
Evolution of MHC class IIB in the genome of wild
and ornamental guppies, Poecilia reticulata

C van Oosterhout, DA Joyce and SM Cummings
School of Biological Sciences, University of Hull, Cottingham Rd, Hull HU6 7RX, UK

This is the first study to quantify genomic sequence variation
of the major histocompatibility complex (MHC) in wild and
ornamental guppies, Poecilia reticulata. We sequenced 196–
219bp of exon 2 MHC class IIB (DAB) in 56 wild Trinidadian
guppies and 14 ornamental strain guppies. Each of two
natural populations possessed high allelic richness (15–16
alleles), whereas only three or fewer DAB alleles were
amplified from ornamental guppies. The disparity in allelic
richness between wild and ornamental fish cannot be fully
explained by fixation of alleles by inbreeding, nor by the
presence of non-amplified sequences (ie null alleles).
Rather, we suggest that the same allele is fixed at duplicated
MHC DAB loci owing to gene conversion. Alternatively, the
number of loci in the ornamental strains has contracted
during 4100 generations in captivity, a hypothesis consis-
tent with the accordion model of MHC evolution. We
furthermore analysed the substitution patterns by making

pairwise comparisons of sequence variation at the putative
peptide binding region (PBR). The rate of non-synonymous
substitutions (dN) only marginally exceeded synonymous
substitutions (dS) in PBR codons. Highly diverged se-
quences showed no evidence for diversifying selection,
possibly because synonymous substitutions have accumu-
lated since their divergence. Also, the substitution pattern of
similar alleles did not show evidence for diversifying
selection, plausibly because advantageous non-synonymous
substitutions have not yet accumulated. Intermediately
diverged sequences showed the highest relative rate of
non-synonymous substitutions, with dN/dS414 in some
pairwise comparisons. Consequently, a curvilinear relation-
ship was observed between the dN/dS ratio and the level of
sequence divergence.
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Introduction

The highly polymorphic genes of the major histocompat-
ibility complex (MHC) encode cell-surface receptors that
recognise and bind peptides for presentation to T cells.
They have an important adaptive significance with
respect to conferring parasite resistance (Hill et al, 1991;
Hedrick et al, 1998), mate choice and preference (Penn,
2002; Milinski, 2003) and possibly maternal–fetal inter-
actions (Ober and van der Ven, 1997).

Several theories have been put forward to explain the
evolution of the MHC. The birth-and-death model
proposes that MHC genes are produced in repeated
tandem or block gene duplications, and some of the
duplicated genes diverge functionally whereas others
become pseudogenes owing to deleterious mutations or
are deleted from the genome (Nei et al, 1997). In the
accordion model (Klein et al, 1993), the number of MHC
genes is assumed to be expanding or contracting
depending on the need to protect the host from ever-
changing parasite pressure. The high levels of MHC
polymorphism are thought to be maintained by various
forms of balancing selection, including overdominant
selection, frequency-dependent selection and selection

that varies in time and/or space (Hedrick and Thomson,
1983; Hedrick, 2002). The most commonly held view is
that MHC variation is maintained primarily by balancing
selection and point mutation in combination with gene
duplication and translocation (Nei et al, 1997).
MHC polymorphism appears to be maintained even in

populations that are monomorphic at other genetic loci.
For example, the San Nicolas Island fox has no variation
in other genetic markers (including allozymes, minisa-
tellites and microsatellites) but exhibits remarkably high
levels of MHC variation (Aguilar et al, 2004). Such a high
level of MHC polymorphism suggests that strong
balancing selection is acting on MHC alleles or geno-
types (Aguilar et al, 2004), or that other stochastic
processes are involved in maintaining MHC diversity
(Hedrick, 2004).
Important insights into the evolution, maintenance

