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Abstract

Divergent selection acting on several different traits that cause multidimen-
sional shifts are supposed to promote speciation, but the outcome of this
process is highly dependent on the balance between the strength of selection
vs. gene flow. Here, we studied a pair of sister species of Lake Victoria cichlids
at a location where they hybridize and tested the hypothesis that divergent
selection acting on several traits can maintain phenotypic differentiation
despite gene flow. To explore the possible role of selection we tested for
correlations between phenotypes and environment and compared phenotypic
divergence (Psr) with that based on neutral markers (Fsy). We found
indications for disruptive selection acting on male breeding colour and
divergent selection acting on several morphological traits. By performing
common garden experiments we also separated the environmental and
heritable components of divergence and found evidence for phenotypic

plasticity in some morphological traits contributing to species differences.

Introduction

Understanding how biological diversity is generated and
maintained is a central issue to both evolutionary and
conservation biology. Evolutionary forces shaping genetic
variation are mutation, migration, genetic drift and
selection. Theory predicts that even low levels of gene
flow between populations will prevent neutral divergence
(Slatkin, 1987), but that divergent or disruptive selection
can generate and maintain adaptive divergence despite
gene flow (Dobzhansky, 1970; Dieckmann & Doebeli,
1999; Higashi et al.,, 1999; Kondrashov & Kondrashov,
1999; Drossel & McKane, 2000; Gavrilets, 2004). An
increasing number of empirical studies suggest that
divergent selection can indeed lead to speciation with
gene flow (Schluter, 1996a, b; Lu & Bernatchez, 1999;
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Rundle et al., 2000; Boughman, 2001; Naisbit ef al., 2001;
Schliewen et al., 2001; Bolnick, 2004; Emelianov et al.,
2004; Rogers & Bernatchez, 2007; Grant & Grant, 2008).
Under which conditions and how commonly divergent
selection despite gene flow leads to complete speciation is
a debated issue though (Nosil & Harmon, in press). Very
recently it has been suggested that two ditferent factors
may explain variation in the completeness of ecological
speciation: (1) the intensity of divergent selection on one
trait or (2) the multifariousness of selection, i.e. the
number of genetically independent traits that are under
selection (Nosil & Sandoval, 2008; Nosil et al., in press).
Utilizing this theoretical framework, we studied a pair
of sister species of Lake Victoria cichlids at a location
where they hybridize to investigate the potential role of
disruptive or divergent selection in the maintenance of
multivariate phenotypic differentiation despite gene flow.
The sister species Pundamilia pundamilia and Pundamilia
nyererei are widely and sympatrically distributed at rocky
islands in Lake Victoria (Seehausen & van Alphen, 1999).
The species differ primarily in male breeding coloration,
which is used in their identification. Males of both species
have blackish underparts and blackish vertical bars on the
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flanks, but P. nyererei males have crimson red dorsum and
dorsal fin and yellow flanks, whereas P. pundamilia males
have blue-grey dorsum, a blue dorsal fin and blue-grey
flanks (Seehausen, 1997). Females of both species are
cryptically coloured and either more yellowish (P. nyere-
rei) or more greyish (P. pundamilia). At places in the lake
where the water transparency is high and the light
environment heterogeneous, these phenotypes are eco-
logically and genetically differentiated sister species,
divergent in several dimensions: male breeding colour
(Seehausen et al., 1997; Seehausen, in press), opsin genes
that affect colour vision (Carleton ef al., 2005), depth
distribution (Seehausen, 1997; Sechausen et al., 1998),
photic environment (Maan et al, 2006) and feeding
ecology (Bouton et al., 1997). However, at other places
where the water transparency is low, intermediate colour
phenotypes are found or even dominate the population
(Seehausen et al., 1997; Seehausen, in press). At these
places, the two phenotypes are merely extremes in a
single panmictic population. A recent study analysed
these phenotypes at five different islands along five light
gradients of different steepness (Seehausen et al., 2008).
The study found that in populations living on moderately
shallow to moderately steep light gradients there were
strong correlations between ambient light colour, male
nuptial colour, visual pigments and female mating
preference for male nuptial colour, which provided
evidence for speciation through sensory drive. The
correlations become weaker and eventually disappear
altogether as the light gradient becomes steeper. Along
this turbidity transect the two species go from being one
species with phenotypic variation to two incipient species,
and finally two sister species, in what has been called a
speciation or a ‘speciation in reverse’ transect (Seehausen
et al., 1997, 2008).

Here, we analysed in detail the incipient species from
the speciation transect that showed the weakest yet
significant bimodality in the distribution of male nuptial
coloration and the lowest significant differentiation at
neutral loci (Seehausen et al, 2008) and investigated
traits not studied so far in this population. We investi-
gated neutral genetic differentiation for two sampling
years, analysed morphological and colour variation for
1 year and investigated if differences found among wild
fish are heritable or phenotypically induced. Specifically,
we ask the following questions: (1) is divergence in male
coloration associated with differences in water depth? (2)
Is there any evidence for differences in morphology along
water depth and between colour phenotypes? (3) Is
divergence in quantitative phenotypic traits larger than
expected from divergence at neutral loci and can we
invoke divergent or disruptive selection? (4) Are the
phenotypic differences heritable or are they environ-
mentally induced? Finding eco-morphological diver-
gence between the two colour phenotype classes
despite low genetic differentiation would support the
hypothesis that divergent selection acting on several
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independent traits is sufficiently strong to maintain
differences in the presence of gene flow.

We first investigated associations between water depth,
male coloration and morphology. Then we compared
differentiation in phenotypic traits as defined by Pst, the
phenotypic surrogate for Qsy (Spitze, 1993), with differ-
entiation at neutral marker genes (Fsp; Wright, 1951)
between groups of male defined by nuptial colour or
water depth. Finally, we performed a common garden
experiment to determine whether: (1) phenotypic dif-
ferentiation could be explained by environmentally
induced plasticity and (2) phenotypic variation could be
explained by segregation of alleles with complete dom-
inance at a single locus.

