1 min

at 55 °C, and 1 min at 72 °C; and 10 min of final

extension at 72 °C. Amplicons were pooled equimolar-

ly into two pools and purified with a DNA Clean &

Concentrator kit (Zymo Research, Irvine, CA, USA).

During the second PCR, the remaining parts of the

Illumina adaptors were added. The 10-lL PCR mixture

included 5 lL Master Mix, 0.2–0.4 lM each of forward

and reverse primers and 1 lL of the pooled PCR prod-

uct diluted 20 times. The reaction conditions were a

15-min denaturation step at 95 °C; 12 cycles of 30 s

at 94 °C, 1 min at 50 °C, and 1 min at 72 °C; and

10 min of final extension at 72 °C. The product was

again purified as before. The two pools were analysed

in two separate sequencing runs.

MHC genotyping

The MHC sequences were extracted from the PGM out-

put and assigned to individuals, then variants were
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identified, and individual alignments were prepared

with JMHC software (Stuglik et al., 2011). Distinguishing

true alleles from artefacts is an essential part of the

genotyping process. Artefacts can be generated at vari-

ous stages. First, during PCR, two kinds of artefacts

may be created: point mutations due to Taq polymerase

errors (Lenz & Becker, 2008; Cummings et al., 2010)

and chimeras (Longeri et al., 2002; Lenz & Becker,

2008; Galan et al., 2010), which are the result of

recombination between different PCR products. Second,

next-generation sequencing involves a relatively high

frequency of error, including the creation of substitu-

tions and indels (Huse et al., 2007; reviewed in Shen-

dure & Ji, 2008).

To decide on a method to detect and discard all types

of artefacts, we first compared the repeatability of geno-

typing using two approaches: a procedure based on

identifying artefacts that originate from true variants

within the same amplicon, as described by Radwan

et al. (2012), and the degree of change (DOC) approach

proposed by Lighten et al. (2014), which relies on the

assumption that all artefacts will be markedly less com-

mon than any true allele within an amplicon. The

method of Radwan et al. (2012) proved superior (see

Results) and was therefore used to genotype the whole

dataset. First, all variants differing from the expected

amplicon length were discarded, as these were likely to

be artefacts which were created by insertions or dele-

tions, the most common type of sequencing errors on

the PGM platform. In our case, all variants that

departed from the expected length of 200 bp were

excluded from the analysis.

In the next step, which was performed at the level of

the entire dataset, the threshold frequencies of

sequence variants within amplicons were determined.

Above these frequencies, all variants could safely be

assumed to be true alleles, and below this threshold,

most variants could be explained as artefacts (substitu-

tions, chimeras) which arose from true variants within

the same amplicon. In the ‘grey zone’ between the two

thresholds, discrimination between true alleles and

artefacts was performed on a case-by-case basis by com-

paring a given variant to those represented by more

numerous reads within the same amplicon. To find the

appropriate thresholds, the maximum per-amplicon fre-

quency (MPAF) was first calculated for each sequence

variant; MPAF is the highest per-amplicon frequency

which a variant has reached among all amplicons (Rad-

wan et al., 2012). We then sorted the variants according

to their MPAFs. Starting from the variants of 1% MPAF

and going up, we checked whether each variant could

be explained as an artefact, that is derived by a maxi-

mum of two substitutions from a more abundant

variant present in the same amplicon or by recombina-

tion of two more abundant variants. Using this proce-

dure, all variants with MPAF between 1% and 3%

were rejected as artefacts, whereas all variants with

MPAF > 12% were accepted as true alleles. The vari-

ants with MPAF between 3% and 12% were manually

examined in the three amplicons in which they

occurred most frequently. In this group, variants that

were determined to be artefacts in all three amplicons

were discarded, whereas the remaining variants were

evaluated on a case-by-case basis using the criteria

described above.

With the DOC approach, for each amplicon, X most

abundant variants (X depending on the maximum

expected number of loci) are sorted by the number of

reads and the relative DOC in sequencing depth for the

adjacent variants is calculated. The variant with the

highest DOC is considered the last true allele (Lighten

et al., 2014).