and adaptive significance of MHC variation can be made
by studying inbred captive populations in which the
effects of drift and stochastic processes override the
deterministic effects of balancing selection on MHC.
Inbred strains of mice vary in the genomic organisation
and gene copy number of MHC class IA loci owing to
frequent gene duplication and deletions (Stroynowski,
1990). Alleles of MHC class IA also appear not to show
locus specificity (Gu and Nei, 1999), observations that are
consistent with inter-locus recombination and gene
conversions (Yun et al, 1997). Phylogenetic analysis on
MHC class II genes in mice does not show evidence,
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however, for inter-locus recombination as alleles of loci
form monophyletic groups (Gu and Nei, 1999). Interest-
ingly, Hogstrand and Bohme (1999) found direct empiri-
cal evidence of gene conversion in MHC class II loci in
mice sperm, the frequency of which is estimated to be as
high as 1/40 000 between alleles. The discrepancy
between the phylogenetic analysis and the direct
measure of gene conversion could be explained by the
fact that many gene conversions are not fixed in natural
populations of mice because of selective disadvantage
compared to wild-type alleles (Gu and Nei, 1999).

Inbred strains and selection lines of guppies (Poecilia
reticulata Peters) could also be used to study the
evolution of MHC. The genetics of colour pattern in the
guppy has been studied over the last 80 years, and
during this time, many selected and inbred strains have
been established (Winge, 1922; van Oosterhout et al,
2003). The guppy is native to the freshwater streams,
ponds and brackish water swamps of Trinidad, Tobago,
Barbados, Venezuela, Guyana and northeastern Brazil
(Haskins and Haskins, 1951) and made its first appear-
ance in Europe as aquarium fish in 1905. Guppies were
also introduced to many parts of Asia for mosquito
control during the early twentieth century (Fernando
and Phang, 1990). In Singapore, commercial culture of
fancy tail or ornamental guppy strains began in the early
1950s, and around 30–40 different strains are currently
reared in monoculture farms (Fernando and Phang, 1985;
Khoo et al, 1999). Previous studies on the MHC of
guppies focused on expressed loci and detected a very
low copy number of MHC class I and II loci. Sato et al
(1995) studied expressed MHC variation in guppies from
various ornamental lines and descendants of wild-
caught fish from the Aripo and El Cedro Rivers in
Trinidad. Possibly because the wild fish were inbred
over a few generations, Sato et al (1995) did not find
differences in genetic variation between wild and
ornamental strains and identified only one or two
expressed MHC class I loci. They also detected one class
II MHC locus, which showed 92% sequence similarity
to the MHC class IIB DAB sequence of Xiphophorus
maculatus (see McConnell et al, 1998a, b). McConnell et al
(1998b) found evidence for another highly diverged
MHC class IIB locus, MhcPore-DXB. The presence of just
two expressed class II genes in the guppy is in sharp
contrast with the high number of duplicated genes found
in more advanced neoteleosts (cichlids, sticklebacks, cod)
(Miller et al, 2002).

Here we investigate MHC class IIB (DAB) variation in
the genomes of ornamental and wild-caught guppies
using specific and degenerate MHC class II DAB locus
primers. We analyse the effects of 4100 generations of
selective breeding and inbreeding on MHC variation in
the genomes of these small teleosts. We further investi-
gate the effects of selection on the substitution pattern of
alleles by analysing the rate of synonymous (dS) and
non-synonymous (dN) substitutions between pairwise
sequences with varying levels of divergence.

Materials and methods

Guppy populations and strains
We analysed the MHC variation in two commercial
ornamental strains from Singapore, that is, the Red tail

(Red), the Blue variety (Blue), and one commercial
English strain known as Green Snakeskin (Green). The
date of domestication of Red in Singapore is not exactly
known, but the first mention in the literature of selection
of the red tail coloration was by Axelrod and Whitern
(1965). The Blue variety, also known as the Istanbul
strain, dates back to the 1950s and has been described by
Dzwillo (1959). The Green strain is an ornamental guppy
variety cultured in England in the late 1940s or early
1950s (Gordon, 1955). The generation time of guppies can
be as little as 2–3 months with longevity of 1–2 years
(van Oosterhout, personal observation). This means that
the ornamental guppies have been in captivity for a
minimum of 25 and a maximum of 300 generations, or
approximately 4100 generations. We also analysed
MHC of wild-caught guppies from two natural Trinida-
dian guppy populations of the Upper Aripo (UA, grid
reference PS693100E and 1181800N) and Lower Aripo
(LA, PS6914000E and 1177700N), in October 2001.