Materials and methods

Study area and sampling

We collected samples at Kissenda Island, located in the
western part of the Mwanza Gulf, in southern Lake
Victoria, Tanzania. The water around the island is turbid,
with an average secchi depth of 80 cm. With increasing
water depth, the ambient light spectrum around this
island shifts towards longer wave lengths, resulting in an
increasingly red-shifted environment (Seehausen et al.,
2008). Phenotypically distinctly differentiated red and
blue phenotypes are common around this island, with
intermediate forms occurring at lower frequencies.

Using hook and line and gill nets, we randomly
collected males in 2 years, 2000 and 2005. We took fin
clips for genetic analysis in both years and collected
whole fish, took photographs and recorded water depth
at which individuals were collected in 2005. We collected
59 males in 2000 and 140 males in 2005. Water depth at
which individuals were collected was recorded by mea-
suring the length of the angling line (vertically down into
rocky crevices) or by recording the depth of the sinker
line of gill nets. Immediately after capture males were
photographed in a standard photo cuvette for colour
analysis. Fin clips were taken for genetic analysis and
after sedating the fish on MS222, they were fixed in 4%
formaldehyde solution. After transfer to Switzerland the
fish were transterred in three steps to 30%, 50% and
70% ethanol for storage.

In 2005, we also collected live fish, which were
transferred to aquaria in Switzerland for the common
garden experiment.

Phenotypic analysis

Colour analysis

For photography, males were placed in a perpex cuvette
with water immediately upon capture, and squeezed
gently between a grey PVC sheet and the front window.
A total of 118 wild males were photographed using a
digital camera. Individuals with no picture taken and
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those that did not show full nuptial coloration were
excluded from further analysis. Laboratory-bred individ-
uals were photographed in the holding tanks in full
nuptial coloration. Once the most colourful, dominant
male was photographed, it was taken out of the holding
tank so that another male would become dominant and
colour up fully. Males were assigned to a colour class on a
five-point scale (Fig. la) (Dijkstra et al., 2006; van der
Sluijs et al.,, 2008). The photographs were scored inde-
pendently by two different observers. The correlation of
the phenotype scoring of the two observers was calcu-

0 - Body blue -grey, dorsal fin metallic blue

1 - Body yellow, dorsal fin metallic blue

2 - Body yellow with some red in upper
flank, dorsal fin metallic blue

3 - Body yellow with all upper flank red,
dorsal fin metallic blue

4 - Body yellow-red, dorsal fin red

Fig. 1 (a) Scale of male nuptial colour: 0 = blue or grey flanks with
spiny part of dorsal fin blue, 1 = a yellow flank but no red, spiny part
of dorsal fin is blue, 2 = yellow flank with some red on the flank
along the upper lateral line, spiny dorsal fin is blue, 3 = yellow flank
with a partially red dorsum upwards from the upper lateral line, but
a grey body crest and largely blue spiny dorsal fin, 4 = yellow flank
with a completely red dorsum between the upper lateral line and
the body crest, red spiny dorsal fin (after van der Sluijs et al., 2008);
(b) eco-morphological distances taken by a digital caliper (adapted
from Barel et al., 1977): standard length (SL), head length (HL), head
width (HW), body depth (BD), lower jaw length (LJL), lower jaw
width (LJW), snout length (SnL), snout width (SnW), cheek depth
(ChD), pre-orbital depth (PoD), inter-orbital width (IoW), eye length
(EyL) and eye depth (EyD).

lated and the average of both scores was used for each
fish in further analysis.

Morphological analysis

Using a digital caliper, we took 13 standard morphomet-
ric distances that are powerful in detecting eco-morpho-
logical variation among haplochromine cichlids (Barel
et al., 1977) (Fig. 1b). We used the univariate residual
method to adjust each morphometric distance for size
heterogeneity among individuals (Fleming & Gross,
1994): raw data were log transformed and used to
establish regression lines describing the relationship
between each character and standard length. Standard-
ized residuals from these regressions were used as
variables for further analyses. Multivariate morphologi-
cal variation among individuals was reduced to principal
components using spss 14.0 (SPSS Inc., Chicago, IL,
USA). The relative percentage of the variance in each
variable that loaded to each PC axis was estimated by first
squaring the component loadings, then multiplying them
by the percentage of variance explained by an axis and
finally dividing this value by the sum of the percentages
of variance in a trait that load to the first three PC axes.

Statistical analysis

As visual representation frequency histograms were
plotted for the three PCs of eco-morphological variation
and for male nuptial colour scores. Using spss we tested
if principal components one, two, three and colour scores
had a normal distribution and fitted alternative regres-
sion models to the frequency histograms. Additionally,
we also used piscMIXTUREPROGS v0.4 (Brewer, 2003)
and estimated Akaikes information criteria (AIC) cor-
rected for sample size (AIC; Burnham & Anderson,
2002), which tested statistically whether each sample
was better represented by a single normal distribution or
by a mixture of two normal distributions. We then
estimated AIC, differences (AAIC,.) as AIC. for the single
normal distribution minus AIC, for the fitted mixture of
two distributions. We followed established guidelines for
the interpretation of AAIC. (Burnham & Anderson,
2002) and used the interpretation of Hendry et al.
(2006): AAIC. < —8 is considered as strong support for a
single normal distribution, -8 < AAIC, < =5 as moderate
support for a single normal distribution, -5 < AAIC. < 5
as roughly equivalent support for a single normal
distribution or a mixture of two normal distributions,
5 < AAIC. < 8 as moderate support for a mixture of two
normal distributions and AAIC. > 8 is considered as
strong support for a mixture of two normal distributions.

DNA extraction and microsatellite amplification

DNA was extracted from fin tissue of 59 individuals
collected in 2000 and of 107 individuals collected in
2005 using a QIAGEN® (Basel, Switzerland) Biosprint
96™ extraction robot with the corresponding standard
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extraction method. We analysed 10 microsatellite loci
developed for these species (Ppun 5, Ppun7, Ppunl7 and
Ppun32; Taylor et al., 2002) and for other African cichlid
species (OSU20d, OSU19T and OSU16d: Wu ef al., 1999;
TmoMS5: Zardoya et al.,, 1996 and Pzeb3 and Pzeb5: Van
Oppen et al.,, 1997). Two different sets of markers were
used for multiplexing, avoiding overlapping allele ranges.
The first set included loci Ppun5, Ppun7, Ppunl7, Ppun32,
TmoMS5 and Pzeb5 and the second set included loci
0SU20d, OSU19T, OSUl6d and Pzeb3. We used the
QIAGEN Multiplex PCR kit for PCR amplification accord-
ing to the manufacturer’s protocol and PCR program.
A quantity of 1 uL of a 1: 2 dilution of the PCR was
added to a volume of sample loading solution (deionized
formamide) and 400-bp DNA size standard for analysis
of fragments up to 400 nucleotides (Beckman coulter,
Fullerton, CA, USA). Denaturated fragments were resolved
on an automated DNA sequencer (CEQ 8000; Beckman
coulter). We then determined genotypes manually.