To assess the accuracy and repeatability of the geno-

typing approaches used here, a subset of 14 individuals

was resequenced, as described above. After performing

the genotyping, we calculated the correlation coeffi-

cient for the number of alleles obtained from each

PGM sequencing. We also calculated the percentage of

alleles present in both PGM replicates with respect to

the total number of alleles detected. Using only the

alleles that were recovered in both PGM replicates, we

inferred consensus genotypes and calculated the corre-

lation coefficient of the number of alleles, as well as

the repeatability of genotypes, between consensus PGM

genotypes and those obtained from MiSeq sequencing.

We used measures of mean genotype repeatability and

mean correlation of allele number to estimate the qual-

ity of genotyping. We repeated these calculations for

both allele calling methods (see above) and used these

calculations to decide which of them to use.

Statistical analyses: microsatellites

Each locus was checked for deviations from Hardy–
Weinberg equilibrium using GENEPOP 4.1.2 (Rousset,

2008). The presence of null alleles was tested and their

frequencies estimated in FreeNA (Chapuis & Estoup,

2007) using the algorithm of Dempster et al. (1977).

Each pair of loci was checked for linkage disequilibrium

using an exact test implemented in GENEPOP. Because we

conducted multiple tests on our data, we controlled for

the false discovery rate (FDR; Benjamini & Hochberg,

1995) in both analyses. Allelic richness, the per-popula-

tion number of alleles corrected for population size,

was estimated for all populations using FSTAT v. 2.9.3

(Goudet, 2001).

Pairwise FST values between each pair of populations

were calculated in FreeNA and were adjusted for the

presence of null alleles using the excluding null alleles

correction. A neighbour-joining tree was constructed

from the matrix of pairwise FST values in POPTREE (Take-

zaki et al., 2010) to visualize relationships between pop-

ulations, and the robustness of the tree was tested with

1000 bootstrap replicates. An analysis of molecular vari-
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ance was performed in ARLEQUIN v. 3.5 (Excoffier &

Lischer, 2010) to assess genetic differentiation among

our four defined regions and among populations within

regions. The significance of AMOVA components was

tested with 10 000 permutations. Additionally, the AM-

OVA was repeated for binary-encoded microsatellite data

to facilitate direct comparison with binary-encoded

MHC data.

To infer the most probable number of genetically dif-

ferentiated clusters, we analysed the data in STRUCTURE

2.3.3 (Pritchard et al., 2000), using the admixture

model with uncorrelated allele frequencies and allow-

ing for the presence of null alleles. The alpha value was

set to 7 in order to achieve good mixing. The burn-in

length was set to 100 000 and the post-burn-in MCMC

was run for one million steps. We ran the analysis for

K values ranging from 1 to 18 and performed ten runs

for each K value. Structure Harvester (Earl & vonHoldt,

2012) was then used to calculate DK, a measure that

estimates the number of clusters supported by the data

(Evanno et al., 2005).

Statistical analyses: MHC

Because we could not assign MHC alleles to loci, in all

the analyses below they were treated as dominant

markers with each allele encoded as a dominant biall-

elic locus. Allelic richness was calculated for all popula-

tions. Differences in the number of alleles per

individual were analysed among populations using a

hierarchical analysis of variance with population as the

grouping variable nested in region, the random factor.

The analysis was performed in STATISTICA v.10 (Statsoft,

Tulsa, OK, USA). Pairwise FST values between all pairs

of populations were calculated in ARLEQUIN, and their

statistical significance was tested with 10 000 permuta-

tions. An analysis of molecular variance (AMOVA) with

region as the higher hierarchical level was also per-

formed in ARLEQUIN. The significance of AMOVA compo-

nents was tested with 10 000 permutations.

Comparison between the markers

AMOVA analyses described above quantified proportions

of variance in microsatellites and in MHC alleles

explained by the levels of population and region, but

did not allow a direct statistical comparison between

the two types of markers. Therefore, we used the fol-

lowing approach based on the hierarchical genome scan

method (Excoffier et al., 2009) to compare between-

population (FST) and between-region (FCT) differentia-

tion in MHC and microsatellite data. Unlike

microsatellites, MHC loci are not independent and

alleles cannot be ascribed to loci, so we could not apply

the classic genome scan method to compare MHC and

microsatellite diversity. Instead, the expected FST values

for given values of heterozygosity were first simulated

in ARLEQUIN for binary-encoded microsatellite loci using

200 000 permutations. Mean expected FST values were

then calculated over heterozygosity intervals of 0.01.