PCR procedures
Genomic DNA was extracted from caudal finclips using
the HotShot method (Truett et al, 2000). We screened four
guppies of the Green strain, five guppies of Red strain,
five guppies of the Blue strain, 35 guppies from the
Lower Aripo (LA) and 21 guppies from the Upper Aripo
(UA).

A section of MHC IIB exon II between codons 11 and
83, containing 12 putative antigen recognition sites, was
amplified using the reverse primer (Sato et al, 1995) and
either a modified version of the forward primer (50-GCA
GGT GGA TTC AGA GAA TAT GAA GTG GAT CG-30)
or a degenerate forward primer DABdegF (50-GTG TCT
TYA RCT SNC TGA RC-30). These primers spanned
regions of 219 and 196 bp, respectively. A degenerate
reverse primer, DABdegR (50-TYR ACG KKG KTC AGA
CAG-30), failed to amplify any additional sequences
when used in conjunction with either the specific or
degenerate forward primers, and was therefore not used
in these experiments.

Amplification took place in a total volume of 25ml
containing either 2.5 pmol of each specific primer or
12.5 pmol of the degenerate primer, 3mM MgCl2 and
0.2mM each dNTP and 0.1 ml of Biotaq polymerase
(Bioline). A touchdown PCR consisting of an initial step
of 941C for 3min, followed by one cycle of 941C: 45 s,
611C: 1min, 721C: 1min, then one cycle of 941C: 45 s,
591C: 1min, 721C: 1min, then 28 cycles of 941C: 45 s,
581C: 1min, 721C: 1min was performed. Products were
resolved on 1.5% agarose gels.

We quantified the PCR error rate due to recombinant
products originating from heteroduplex mismatch repair
during cloning, as well as base nucleotide substitution
during PCR (Kanagawa, 2003; Lukas and Vigilant, 2005).
The probability of erroneous base substitution was
estimated to be around 4.2� 10�5 nucleotide substitution
per site per duplication, which compares to 7.3� 10�5 in
a study by Kobayashi et al (1999). The expected
proportion of correct sequences of 219 bp is 61.9%, and
there are predicted to be approximately 27.6% with one,
7.6% with two and 2.1% with three artificial PCR base
substitutions. To minimise the probability of erroneously
identifying an artificial sequence as an actual DAB allele,
we only recognised ‘real’ alleles as those that occurred in
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two independent PCRs. In addition, sequences that
differed by more than three base pairs from another
sequence found within the same individual were also
recognised as ‘real’ MHC alleles, as this level of sequence
differentiation is unlikely to be caused by PCR mis-
incorporations. This binning protocol thus minimised the
risk of identifying PCR artefacts as real alleles and
reduced the probability of ignoring accurate sequence
information.

By comparing the results from different sets of
primers, we assessed whether we have missed alleles
due to mutations in primer annealing sites (see eg Lukas
and Vigilant, 2005). The degenerate primers were
designed by aligning all P. reticulata (guppy), P. picta,
P. sphenops and X. maculatus DAB sequences published
on GenBank, as well as those previously amplified in our
lab (SM Cummings and C van Oosterhout, unpublished
manuscript).

In addition to the degenerate primer set, we also
developed a new reverse primer in exon 3, DABR4 (50-
TGC AGA CCA GCA TGG AGG GGT GC-30). This
allowed us to discriminate between genomic (gDNA)
and expressed (cDNA) copies, as the size of the insert
depends on the presence or absence of the intron
sequence. DABR4 thus allows us to test whether we
amplified all DAB alleles present and investigate which
genomic copies are expressed. We analysed four guppies
and found that of all of the eight gDNA alleles were also
detected in the cDNA. This suggests that all sequences
amplified from gDNA are expressed, and that we are not
amplifying potential MHC pseudogenes.