Estimation of divergence

Tests for phenotypic and genetic differentiation of indi-
viduals collected in 2005 were performed dividing the
data in two different ways. In the first analysis we divided
the entire sample by catching depth, creating two depth
classes, from 0 to 2 m and below 2 m of depth. The 2-m
breakpoint divided the sample into two groups of similar
size. The group of individuals caught between 0 and 2 m
and the group of individuals caught below 2 m of depth
will be referred to as ‘shallow’ and ‘deep’ respectively.
Second, we divided the sample by male nuptial colour
(colour classes 0 + 1 vs. 3 + 4). This division represented
the coloration of the two sister species at islands where
they are well differentiated. Therefore, groups of colour
classes 0 + 1 and 3 + 4 will be referred to as ‘blue” and
‘red’ respectively. The single male of colour class 2 in our
sample was excluded from this analysis.

Information on depth distribution of individuals col-
lected in 2000 was not available; so, tests of genetic
differentiation and divergence of these individuals were
only performed for when samples were divided by male
nuptial colour. Therefore, groups will also be referred to
as ‘blue’ and ‘red’ respectively.

Neutral genetic variation and divergence

CONVERT (Glaubitz, 2004) was used to create input files
for other programs and to create allele frequency tables.
FSTAT was used to calculate allelic richness at each locus
(Goudet, 1995). We used aArRLEQUIN 3.11 (Excoffier et al.,
2005) to test each locus in each population for departure
from Hardy-Weinberg equilibrium (HWE), to calculate
observed (Hp) and expected (Hg) heterozygosities and to
perform tests for genotypic linkage disequilibrium. Sta-
tistical significance in the above tests was adjusted for
multiple comparisons using sequential Bonferroni adjust-
ments (Rice, 1989). Multilocus and single locus Fsr
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estimates (Wright, 1951) were calculated over 1000
permutations, as implemented in ARLEQUIN 3.11 (Excof-
fier et al., 2005). We used the allele frequency-based
program DOH (http://www.biology.ualberta.ca/jbrzusto/
Doh.php) to calculate genetic assignment for each
phenotypically assigned individual (Paetkau et al.,
1995). Significance of deviation from random assign-
ments was assessed using 2 X 2 contingency tests.

Model-based assignment tests were performed too, as
implemented in the computer program STRUCTURE 2.2
(Pritchard et al., 2000). MCMC simulations were run with
500 000 replicates and a burn-in of 50 000 replicates for K
(number of populations) = 1-4 and applying the admix-
ture model, in which individuals may share portions of
the genome assigned to more than one population as a
result of mixed ancestry (Pritchard ef al., 2000). Finally,
we performed a hierarchical Amova, implemented in
ARLEQUIN (Excoffier ef al, 2005) to investigate how
genetic variability was distributed between species and
years. Phenotypes were nested inside years.

Phenotypic divergence

We used independent samples ¢-tests to compare mean
PC scores between depth groups and male colour groups
and to compare mean male coloration between depth
groups. We performed a discriminant function analysis to
test for differences between groups. We also performed
analyses of variance to estimate the divergence in
phenotypic traits and to obtain the components of
phenotypic variances for the calculation of the Pgr
values. Pgr values are equivalent to Qsr values (Spitze,
1993) but can be influenced by environmental and
nonadditive genetic effects.

The theory that population structure can be inferred by
comparing the genetic differentiation of presumably
selected traits with that of presumably neutral molecular
markers (Wright, 1951; Lande, 1992; Spitze, 1993) pre-
dicts that the genetic differentiation of a neutral polygenic
trait is identical to the genetic differentiation of a single,
neutral locus. Hence, the genetic differentiation of neutral
markers represents the null hypothesis for the expected
amount of differentiation of quantitative traits due to
migration or drift alone. If for a given trait the value of Qsr,
or in its absence its surrogate Pgr, significantly exceeds Fsr,
divergent selection is invoked, whereas similar values are
consistent with neutral evolution and significantly smaller
values of Qsr than Fgr suggest puritying selection (Merilda &
Crnokrak, 2001; McKay & Latta, 2002). The approach
relies on a number of assumptions, the most important
being that phenotypic variance is mostly additive genetic
variance. Several recent studies have pointed out that
differences in Fsr and Qgt can arise due to biased estima-
tions of differentiation, which can occur for both quanti-
tative traits and molecular markers (Hendry, 2002; O’Hara
& Merild, 2005; Goudet & Buchi, 2006; Leinonen et al.,
2008; Whitlock, 2008). However, although we are
aware of its constraints and caveats, the Qgt/Pst — Fgt
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comparison is a very useful method and perhaps the best
currently available, for the inference of selection on
phenotypes, other than by experimentation.

Psr values were quantified as the proportion of

variance in quantitative traits attributable to differences
among populations
Psr = %
ST aq, + 2020l
where o}, and a7, are the among-population and within-
population variance components for a phenotypic trait,
respectively, and 4 is the heritability. As commonly
performed on studies on morphological traits (Merild,
1997; Leinonen et al., 2006), we have assumed a herita-
bility of 0.5, which means that environmental and
nonadditive effects each account for half of the phenotypic
variation. Because of the nonindependence of the mor-
phological structures and the associated morphometric
distances taken, Psr values for morphology were estimated
from principal components. Confidence intervals were
estimated by bootstrapping over individuals, using code in
R (http://www.r-project.org/). Pst values were contrasted
with multilocus Fsr values and considered significantly
different when their 95% confidence intervals did not
overlap. Additionally, we used an individual-based
approach to test for a correlation between neutral genetic
variation and morphological divergence. We computed
morphological divergence between individuals as multi-
dimensional Euclidean distances based on the residuals of
the morphological measurements. Matrices of genetic
distances (4) (Rousset, 2000) were computed using the
program SPAGEDI (Hardy & Vekemans, 2002). The
relationship between the matrices was then tested using
a Mantel test based on 1000 permutations implemented in
ARLEQUIN (Excoffier et al., 2005).