Based on this distribution, we calculated the difference

between the observed and expected FST, divided by the

standard deviation for a given heterozygosity interval;

this was performed for all pairwise FST values between

all pairs of populations for each MHC and binary-

encoded microsatellite locus. The degree of deviation

between observed and expected values that was found in

MHC data was compared with that found in microsatel-

lites using a t-test, but with degrees of freedom adjusted

to reflect the fact that the data came from 15 microsatel-

lite loci and all the MHC loci are linked (therefore, we

conservatively considered the MHC to be a single locus).

The test was performed in STATISTICA v. 10 (Statsoft). This

same procedure was also repeated for FCT.
To infer the most probable number of genetically dif-

ferentiated clusters present in MHC data, we used STRUC-

TURE 2.3.3, with the same parameters as the

microsatellite analysis (see above), and inferred the

optimal number of clusters based on the results of a

Structure Harvester analysis.

Results

Microsatellites

The number of alleles per locus ranged from 16 to 89

(mean 42.3), with genotyping error estimated at 4.4%.

Of 265 tests for deviation from Hardy–Weinberg equi-

librium, 95 (36%) were significant after FDR correction

(Table S3). This was probably due to the presence of

null alleles, which were detected in all populations at

low-to-moderate frequencies ranging from 0.00 to 0.36

(Table S4). Allelic richness values are provided in

Table S5. Significant linkage disequilibrium was

detected in 101 (6%) of 1680 tests following FDR cor-

rection. There was no clear pattern of occurrence of

these disequilibria across populations or loci, an obser-

vation that suggests they were generated by drift/

admixture rather than by physical linkage between loci.

We therefore retained all loci for further analyses.

Genetic differentiation between pairs of populations

(FST) ranged from 0.02 (between two populations

within the San Juan region) to 0.44 (between popula-

tions GUAN and PER from San Juan and Cariaco

regions, respectively), with global FST = 0.22 (all FST
values were significant, Table S6). The tree based on

the pairwise FST matrix generally reflects the division of

sampled populations into four regions (Fig. 2). How-

ever, in the STRUCTURE analysis, both Evanno’s delta K

and the logarithm of the probability of the data

supported K = 6 as the optimal number of genetically

differentiated clusters. Nevertheless, the populations

from each region generally grouped together and were

separated from those of other regions (Fig. 3b), with
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the exception of CAS, a Cariaco drainage population

that is located near the border with San Juan and

grouped with the populations from this region. We

observed further subdivision within San Juan, with

populations from this region clustering into three

groups.

The AMOVA revealed that both region and population

explained comparable amounts of variance (14.09%

and 15.24%, respectively, 11.75% and 12.88% after

excluding the three loci (G183, G325 and Pret-52)

exhibiting departures from Hardy–Weinberg expecta-

tions; for binary-encoded data, the values were 12.1%

and 17.57%, respectively; P < 0.0001 in all cases,

Table 1).

MHC II genotyping

Personal Genome Machine sequencing yielded 2.3 mln

reads; 0.6 mln reads which could not be assigned to

amplicons and 0.3 mln reads departing from the

expected length of 200 bp were discarded, as was one

amplicon with coverage < 500 reads. The remaining

1.4 mln reads were distributed among 440 individuals

(453 amplicons: 440 samples plus 13 replicates; the

14th repeated amplicon was discarded due to low cov-

erage). The average per-amplicon coverage was 3 070

(SD � 1275) reads, from which true alleles constituted

on average 62%.

Comparisons performed on the 14 individuals for

which two independent amplicons were analysed (see

Materials and methods) allowed us to estimate the

repeatability of sequencing methods and to choose the

most accurate allele calling procedure. For the replicates

analysed in two separate PGM runs, the correlation coef-

ficient for the number of alleles was 0.788 (P < 0.05),

whereas this value was 0.685 (P < 0.05) for a compari-

son of the consensus PGM genotypes with those

obtained from MiSeq. In examining the alleles obtained

in the two PGM runs, the mean repeatability of alleles

was 87.07%; for MiSeq vs. consensus PGM runs, it was

82.77%. Comparison of the genotyping results obtained

from PGM with those from MiSeq revealed that the

external primers used for PGM genotyping failed to cap-

ture only one variant which was amplified with internal

primers and detected by the MiSeq sequencing.