Cloning
PCR products were ligated into pGEM-T (Promega) and
transformed into DH5a (Invitrogen) competent bacterial
cells according to the manufacturer’s instructions.
Positive colonies were picked from plates and dipped
directly into 25ml PCRs prepared as described in the
previous section. Positive colonies were subjected to
allele identification using single-strand conformational
polymorphism (SSCP).

SSCP
A 5ml measure of each PCR product was added to 7ml of
formamide:bromophenol:xylene cyanol solution and
heated to 951C for 5min before being quenched in ice
water. The samples were immediately loaded on a 12.5%
MDE acrylamide gel containing 10% glycerol. These
were run at 40V in freshly prepared 0.6� TBE buffer at
41C and stained using Sybr-gold (10 ml per 100ml
0.6� TBE buffer).

Different conformations were verified as different
alleles by sequencing Qiagen-cleaned PCR products
from the initial colony screen using standard M13
primers and fluorescently labelled terminators on a
Beckman Coulter CEQ8000. Approximately 25 identical
conformations were also sequenced, which confirmed
that the SSCP identified all unique sequences (data not
shown).

We initially screened six clones per fish. However,
because all ornamental strain guppies were genetically
uniform and showed extremely low allelic variation
(up to two SSCP patterns), we increased the number
of clones per ornamental fish to check we had not

missed any DAB alleles. We then analysed between 24
and 48 clones per ornamental strain fish and screened a
total of 656 clones from four Green, five Red and five
Blue guppies, and a total of 336 clones from 56 wild
guppies.

Sequence analysis
Chromatograms were edited and manually aligned
using Proseq (Filatov, 2002) and Codon-Code Aligner
(CodonCode Corp.). The o-ratio, that is, the ratio of non-
synonymous (dN) to synonymous (dS) amino-acid
substitution rate (o¼dN/dS) was calculated following
the method of Yang and Nielsen (2000) (ie equal
weighting of pathways) in PAML 3.13d (Yang, 1997).
Utilising the inferred structural molecular model of
MHC (Hughes et al, 1996), we analysed the MHC
sequence variation by partitioning it into two groups,
that is, putative peptide binding region sites (PBR) and
those outside (non-PBR). The PBR codons were identi-
fied by aligning the amino-acid sequence to that of an
African cichlid (Figueroa et al, 2001), translated and
labelled in MEGA 2.1 (Kumar et al, 2001). An alignment
of all sequences in the study indicating the PBR codons is
available as Supplementary Information. The PBR
codons are expected to experience diversifying selection,
as this promotes non-synonymous (replacement) sub-
stitutions, which enhances amino-acid diversity of
transcribed proteins (Hughes, 2002). Consequently, PBR
codons are expected to show o-ratio in excess of unity.
By contrast, purifying selection is generally found to
govern sequence variation outside the PBR, probably
owing to functional constraints of the protein. We used
pairwise comparisons between allelic sequences to
analyse the substitution patterns both at the PBR and
non-PBR codons. We calculated the polynomial regres-
sion between the o-ratio of PBR and the sequence
divergence at non-PBR codons for all pairwise compar-
isons between alleles. This analysis was performed to
investigate whether the substitution pattern changes
with different levels of divergence (see eg Hughes, 1999;
Hughes and Friedman, 2004).
To analyse the substitution patterns more comprehen-

sively, we also calculated maximum likelihood estima-
tion of dS and dN in pairwise comparisons in PAML
3.13d (Yang, 1997). We performed four tests to compare
the relative rates of dN and dS between PBR and non-
PBR sites. We first tested whether PBR codons display a
significantly higher dN than non-PBR codons. Secondly,
we tested whether dN significantly exceeds the dS in the
PBR. Both analyses test whether the substitution patterns
are consistent with diversifying selection at the PBR.
Thirdly, we analysed whether dS exceeded dN signifi-
cantly in the non-PBR codons, which would be evidence
for purifying selection. Finally, we tested whether dS is
not significantly different between PBR and non-PBR
codons, which would be expected if synonymous sites
evolve neutrally in the PBR as well as in the non-PBR. We
utilised a simple Mann–Whitney U-test to examine
the substitution patterns between all pairwise com-
parisons.
Sequences have been deposited on GenBank nucleo-