The distribution of phenotypic and genetic variation
over water depth

We tested for an effect of water depth on the distribution
of male colour phenotypes and on morphology of
individuals collected in 2005 by performing Spearman
rank correlations between depth and the five colour
classes and between depth and principal components
one, two and three of morphology.

To test for an effect of water depth on neutral genetic
variation and morphological divergence we used an
individual-based approach equivalent to testing for iso-
lation by distance. Depth distances between individuals
were computed with the program SPAGEDI (Hardy &
Vekemans, 2002). We tested the relationships between
depth distances and genetic distances (d) (Rousset, 2000)
and between depth distances and multidimensional
Euclidean distances with Mantel tests based on 1000
permutations as implemented in ArRLEQUIN (Excoffier
et al., 2005).

Common garden experiment and analysis of
laboratory-bred individuals

Individuals of the parental generation were collected at
Kisssenda Island in November 2005. Individuals were
assigned to either incipient species on the basis of
phenotype, and were kept in separate tanks at
24 +1°Cand 12 L: 12 D cycle. All fish were fed twice
a day with dry commercial cichlid pellets in the morning
and fresh shrimps and peas in the afternoon. Males and
females within each incipient species population were
allowed to interact and mate freely. During the first
2 months of 2006 six F1 families were produced. Families
were raised in separate tanks. Pundamilia are female
mouth brooders and we removed brooding females with
their broods from the breeding tank. Each brood had a
different wild-caught mother. To assign broods to a sire,
we assigned paternity by genotyping fry, their mother,
and all possible sires at five microsatellite loci. We used
one dinucleotide (Ppun32) and four tetranucleotide
(Ppun5, Ppun?, Ppunl7 and Ppun21) loci, with specific
primers designed for P. pundamilia and P. neyererei (Taylor
et al., 2002). Each brood had a different wild-caught
father. Hence, every brood was a different and unrelated
family. Ten P. nyererei males from three families and 25
P. pundamilia males from three families were raised to
maturity (at least 12 months of age). Parents and F1
males from families of P. pundamilia and P. nyererei will be
referred to as ‘blue’ and ‘red” respectively.

Parental individuals were not available for phenotypic
analysis because we could not preserve them before they
showed strong phenotypic effects of aging. To detect
possible family effects on the phenotypic variation
observed among the experimental families, a nested
ANoVA was carried out [two factors: family (six families)
nested in species (P. pundamilia and P. nyererei)]. To
separate environmental from heritable components of
phenotypic variance between the incipient species, we
compared phenotypic variance between males of ‘blue’
and ‘red’ raised in a common garden environment with
that observed between the males of these populations in
the wild. We used these data to address the question if
adaptive phenotypic plasticity contributes to the diver-
gence found between the wild populations.

To test if differences between the Py values of wild and
common garden experimental fishes could be explained
by sampling error, we resampled 50 times from the two
wild populations to the sample size of the parents of the
common garden experimental fish (i.e. six individuals in
each species). We made pairwise comparisons for the first
three principal components between the resampled
populations (25 of each species) obtaining 625 Psr values
for each trait. We then compared the Psr value from our
common garden experiment with the distribution of Pgp
values from wild fish. To see if the variance observed
within the common garden populations was due to
accidental crossing of the incipient species, we compared
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the variances of the wild populations with the variance of
the common garden populations. An increase in variance
of laboratory-bred populations might suggest mixing of
the incipient species during breeding. If phenotypic
differences observed in the wild have a genetic basis,
differences should be maintained when individuals are
raised in a common environment. On the other hand, if
phenotypic plasticity was the cause behind the observed
differences, we expected that differences would collapse
when fish were raised in a common environment.

Results

Phenotypic variation

Male nuptial coloration

We assigned 31 individuals to colour class 0, 26 to class 1,
one individual to class 2, nine to class 3 and 40
individuals to class 4. Strong bimodality in male nuptial
coloration of the wild population was evident from
obvious discontinuity in the frequency histogram of
colour scores (Fig. 2a). A cubic regression made a very
good (r* = 0.945), yet not significant fit to the data
(P =0.296). A AAIC, value of 120.47 (AAIC. = 357.83 —
237.36) was considered as strong support for a mixture of
two normal distributions (AAIC. > 8).

Morphology

The principal component analysis identified three major
axes of morphological variation (axes that explain more
than 10% of the variation) (Table S1). Head length,
lower jaw length, snout length, snout width and cheek
depth all had heavy positive loadings on PC1, eye length

(a) 40,00

30.00

20.00

Frequency

10.00
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and depth had heavy negative loadings on PC2 and body
depth had a heavy positive loading on PC3. When
comparing the percentage of variance in each trait that
load to each PC, seven of 12 traits had more than 80% of
their variance loading to PC1. Pre-orbital depth was the
only trait whose variance loaded heavily to PC2 (79%)
and body depth was the only trait with its variance
loading mostly to PC3 (58%). Eye length and eye depth
had both close to 50% of their variance loading to PC1
and to PC2.

Frequency histograms of variation in PC1, PC2 and PC3
showed weak or no discontinuities (Fig. 2b—d). Variation
in all three axes was normally distributed (Kolmogorov—
Smirnov tests, P > 0.05). AAIC. values of 1 (192.6 —
191.6) for PC1 and —1.5 (188.7 — 190.2) for PC2 fitted
equally well for single normal distributions and mixtures
of two normal distributions (-5 < AAIC, < 5). A AAIC, of
—5.4 for PC3 was moderate support for a single normal
distribution.

Genetic and phenotypic divergence

Neutral genetic variation and divergence

Most microsatellite markers exhibited a high degree of
polymorphism (Table S2). A total of 210 alleles were
found in the 166 individuals, ranging from 2 to 44 per
locus.