When we applied the alternative DOC method

(Lighten et al., 2014; see Methods), the correlation

coefficients of the two PGM runs dropped to 0.572

(P < 0.05). The average repeatability of identified alleles

was likewise lower, at 75.87% for the two-PGM-run

comparison. An examination of individual cases in the

subset of 14 genotypes allowed us to identify the rea-

sons for the discrepancies between the two allele calling

methods. Most of the inconsistencies were due to

Fig. 2 Neighbour-joining tree constructed from microsatellite data

based on the matrix of pairwise FST values.

(a)

(b)

Fig. 3 STRUCTURE results based on (a)

MHC (K = 3) and (b) microsatellite

(K = 6) data, using the optimal number

of genetically differentiated clusters.
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underestimation of the number of alleles by the DOC

method when compared to the method of Radwan et al.

(2012). In those cases, we observed more than one

high DOC value: one between very rare and medium-

frequency variants, probably representing the border

between artefacts and true alleles, and the other

between medium-frequency and high-frequency vari-

ants. This latter apparently did not separate true alleles

from artefacts, but appeared to result from lower effi-

ciency of amplification of the medium-frequency vari-

ants. As equal amplification of all variant copies present

in the individual is one of the most important assump-

tions on which the DOC method relies (Lighten et al.,

2014), this approach was not appropriate for analysis of

our data. All the above analyses demonstrated the

higher reliability of the method of Radwan et al.

(2012), which takes into account unequal amplification

of variants; as a result, we decided to apply this method

to genotype our whole set of MHC data.

MHC diversity

The total number of MHC II alleles identified in the

440 analysed individuals was 380 (GenBank Acc. No.

KM041310–KM041689), with the per-amplicon num-

ber of alleles ranging from 1 to 8 (average 4.25).

Among the 34 alleles with the highest overall fre-

quency (appearing in at least 10% of samples), 1 was

present in all four regions, six in three regions, and ten

in two regions. Most remaining alleles were present

only in a single population (287) or in a single individ-

ual (180; Table S7). However, as they occurred at low

frequencies, they contributed little to the overall

pattern of MHC diversification. Regions differed signifi-

cantly in the average number of alleles per individual

(F3,419 = 5.06, P = 0.014; Fig. 4); this was true even

when per-population allelic richness (Table S5) was

used as a covariate to test whether the number of

alleles per individual could be explained by differences

in the number of alleles segregating in populations

(F2,429 = 9.26, P < 0.001). Genetic differentiation

among populations (FST) ranged from 0.03 between

two populations from the San Juan region to 0.54

between populations JS and MANG from the San Juan

and Margarita regions, respectively (Table S8). All FST
values were significant.

In the STRUCTURE analysis, both Evanno’s delta K and

the logarithm of the probability of the data supported

K = 3 as the optimal number of genetically differenti-

ated clusters (Fig. 3a). The clusters showed very little

correspondence to the geographic regions: one cluster

consisted of populations from both San Juan and Cari-

aco, another cluster was formed by three other San

Juan populations, and the third cluster contained

Margarita, West, and still another group of populations

from San Juan. In contrast to results obtained from

microsatellite data, AMOVA indicated that population

explained almost twice as much (19.04%, P < 0.0001)

of the total MHC variation as region did (9.28%,

P < 0.0014). This result held when we grouped the

populations into the three clusters suggested by STRUC-

TURE (within clusters 19.07% and between clusters

9.69%). Thus, regardless of whether the highest hierar-

chical level was based on a geographic or a genetic cri-

terion, it explained a much lower fraction of MHC

variation than the lower, among-population level did.

Comparison between MHC and microsatellites

Allelic richness at MHC and at microsatellite loci were

highly correlated (r = 0.70, P = 0.001). The deviation of

observed from expected FST values in microsatellites

was significantly lower than in the MHC (t-test for

independent samples: t = 5.02, P < 0.001, d.f. = 14).

However, there was no difference in the deviations of

observed from expected FCT values between microsatel-

lite and MHC data.