tide database (accession numbers: wild guppies,
AY770035, AY770040, AY770042, AY745517 and
DQ396604–DQ396617; and ornamental guppies,
AY747137, AY747142 and AY751542.
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Population genetic analysis
The MHC class IIB (DAB) allelic richness was compared
between populations and strains using a bootstrap to
calculate the mean and 95% CI of the numbers of unique
alleles as a function of the number of clones screened (see
Leberg, 2002). A given number of clones were therefore
re-sampled 1000 times (without replacement) and the
number of unique alleles was observed in each random
subsample. A two-parameter exponential rise to max-
imum exploration curve (y¼ a(1�e�bx)) was fitted to
estimate the mean number of unique sequences in each
population or strain in SigmaPlot 7.0.

Results

Number of DAB alleles
We screened genomic copies of MHC amplified from 35
LA, 21 UA, five Red, five Blue and four Green guppies,
and sequenced six clones per fish initially. The initial
screen detected up to four distinct alleles in wild
guppies, which suggests that our primers amplify a
minimum of two DAB loci. Surprisingly, we detected
only two DAB alleles in the sample of Green guppies,
and one DAB allele in all Blue and Red strain samples.
We subsequently re-amplified the DNA extractions with
our degenerate primers to test whether we amplified all
alleles in the ornamental strains. Analysis of 24–48 clones
per ornamental fish detected only one more DAB allele,
which was present in individuals of the Green strain. The
discovery curves presented in Figure 1 clearly show that
large differences exist in the number of DAB alleles
detected when sequencing 100 random clones in orna-
mental strains and wild populations.

MHC sequence variation
The PBR codons showed evidence for diversifying
selection with a o-ratio significantly in excess of unity
(mean(7SE)¼ 2.28(70.16), one sample t-test, t¼ 7.77,
Po0.0001). Outside the PBR, the substitution pattern was
consistent with purifying selection and characterised

by a relative excess of synonymous substitutions,
with a o-ratio significantly below unity (mean(7
SE)¼ 0.58(70.017), one sample t-test, t¼�24.03,
Po0.0001).

Figure 2 shows the relationship between the sequence
divergence and the o-ratio of the PBR codons using
pairwise comparisons between alleles. A significant
curvilinear relationship exists between the level of
polymorphism and o-ratio (F2,222¼ 17.24; Po0.0001).
On average, the nucleotide substitution pattern of
moderately diverged sequences (sequence divergence
ranging between 8 and 25%) is characterised by a relative
excess of non-synonymous substitutions (o41). Several
pairwise comparisons between moderately diverged
sequences show, however, surprisingly low o-ratios
(oE1). These comparisons are between DAB alleles of
ornamental and wild guppies, and represent diverged
DAB sequences with relatively similar PBRs.

Further inspection of Figure 2 shows that the o-ratio
does not exceed unity when comparing highly divergent
sequences (ie sequences diverged by more than 25%).
These points represent pairwise comparisons that in-
volve the Green DAB allele amplified with the degen-
erate primers. It tentatively suggests that during
divergence over evolutionary timescales, the PBR accu-
mulates silent substitutions that offset the initial excess in
non-synonymous base changes.

Interestingly, the o-ratio is (close to) zero in five
pairwise comparisons between very recently diverged
sequences (ie percentage polymorphism o5%; see
Figure 2). Because these sequences are separated by only
a few polymorphisms, it is possible that insufficient
mutations have accumulated to fuel diversifying selec-
tion, and consequently, the o-ratio does not show an
excess of non-synonymous substitutions. As a result of
these processes, the regression equations shows a
significant quadratic term between sequence divergence
of alleles and o-ratio of the PBR (F1,222¼ 133.05,
P¼ 0.000001).