For the sampling year of 2000, there was one locus
deviating from HWE in the population ‘red” and five loci
deviated from HWE in the population ‘blue’. Two of 45
tests of LD were significant in the population ‘red” and 20
were significant in the population ‘blue’. After sequential
Bonferroni correction three loci were in Hardy—-Weinberg
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disequilibrium and four tests showed linkage disequilib-
rium, all in the population ‘blue’.

For the sampling year of 2005, before sequential
Bonferroni correction, deviations from HWE were
observed at one locus in one population, ‘red’. One test
out of 45 showed significant linkage disequilibrium in the
same population. When populations were divided by
depth, significant departures from HWE were observed at
two loci and only in the population ‘deep’. Now five tests
showed linkage disequilibrium in the population ‘deep’.
After sequential Bonferroni correction no significant
departures from HWE or linkage equilibrium were
detected for the sampling year of 2005.

Differentiation at neutral genetic markers between
depth classes was low (Fst = 0.001) and not significant
(P =0.25). It was low between nuptial colour classes
too but it was significantly different from zero, both for
the year 2000 (Fsr = 0.011, P = 0.01) and for the year
2005 (Fsr = 0.009, P = 0.008). Single locus Fsp values
had a very narrow distribution and few were signifi-
cant, but single locus Fsr values were generally higher
between nuptial colour classes than between depth
ranges (Table 1). The assignment tests corroborated the
Fsr values. Genetic assignment to classes defined by
colour was significantly different from random, but
assignment to classes defined by water depth was not
(Fig. 3).

STRUCTURE 2.2 (Pritchard ef al., 2000) identified the
most likely number of populations (K) in our sample of two
incipient species and two years as being 1 (estimated —In
probability of data = —=7632.3; P > 0.99). Nonetheless,
plots for K = 2 showed clear differences between individ-
uals phenotypically assigned to ‘blue’ and those
phenotypically assigned to ‘red’, but no differences
between individuals of the same phenotype collected in
different years (Fig.4). The hierarchical analysis of
molecular variance (Amova) confirmed this result: there

Table 1 Pairwise single locus and multilocus Fsr statistics between
groups made based on depth and colour for the sampling year of
2005 and by colour for the year 2000.

Depth Colour Colour
Locus (2005) (2005) (2000)
Ppun5 0.001 0.011 0.003
Ppun7 0.000 —-0.001 0.004
Ppuni17 0.006 0.016 —-0.002
Ppun32 —-0.007 0.004 —0.008
osuited 0.003 0.008 0.011
Osu19t 0.008 0.020 0.015
0OsuU20d 0.022 0.009 0.040
Pzeb3 —-0.004 0.019 0.000
Pzeb5 —-0.006 —0.005 0.027
TmoM5 —-0.001 0.004 0.001
multilocus 0.004 0.009 0.011

Significant Fgr values (P < 0.05) are shown in bold face.

were significant differences between phenotypes within
years (P =0.00) but no differences between vyears
(P = 0.65).

Phenotypic divergence

Independently of how groups were formed mean PC
scores and male nuptial coloration were all significantly
different (Table 2). However, differentiation along mor-
phometrics PC1 and PC2 was weaker when individuals
were grouped by water depth than when they were
grouped by male nuptial coloration (Fig. 3). The
discriminant function analyses confirmed these results:
groups were significantly different, both based on
depth range (Wilk’'s 2=0.763, P=0.02) and based
on male nuptial colour (Wilk’s 1= 0.303, P = 0.00).
However, 91.5% of the originally grouped individuals
were correctly classified when individuals were
grouped by colour, whereas the same figure was
77.6% when individuals were grouped by depth. The
most important variables contributing to the differences
between groups were head length, snout length and
lower jaw length.

Phenotypic differentiation (Pst) both between depth
groups and between colour groups was higher than
the neutral genetic marker differentiation (Table 3,
Fig. 5). Confidence intervals, however, were large for
all traits. When analysis was performed by depth
group (Fig. 5a), male nuptial coloration had the highest
Psr value (Pst = 0.208), followed by eco-morpho-
metric PC1 (Pgy = 0.135), PC2 (Pgr = 0.113) and PC3
(Pst = 0.049). The confidence intervals for male color-
ation, PC1 and PC2 laid outside the confidence
interval of the multilocus microsatellite-derived Fgr
value and were also higher than the highest of the
10 single locus Fsr values, indicating that differentia-
tion along these axes of phenotypic variation was
higher than expected by drift alone. Differentiation in
eco-morphometric PC3 was close to the expectation
from drift alone.

All Psr values were larger when populations were
grouped by male nuptial coloration, but the sequence of
relative magnitudes was unchanged (Fig. 5b). It is not
surprising that Psr in male nuptial coloration was close to
1, because this trait was used to make the groups.
Nonetheless, we show its Psy for comparative purposes
with the common garden populations. Among the
morphometric PCs, PC1 had again the highest value
(Pst = 0.375), followed by PC2 (Psr = 0.183) and PC3
(Pst = 0.156). All confidence intervals laid outside those
of the multilocus Fst value and were higher than the
highest single locus Fsr value, indicating that differenti-
ation along several axes of morphological variation was
higher than expected by drift alone.

Variation in neutral loci had no effect on morpholo-
gical structure. Pairwise genetic distances among indi-
viduals did not significantly correlate with morphological
distances (r = 0.046, P = 0.12).
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The distribution of phenotypic and genetic variation
over water depth

Male coloration significantly correlated with water depth
(Fig. 6a). Individuals with bluish coloration were caught
at shallower depth, whereas individuals with reddish
nuptial coloration were distributed over the entire depth
range. principal components one and two in eco-mor-
phology showed a significant negative correlation with
water depth, whereas PC3 showed a significant positive
correlation (Fig. 6b-d). Individuals with lower PC1 and
PC2 scores and higher PC3 scores tended to be from the
lower end of the water depth range.