Discussion

Despite the role of MHC genes as a model of positive

selection at the molecular level, the details of the

Table 1 Analysis of molecular variance; variation explained is

divided between three levels of population structure (P < 0.0001

in all cases except for microsatellites ‘within populations’ where

P < 0.001).

Source of variation

Percentage of variation

explained

Microsatellites MHC

Among regions 14.09 9.28

Among populations within regions 15.24 19.04

Within populations 70.67 71.68

Fig. 4 Average number of MHC alleles per individual in each

region; error bars represent 95% confidence interval.
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selective mechanisms acting on them are not well

understood (Spurgin & Richardson, 2010). Whereas

high polymorphism strongly suggests the influence of

balancing selection, strong between-population differ-

entiation at MHC genes that has been observed in

some systems (Landry & Bernatchez, 2001; Miller

et al., 2001; Aguilar & Garza, 2006; Cammen et al.,

2011) suggests that diversifying selection is also acting

on the MHC. These two forces may or may not be

compatible and may interact with each other to pro-

duce patterns of diversity and population structure

that are difficult to interpret. For example, diversifying

selection should result in highly structured popula-

tions, but this outcome conflicts with that of the bal-

ancing selection proposed by the heterozygote

advantage hypothesis, which should homogenize allele

frequencies within and between populations. However,

balancing selection coupled with metapopulation

dynamics may in fact increase temporal variation in

MHC allele frequencies in bottlenecked sink popula-

tions (McMullan & van Oosterhout, 2012). This may

result in increased spatial structure if temporal fluctua-

tions are asynchronous across populations. To further

complicate the picture, frequency-dependent balancing

selection may skew allele frequencies compared to

neutrality (Ejsmond et al., 2010), and given that fre-

quency-dependent selection is highly unlikely to be

synchronized between populations, it is likely that this

would amplify differences between populations. In the

long run, however, frequency-dependent selection is

expected to maintain MHC polymorphism (Borghans

et al., 2004). Therefore, for populations which have

diverged substantially at neutral markers, MHC alleles

should display relatively weaker population structure

as they are likely to be maintained in the regional

pool for a long time, while fluctuating in frequency

within populations. Our results from an analysis of

molecular variance and STRUCTURE are largely consistent

with the above scenario, highlighting the role of bal-

ancing selection in shaping MHC allele frequencies

among guppy populations.

Whereas for microsatellites, the fraction of total vari-

ation explained by within-region, among-population

differences was comparable to that explained by differ-

ences among regions, for MHC alleles, the amount of

variance explained by region was only half of that

explained by interpopulation differences. The difference

between the two types of markers was statistically

supported by the analysis of observed vs. expected FST
values which showed that indeed at the interpopulation

level, population structure was more pronounced for

MHC genes than for microsatellites, a finding which

indicates the influence of diversifying and/or fre-

quency-dependent selection. Recent simulations by

McMullan & van Oosterhout (2012) have shown that

MHC genes, just because they are duplicated, have

effective rates of gene flow that are three times higher

than neutral markers. In this context, our result on the

within-region between-population level of divergence

is conservative, in that we observed higher divergence

despite the higher expected effective MHC gene flow

due.

Our findings are concordant with the results of a

study of Canadian sockeye salmon (Miller et al., 2001)

and another of Atlantic salmon (Landry & Bernatchez,

2001). Both found evidence for stronger population

structure at MHC loci than at microsatellites on a small,

but not on a larger, geographic scale. Interestingly, our

results contrast with those of two studies which exam-

ined the same species we did. van Oosterhout et al.

(2006) found less differentiation at MHC genes than in

microsatellites between guppy populations in Trinidad.

However, this study was based on only one pair of pop-

ulations located in the same river but in different habi-

tats. Also, using guppy populations in Trinidad, Fraser

et al. (2010) performed a similar analysis to ours, and

they observed lower FST in MHC than in microsatellites

within drainages (no assessment was carried out

between drainages). However, the discrepancy between

this study and ours could be explained by differences in

the sampling scheme. Among our 18 sampling locali-

ties, there were only two pairs within the same river.

In contrast, Fraser et al. (2010) collected specimens

from two locations in each of the rivers they sampled,

which could have resulted in reduced between-popula-

tion divergence.