Figure 3a shows the number of synonymous (dS) and
non-synonymous (dN) substitutions for all 253 pairwise
comparisons between alleles estimated using the method
of Yang and Nielsen (2000). Base substitutions in PBR
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Figure 2 Relationship between the total sequence divergence and
the o-ratio of the PBR codons in pairwise comparisons between
DAB alleles.
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and non-PBR codons are displayed separately. Four
comparisons are particularly interesting: (1) PBR codons
display a significantly higher dN than non-PBR codons
(Mann–Whitney U-test: W¼ 87420.0, Po0.001), which is
evidence of diversifying selection. (2) The dN signifi-
cantly exceeds the dS in the PBR (Mann–Whitney U-test:
W¼ 75377.0, Po0.001), which is also consistent with
diversifying selection and evidence that non-synon-
ymous substitutions are favoured in the PBR. (3) By
contrast, dS exceeds dN significantly in the non-PBR
codons (Mann–Whitney U-test: W¼ 83903.0, Po0.001),
which is consistent with purifying selection. (4) The dS is
not significantly different between PBR and non-PBR
codons (Mann–Whitney U-test: W¼ 63797.0, P¼ 0.837),
which shows that the rates of synonymous substitutions
are approximately equal between PBR and the non-PBR
sites and suggests neutral evolution.

We then calculated the dN and dS, focusing on
comparisons that include DAB alleles of ornamental

strains versus wild strains only (see Figure 3b). As in the
previous analysis, dS exceeds dN for the non-PBR
codons significantly (Mann–Whitney U-test: W¼ 8884.5,
Po0.001), the dN is greater in the PBR than in the non-
PBR (Mann–Whitney U-test: W¼ 9227.5, Po0.001) and
there is no significant difference in dS between PBR and
non-PBR bases (Mann–Whitney U-test: W¼ 6468.5,
P¼ 0.305). However, in contrast to the previous analysis,
dN does not significantly exceed dS in the PBR (Mann–
Whitney U-test: W¼ 7049.5, P¼ 0.325). This corroborates
the regression analysis shown in Figure 2, in which the
o-ratio was close to unity in pairwise comparisons
between highly diverged DAB alleles of ornamental and
wild guppies. Figure 3b shows that a large number of
synonymous substitutions have accumulated since the
divergence of these alleles, which offset the high rate of
non-synonymous substitutions in the PBR, thereby
rendering the o-ratio close to unity.

Discussion

This is the first comparative analysis on partial sequences
(196–219 bp) of genomic MHC class IIB (DAB) nucleotide
variation between wild and ornamental guppies (P.
reticulata). The study was undertaken with the aim of
investigating the effects of domestication and selective
breeding on the sequence variation of these immunolo-
gical important loci. In samples of two natural Trinida-
dian guppy populations, we detected 15 or 16 MHC
alleles, whereas only one to three DAB alleles were
detected in the ornamental stocks. A previous study had
shown that even though the wild populations differ
substantially in their long-term effective populations
sizes, random genetic drift in the small and genetically
isolated headwater population of the Upper Aripo did
not appear to have reduced the MHC variation notice-
ably (C van Oosterhout et al, unpublished manuscript).
By contrast, domestications and selective breeding
appear to have had a dramatic impact on the allelic
richness of DAB loci in all ornamental lines examined.
We will first discuss the sequence divergence in more
detail and then examine three hypotheses that could
explain differences in allelic richness of DAB loci
between wild and ornamental guppies.