Variation in water depth clearly caused genetic and
morphological structure. Pairwise genetic distances
among individuals significantly correlated with the depth
differential between them (r = 0.190, P < 0.001) as did
morphological distances (r=0.219, P < 0.001). How-
ever, depth differential between individuals only
explained 3.5% of the genetic distance and 4.7% of the
morphological distance.
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Common garden experiments

Family did not explain any significant fraction of the
variance in either colour (F4;0 =0.726, P = 0.58) or
morphological PC1 (F4,9 = 0.24, P=0.91) but had
significant effects on morphological PC2 (F, 4= 2.78,
P =0.05) and PC3 (F4,9 =3.63, P=0.02). Parental
phenotype class, on the other hand, was the main source
of variation in male nuptial colour (F; . = 28.78,
P =0.00) and in morphological PCl (F; .9 = 12.99,
P =0.00) and of some of the wvariation in PC3
(Fy,20 = 7.37, P = 0.01). That neither parental phenotype
class nor family explained much of the variation in PC2
indicates low heritability (Table S3).

The coloration of males bred from ‘blue’ parents ranged
from zero to three on the colour scale, with most
individuals of types zero, one or two. Males bred from
‘red’ parents ranged from one to four on the colour scale,
with most individuals of type four (Fig. 7a). There was
considerable overlap between laboratory-bred families of
the two incipient species on morphology PC axis 1.

JOURNAL COMPILATION © 2008 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



268

I. S. MAGALHAES ET AL.

IS
%

Assignment probability

0.0

“Red” (2000)

“Blue” (2000)

“Red” (2005)

“Blue” (2005)

Fig. 4 Bayesian assignment probabilities of individuals to lineages estimated using sTRucTURrE 2.2. Each bar represents an individual and
colours indicate the proportion of an individual’s genotype assigned to a particular population. Assignment proportions differ between the
phenotype classes but not between sampling years.

Sig. Mean
t d.f. (two-tailed) difference SE 2.50% 97.50%
Colour
PCA1 8.052 104 0.000 1.175 0.146 0.885 1.464
PC2 5.143 104 0.000 0.730 0.142 0.448 1.011
PC3 -4.37 104 0.000 -0.867 0.198 -1.260 -0.474
Depth
PC1 4.003 104 0.000 0.685 0.171 0.346 1.025
PC2 3.567 104 0.001 0.529 0.148 0.235 0.824
PC3 -2.319 104 0.022 —-0.483 0.208 —-0.896 -0.070
Colour —-5.584 104 0.000 -1.601 0.287 -2.170 -1.033

Table 2 t-Tests comparing mean PC scores
of groups based on male coloration and
comparing mean PC scores and male color-
ation of groups based on depth range.

Table 3 Pgsr and Fsy values (their 95% confidence intervals) for the wild-caught populations divided by depth and coloration and for
individuals from the common garden experiment.

Pst

Colour

PC1

PC2

PC3 Fer

Depth
Colour

0.208 (0.087-0.377)

0.135 (0.038-0.27)
0.375 (0.240-0.514)

0.113 (0.024-0.241)
0.183 (0.072-0.321)

0.049 (0.001-0.146)
0.156 (0.055-0.303)

0.001 (0.000-0.003)
0.009 (0.004-0.013)

Laboratory bred 0.525 0.323 0.001 0.049
a b c

0. @ (b) r |©

0.7 A
205 u
<
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A
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0.1 l

PCI PC2  PC3 Colour PCI PC2  PC3  Colour PCI PC2  PC3  Colour

Fig. 5 Comparison of Fgr values calculated from 10 microsatellite loci with Pgy values (with their 95% confidence intervals) calculated
from principal components and from colour classes between fish from ‘shallow’ and ‘deep” waters (panel a), wild-caught ‘blue’ and ‘red”
(panel b) and laboratory-bred ‘blue” and ‘red” (panel ¢). Symbols from left to right in all panels refer to PC1, PC2 and PC3 and male coloration.
The solid lines indicate the multilocus Fsr value. The dotted lines indicate the 95% confidence intervals of the Fgp value.
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However, males bred from ‘red” parents often had lower
scores than males bred from ‘blue’ parents (Fig. 7b),
resembling the situation in wild fish. There was complete
overlap along the PC2 and the PC3 axes. Divergence
between fish bred from ‘blue’ vs. ‘red” wild phenotypes in
the common garden experiment was the highest for
coloration (Pst = 0.525), followed by PC1 (Psy = 0.323),
PC3 (Pst = 0.049) and PC2 (Psr = 0.0005) (Table 3).
Hence, all Psr estimates among populations grown in a
common environment were smaller than the Psy among
wild populations, but those for PC2 and PC3 were much
smaller. Due to the small sample sizes, confidence
intervals were large, and no Psy estimate was significantly
different from the neutral expectation except that for

© 2008 THE AUTHORS. J. EVOL. BIOL. 22 (2009) 260-274

Selection and plasticity in cichlid fish 269

(a) 12
Blue W
101
Red O
8_
>
9
=
Z o
=3
5]
St
=
4_
2I I_\ ﬂ
0_ T T T T
0 1 2 3 4
Colour scale
b) 07
(b) - .
i []
-0.5 o o =
- [ ] []
-17 " oe = u
% . "
8 -1.59 ] L
A - o
2 o .
[]
u Blue W
-2.57
n Red O
-3 T T T 1
-1 0 1 2 3
PC1

Fig. 7 Frequency distributions of (a) colour scores and (b) principal
components 1 and 2 for laboratory-bred individuals.

Table 4 Mean values and confidence intervals of Pgy distributions
generated from 625 pairwise comparisons for PC1, PC2 and PC3.

Pst

PCH1 PC2 PC3
Mean 0.386 0.186 0.132
97.50% 0.811 0.661 0.628
2.50% 0.133 0.023 0.017

colour. If we assume that variation among the parental
fish that we used for breeding was representative of the
variation in the wild populations, we can apply the
confidence intervals estimated from wild fish. Even with
this approach it was clear that Psr values from morpho-
logical PC2 and PC3 were close to the expectations from
drift alone. By contrast, the PC1 and colour-derived Pst
values were significantly outside the neutral expectation
also in the fish raised under identical conditions (Fig. 5c).