On the regional scale, no significant differences were

observed between microsatellites and MHC in their

deviations from the expected FCT values, although this

deviation was slightly lower for MHC data, a result con-

sistent with the lower proportion of MHC genetic vari-

ance that was explained by region in AMOVA. Similarly,

STRUCTURE analysis of MHC data showed little differentia-

tion between regions: two of three major supported

clusters contained populations from different regions, a

result that contrasts with microsatellite data, which

mostly grouped individuals by region (Fig. 3). Thus,

both AMOVA and STRUCTURE support the idea that MHC

genes are more differentiated among populations than

among regions. Together, our findings suggest that at a

larger spatial scale, signatures of balancing selection

prevail. This result also indicates no regional adapta-

tions to different parasite communities, such as those

observed among riverine and lake populations of

sticklebacks, which are characterized by differentiated

MHC allele pools (Eizaguirre et al., 2012). This may be

due to the ubiquitous presence of gyrodactylid flukes

among guppy populations (Lyles, 1990; Martin and

Johnsen 2007). Infection with these parasites appears

to exert significant selective pressure on guppies (van

Oosterhout et al., 2007) and was shown to be associated

with MHC genotypes (Fraser & Neff, 2010). The effects

of balancing selection in our system were however not

strong enough to result in a lower FCT for MHC than
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for microsatellites. This observation could result from

the interaction of multiple selective forces, for example

balancing and diversifying selection, which operate at

the same time across populations and counteract the

effects of each other (Spurgin & Richardson, 2010).

Additionally, demographic factors may obscure the

effects of adaptive processes. Indeed, the high correla-

tion we found between allelic richness in MHC and

microsatellite loci indicates that much of the observed

structure can be attributed to the common history of

these genes in the populations. In particular, genetic

drift is expected to considerably influence population

dynamics, as its effects are most pronounced in popula-

tions with relatively small effective sizes, as it is the

case for guppies (Barson et al., 2009).

Interestingly, we observed significant differences in

the number of MHC alleles per individual across the

four regions sampled (see Fig. 4). The most pronounced

difference was observed in the Cariaco and San Juan

drainages vs. the Margarita and West regions, the latter

two regions characterized by a lower number of alleles

per individual. One possible explanation for this could

be that performance of our primers differed between

regions. However, as our MHC primers were designed

using cDNA from Trinidadian guppies, which are more

closely related to the Margarita and West populations

than to Cariaco guppies (Alexander et al., 2006), and as

our primers were shown to capture all but one variant

obtained using a set of internal primers (see Results),

this is unlikely. Indeed, we detected more (up to eight)

MHC alleles per individual than has been previously

reported (up to six, van Oosterhout et al., 2006; up to

four, Fraser & Neff, 2010), indicating high quality of

our primers.

Furthermore, the among-region differences in the

number of alleles segregating in a population were not

explained by the overall level of MHC polymorphism as

measured by allelic richness. Hence, the observed dif-

ferences in allelic number across the regions sampled

here are likely to result from baseline differences in the

number of MHC loci. Alternatively, the differences may

result from different alleles sharing the same exon 2

sequence, as documented by Llaurens et al. (2012). In

any case, populations differ in the number of variants

in exon 2, the region coding for a part of MHC mole-

cule responsible for foreign antigen recognition. Such

differences may reflect differing pressures from parasites

(Wegner et al., 2003; Eizaguirre et al., 2011), a possibil-

ity that awaits future investigation.

To conclude, our results indicate that selection oper-

ating on MHC genes in the guppy has led to increased

divergence between populations within regions. This

finding could be explained by two potential mecha-

nisms: diversifying selection resulting from adaptation

to local pathogen communities or balancing selection

leading to changes in the frequencies of MHC genes

among partially isolated populations. The latter, but not

the former, mechanism should also lead to the long-

term maintenance of MHC alleles in a population and

counteract between-region differentiation at MHC loci

in populations that have accumulated differences at

neutral markers. In showing that on the broader, regio-

nal scale, MHC population structure tends to be less

defined than that found in microsatellites, our results

are more consistent with a scenario involving balancing

selection. However, the signal of balancing selection

was not strong, an observation that could be attributed

to the confounding effects of genetic drift and/or local

adaptation which may be operating across regions and

counteracting its effects.
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