MHC sequence variation
The birth-and-death model (Nei et al, 1997) and
accordion model (Klein et al, 1993) are two important
models of multigene evolution that can explain the
generally large and variable number of MHC loci and
high levels of polymorphism. According to these models,
repeated tandem and block gene duplications generate
the high level of diversity typical for MHC genes (Nei
et al, 1997). Duplicated MHC sequences are thought to be
governed by diversifying selection over a short evolu-
tionary time, which may favour their specialisation
(Hughes, 1999). Once the proteins of duplicated genes
have become specialised for distinct functions, new
amino-acid changes are no longer advantageous and
purifying selection will again predominate (Hughes,
1999; Hughes and Friedman, 2004). Eventually, the
number of synonymous substitutions will exceed the
non-synonymous ones (dS4dN), resulting in an appar-
ently atypical o-ratio at the PBR (ie o-ratio not in excess
of unity).
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Pairwise comparisons of sequence variation between
MHC class IIB DAB genes of guppies in the current study
support the hypothesis that the signal of diversifying
selection is transient over evolutionary time. A signifi-
cant curvilinear relationship was detected between the
sequence divergence in pairwise comparisons of alleles
and the o-ratio of their PBR codons. The o-ratio was
close to unity in pairwise comparisons between highly
diverged sequences. Interestingly, o-ratios were not
significantly elevated in pairwise comparisons between
very similar sequences, possibly because no beneficial
non-synonymous substitutions had yet accumulated in
the PBR. Moderately diverged sequences showed on
average the highest o-ratios, with o-ratios in excess of 14
for some comparisons. As a consequence of these
integrate effects of mutation and selection over evolu-
tionary time, a curvilinear relationship exists between
sequence divergence and signal of positive Darwinian
selection as expressed in the o-ratio at the PBR. This
relationship reflects that only when sufficient genetic
variation is generated by mutations, evidence for
divergent selection can be detected at the PBR. However,
the signal of diversifying selection inevitably will be
eroded over time because of the ongoing accumulation of
synonymous substitutions.

The dN/dS (or o-ratio) is a popular measure to infer
positive selection. However, the current study suggests
that the o-ratio may be close to unity (or zero) despite
putative balancing selection. Furthermore, there are two
distinct reasons for an atypical o-ratio; either no non-
synonymous mutations have accumulated for diversify-
ing selection to operate on, or the evidence for
diversifying selection has become eroded over evolu-
tionary time (Hughes and Friedman, 2004). By compar-
ing dN and dS between PBR and non-PBR regions in
conjunction, the evolution of substitution patterns can be
understood more comprehensively. An additional limita-
tion of the o-ratio is that its value is undetermined when
no synonymous substitutions have accumulated (dS¼ 0).
Hence, the analysis of dN and dS separately offers a
further advantage over the use of o-ratio alone and we
advocate its use, particularly in population genetic and
phylogenetic studies on the MHC.

MHC variation and models of multigene evolution
The most intriguing finding of our study is the large
difference in the number of unique MHC class IIB DAB
alleles between the wild and ornamental guppy popula-
tions. In population samples of the Blue, Red and Green
strains, we detected one or three DAB alleles. Wild
populations, on the other hand, possessed many DAB
alleles, and we detected 15 and 16 alleles in our
population samples of the Upper and Lower Aripo,
respectively. We will discuss three hypotheses that could
explain the differences in sequence numbers between
wild populations and ornamental lines: (i) the presence
of non-amplification (null alleles); (ii) the fixation of
alleles during selective breeding; and (iii) multigene
evolution reducing the allelic richness of DAB.

The low number of DAB alleles in the ornamental
guppies could be caused by failure to amplify or detect
all DAB alleles due to mutations at the primer sites. We
tested for the presence of these so-called null alleles by
designing degenerate primers, internal to the original

primers. These new primers were highly conserved in
all our sequences, as well in those of the related species
(X. maculatus). In addition, these primers amplify DAB
alleles in two closely related poecilids (P. picta and
P. sphenopsis) (SM Cummings and C van Oosterhout,
unpublished manuscript). However, these new primers
amplified only one novel DAB sequence from Green fish
(in addition to two previously amplified alleles in this
line). No novel sequences were amplified from either the
Red or the Blue strains using these degenerate primers.
In addition, we did not detect new sequences in the
expression study in which we amplified DAB sequences
using a degenerative forward primer and reverse primer
designed in the conserved exon 3. Although we cannot
completely rule out the possibility that some DAB alleles
remained undetected, the large differences between the
wild and ornamental gene pools are unlikely to be
explained by null alleles alone.