We took 50 random subsamples of six individuals from
each of the two wild-caught incipient species groups
defined by male nuptial coloration (‘blue” and ‘red’). We

JOURNAL COMPILATION © 2008 EUROPEAN SOCIETY FOR EVOLUTIONARY BIOLOGY



270

1- Populations | 2- Methods!

Water column

1 Common garden
1 experiment

Correlations depth —
i phenotype :

i T-tests

Wild redish
phenotypes

+ Discriminant function
i analysis :

| Qst-Fst analysis

I. S. MAGALHAES ET AL.

3- Results 4- Conclusion

Common garden phenotypes
Morphology

i colour [pc1  Pc2 PC3

Divergent
selection +
Phenotypic > Phenvo.typiC
divergence plasticity
® @ @ @ Differentiation |
i (divergence on
i several traits)
colour |PC1  PC2  PC3 | despite geneflowi
Morphology | :
Wild

Fig. 8 Summary diagram showing: (1) the
distribution of colour phenotypes across
water depth; (2) main methods used to
analyse phenotypic and genetic divergence
and heritability of the phenotypic traits;

(3) main results showing the level of
divergence in quantitative traits for wild and
laboratory-bred phenotypes and divergence
at neutral markers. Symbols +, = and — are
used if the trait divergence is higher, equal or
lower than neutral expectations respectively;

Analysis of divergence

Fsts : Low
Fst(2000) = Fst(2005)
Structure: K=1

Assignment tests

! Structure analysis

Correlation depth-
| genotypes

then made 625 pairwise comparisons and generated a
distribution of Pgr values for each principal component.
The Pgr values for PC2 and PC3 of our common garden
populations laid below and very close to the lower
confidence intervals of the Pgp distributions generated
from the resampling of the wild populations respectively
(Table 4). The Psyt value of PC1, however, was similar to
the Pst value generated from the resampling of wild fish,
although its confidence interval was larger. Intrapopula-
tion variances were not significantly different between
wild and laboratory-bred populations for PC1, PC2 and
PC3 of ‘blue’ phenotypes (Levene’s test, PC1: P = 0.263,
PC2: P =0.856, PC3: P = 0.226) and ‘red” (Levene’s test,
PC1: P=0.309, PC2: P=0.156, PC3: P=0.132), but
they were significantly larger for coloration of labora-
tory-bred populations (Levene’s test, ‘blue’: P = 0.002;
‘red’: P = 0.000).

Discussion

Our study found that male nuptial coloration correlated
with water depth and has a bimodal distribution and that
divergence at neutral loci is extremely low but significant,
which is consistent with previous findings (Seehausen
et al., 2008). We have also found that differentiation in
morphological traits in wild fish correlated with water
depth and is generally much larger than the degree of
differentiation for neutral genetic makers, although never
as large as differentiation in colours. However, several of
the morphological differences were lost when fish were
raised in a common laboratory environment. In the
following section, we will discuss each of these findings
and their general implications (see Fig. 8 for summary
diagram of methods, results and conclusion).

Gene flow

(4) conclusion showing how the different
processes inferred from the results affect the
measured characters and lead to their
differentiation (>) or homogenization (<).

Genetic structure and differentiation

Our results suggest that the phenotypically variable
populations of Pundamilia around Kissenda Island are
significantly structured at unlinked putatively neutral
marker loci, but differentiation is weak and gene flow
widespread. Water depth appears to be a structuring
force, with significant isolation by depth in an individ-
ual-based analysis, even though the effect is small.
Groups of individuals made based on catching depth
were not significantly differentiated, but groups made
based on male nuptial colour were significantly ditfer-
entiated. Male nuptial colour in turn is significantly
associated with water depth. The biological meaning-
fulness of small but significant Fsr values has rightly
been questioned (Waples, 1998). However, in our case,
biological meaningfulness of these low but significant
measures of differentiation is supported by our result
that similarly weak but also similarly significant differ-
entiation was found in two independent samples taken
with an interval of 5 years, whereas year had no
significant effect on molecular variance. Hence, the
differentiation between phenotype groups is unlikely
just a spurious result of random from vyear-to-year
variation. From this, we conclude that populations
with blue or red male nuptial coloration are indeed
incipient species at this location, even though there
clearly is evidence for introgressive hybridization
between them.

The more frequent occurrence of linkage disequilib-
rium in ‘blue’, when compared with ‘red’, suggests that
‘blue’ phenotypes are more strongly introgressed. ‘Blue’
phenotypes occupy predominantly shallower water
depth, where they coexist syntopically with ‘red” phe-
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notypes. The latter, on the other hand, are distributed
throughout the whole depth gradient, with maximum
abundance at greater depth. They overlap with ‘blue’
only in part of their depth range, the shallow water. The
considerable overlap of spawning habitat and the fact
that genetic differentiation between the colour pheno-
types was larger than that between the depth ranges,
suggest that factors other than spawning site segregation
must contribute to the partial isolation between these
incipient species. The assignment tests confirmed the Fgr
values; there is significantly nonrandom distribution of
genotypes between the colour phenotype groups, sug-
gesting either assortative mating within types or very
strong selection against intermediates.

Phenotypic differentiation vs. neutral genetic
divergence

Estimation of Qgr or its analogous Pst and Fsr values is
challenging and subjected to a number of potential
pitfalls (Hendry, 2002; O’Hara & Merild, 2005; Whit-
lock, 2008). An error of most concern in the calcula-
tions of Qsr which could also apply to Psr values is the
imprecision of the estimations when using low sample
sizes, which tend to bias Qgr downwards (O’Hara &
Merild, 2005). Fsp calculations and interpretations in
high gene flow species can also be problematic as
sampling error across loci may account for 1/2S of the
obtained Fgsr value (Waples, 1998). The observed Fst
value might, hence, be an overestimate. Hence,
maximum caution is warranted when interpreting
Qs1/(Pst — Fsr) comparisons. In our case, the above-
mentioned potential sources of error seem conservative
as we are searching for the signal of divergent
selection.

Hendry (2002) also raised two important issues on
the relationship between Qsr and Fsr: (1) an assump-
tion of this approach is that mutation rates are
considerably lower than migration rates, which might
be violated when markers with high mutation rates are
used or populations with low gene flow analysed and
(2) as divergence time increases and migration and
mutation rates decrease demonstrating that Qgr is
higher than Fsr becomes increasingly harder, even if
divergence of quantitative traits was driven by selec-
tion. Although we have used markers known to have
high mutation rates, the Fsr values indicate extremely
high gene flow between populations; therefore, migra-
tion rates are most probably considerably higher than
mutation rates.