A second possible explanation involves the effects of
inbreeding during 4100 generations in captivity. Selec-
tive breeding of ornamental guppy strains is expected to
result in extraordinary levels of random genetic drift as
colour pattern mutations of single genes occur very
sporadically and in few animals (Winge, 1922; Haskins
and Haskins, 1951). Colour pattern strains are commonly
started with a single founder male that carries the
desirable mutation, whose offspring is subsequently
artificially selected to improve the quality of the desired
trait. Prolonged selection further increases inbreeding
and level of homozygosity (van Oosterhout et al, 2003),
which would ultimately result in the fixation of alleles at
loci. However, we would expect to find three rather than
just one DAB allele in each strain, corresponding to the
number of DAB loci inferred in our previous study (van
Oosterhout et al, unpublished MS). The present study
also shows there are at least two DAB loci, as we detected
four alleles in six randomly amplified clones of some
wild guppies. Inbreeding cannot fully explain why we
only detected a single DAB allele in two ornamental
lines.

The third hypothesis postulated to explain differences
in the number of DAB alleles between wild and
ornamental guppies involves models of multigene
evolution, in particular gene conversion and the accor-
dion model of MHC evolution (Klein et al, 1993). In
extant bony fishes, the number of duplicated MHC genes
are thought to range from 1 to 42, with the more
primitive euteleosts (eg carp, zebrafish, salmon) having a
low number and the more advanced neoteleosts (ci-
chlids, sticklebacks, cod) a large number (Z17) of
duplicated MHC genes (Miller et al, 2002). Studies on
cichlids, swordtails and sticklebacks show that the MHC
class I and IIB copy number varies within individuals
and populations of a single species (Malaga-Trillo et al,
1998; Figueroa et al, 2001; Reusch et al, 2001). According
to the accordion model of multigene evolution, the MHC
copy number expands and contracts depending on the
diversity and selection by parasites (Klein et al, 1993).
The parasite diversity and selection intensity by parasites
is probably reduced considerably in a captive environ-
ment compared to the wild. Consequently, MHC
genes may have been deleted from the genome of
ornamental strain guppies, thereby reducing the number
of DAB alleles below the number expected based on drift
alone.
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Alternatively, rather than a reduced number of loci, the
same DAB allele might be fixed at different genetic loci.
Multigene families whose member genes have similar
functions are believed to undergo concerted evolution
(for review see Martinsohn et al, 1999). During concerted
evolution, gene conversion can change the number of
copies of a particular allele within an individual owing to
non-reciprocal exchange of DNA between two sequences
at different genetic loci. Eventually, this will homogenise
the DNA sequences of genes in the gene family, as the
same sequence is fixed at different loci (Nei et al, 1997).
Also recombination within a locus (intergenic gene
conversion) will inevitably homogenise sequences of
member genes. The MHC class II sequence variation in
birds seems to support concerted evolution (Garrigan
and Edwards, 1999; Wittzell et al, 1999; Hess and
Edwards, 2002), and inter-locus recombination has
recently also been reported in a teleost, Gasterosteus
aculeatus (Reusch et al, 2004). In the Red and Blue strains,
we detected only one DAB allele, an observation that
appears to be inconsistent with one locus and the
amplification of up to four DAB alleles in some wild
Aripo guppies. Exhaustive screening with different
primer combinations did not reveal more alleles. We
therefore expect that the presence of only one allele in the
Red and Blue strains is not an artefact of null alleles.
Rather, we suggest that the same DAB allele is either
fixed at multiple MHC loci owing to gene conversion, or
that the number of loci in the ornamental strains has
contracted to only one DAB locus, a hypothesis consis-
tent with the accordion model of MHC evolution (Klein
et al, 1993). Over 100 generations of selective breeding
and inbreeding, ornamental guppies may have experi-
enced the effects of multigene evolution, such as gene
deletion and/or inter-locus recombination. These pro-
cesses are likely to resemble those occurring in various
strains of inbred mice, which are known to vary in the
genomic organisation and gene copy number of MHC
class IA loci (Stroynowski, 1990; Yun et al, 1997). Future
MHC studies using backcrossed ornamental–wild hy-
brids will shed further light on the number of DAB loci,
the locus-affiliation of their alleles and the evolutionary
mechanism responsible for the apparent fast decline of
MHC variation in ornamental guppy strains.
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