Whitlock (2008) recently suggested that comparing the
Qst (or its equivalent value Pgr) for one trait with the
mean multilocus Fgp was incorrect, and that it should
instead be compared with the distribution of Fs values.
Our results are robust to this concern. We only consid-
ered evidence for selection the nonoverlap of the 95%
confidence intervals, which are good representations of

© 2008 THE AUTHORS. J. EVOL. BIOL. 22 (2009) 260-274

Selection and plasticity in cichlid fish 271

single locus Fgr distributions. Our Pgr estimates were in
every significant case larger than the largest of our 10
single locus Fst values.

All the Pgr values from wild fish were higher than the
Fsr values. Confidence intervals were generally large,
which is expected when using a small number of
populations (O’Hara & Merild, 2005). However, apart
from one exception (PC3 when populations were divided
by depth), they did not overlap with the confidence
intervals of the Fgp values and had their lower end above
the highest single locus Fsr values. These results there-
fore are consistent with the hypothesis of divergent
selection on male nuptial colour and head morphology
(PC1 and PC2).

Both the Fsp value and the Psr values were higher
when populations were divided based on colour than
when populations were divided based on depth range.
This difference can be explained by the fact that, even
though there is a correlation between colour and water
depth, there is considerable overlap between colour
phenotypes in shallow water. Colour may be a better
estimate of a male’s long-term average water depth than
the depth at which we caught the fish. However, this also
implies that factors other than spawning site isolation by
water depth contribute to partial isolation between
phenotypes at Kissenda Island.

Divergent selection and phenotypic plasticity in
morphology

Morphology was more divergent than expected by drift
between fishes from different water depth and between
fishes of different breeding coloration. The individual-
based analysis also revealed a small but highly significant
effect of depth distances between individuals on their
morphology. However, in contrast to breeding colora-
tion, variance in morphology was unimodally distributed
with large overlap between the depth zones and colour
phenotypes. Nonetheless, 91.5% of the individuals were
correctly assigned in our discriminant functions analysis
when groups were based on male colour, and all ¢-tests
were significant, indicating clear differences in morphol-
ogy between the incipient species.

We compared the phenotypic differences between
wild-caught fish with those between animals raised in a
‘common garden’ laboratory environment. This allows us
to estimate the relative contribution of phenotypic
plasticity to differences found in the wild.

Coloration and principal component 1 of morphology
were largely maintained when populations were raised
in a common garden environment, whereas the differ-
ences in PC2 and PC3 dropped to the neutral Fgr line in
laboratory-bred fish, suggesting that the differences in
several morphological traits observed in wild fish are due
to phenotypic plasticity. The Pgsr values for laboratory-
bred PC2 and PC3 were also significantly lower than
expected by chance through random sampling of wild
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fish for breeding. Therefore, it is unlikely that the loss of
Psr in PC2 and PC3 was due to a sampling bias. Hence,
we refer to these axes as ‘genetic’ PC axis 1 and
‘environmental’” PC axes 2 and 3. Head length, lower
jaw length and width, snout length and width, cheek
depth and inter-orbital depth had more than 80% of
their relative variance loading to PC1 and are there-
fore most likely traits with a high heritable component.
These traits, all related to head morphology, were
also the most important measures contributing to
differences between groups in the discriminant func-
tions analysis. The causes for divergence in these
traits most likely arise from differences in feeding
resources available at different water depths. Studies on
the feeding ecology of cichlids from Lake Victoria
have suggested that at islands where depth segregation
between the sister species P. pundamilia and P. nyererei
is strong, they have different diets (Bouton et al,
1997), with individuals of P. pundamilia feeding more
on benthic food, whereas P. nyererei feed more on
plankton. These differences in diet are perhaps a conse-
quence of the different microhabitats, shallow water and
crevices in the blue P. pundamilia and greater average
depth in the red P. nyererei (Seehausen, 1997; Seehausen
et al., 2008) and require phenotypic adaptation, some of
which, we found to be achieved through heritable
divergence.

On the other hand, divergence in the wild populations
in the traits body depth, pre-orbital depth, eye length,
eye depth and to a smaller extent head width was largely
or partly due to phenotypic plasticity. With the exception
of eye length and eye depth, these traits had positive
loadings on genetic PC axis 1, as well as on environ-
mental PC axes 2 and 3. From this we infer that
environmentally induced divergence and genetic adap-
tation operate in the same direction, which is an
additional argument for the action of divergent selection
between the incipient species.

In conclusion, we found that the Pundamilia popula-
tion at Kissenda Island in Lake Victoria is phenotypically
and genetically structured along a gradient of water
depth. Two incipient species with different male breeding
colour occupy different but overlapping depth ranges and
are weakly but consistently differentiated at neutral gene
loci. This confirms previous findings of a correlation
between ambient light colour along the water depth
gradient, male nuptial colour and speciation. We show
that male nuptial colour is heritable. Additionally diver-
gent selection acts on ecologically relevant morphological
traits along the same gradient. Response to this selection
is partly accommodated by heritable adaptation and
partly by phenotypic plasticity, where the latter appears
to accentuate differences between the incipient species.
Hence, divergent selection acts on several traits, contri-
buting to the maintenance of differentiation despite high
levels of gene flow.
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Table S1 Loadings of morphological variables on the first
three principal component axes, the per cent variance
explained by each axis, and the relative per cent variance
in each variable that load to each PC axis.

Table S2 Allelic variability at 10 microsatellite loci in
Pundamilia from Kissenda island. Number of samples
analysed in each population (N), number of alleles at
each locus (A), allelic richness (AR), range of allele size
(AS), observed heterozygosity (Ho) and expected het-
erozygosity (Hg) at each locus.

Table S3 Nested anova performed on colour, PC1, PC2
and PC3 of laboratory-bred individuals of Pundamilia
with brood nested inside species. Significant values
(P < 0.05) are shown in bold face.
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