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When there is no recombination (achiasmy) in one sex, it is in the heteroga-
metic one. This observation is so consistent that it constitutes one of the few
patterns in biology that may be regarded as a ‘rule” and Haldane (Haldane
1922 J. Genet. 12, 101-109. (doi:10.1007/BF02983075)) proposed that it might
be driven by selection against recombination in the sex chromosomes. Yet
differences in recombination rates between the sexes (heterochiasmy) have
also been reported in hermaphroditic species that lack sex chromosomes.
In plants—the vast majority of which are hermaphroditic—selection at the
haploid stage has been proposed to drive heterochiasmy. Yet few data are
available for hermaphroditic animals, and barely any for hermaphroditic
vertebrates. Here, we leverage reciprocal crosses between two black hamlets
(Hypoplectrus nigricans, Serranidae), simultaneously hermaphroditic reef
fishes from the wider Caribbean, to generate high-density egg- and sperm-
specific linkage maps for each parent. We find globally higher recombination
rates in the eggs, with dramatically pronounced heterochiasmy at the chromo-
some peripheries. We suggest that this pattern may be due to female meiotic
drive, and that this process may be an important source of heterochiasmy in
animals. We also identify a large non-recombining region that may play a
role in speciation and local adaptation in Hypoplectrus.

1. Introduction

Reports of variable recombination rates between the sexes go back over a cen-
tury [1]. Haldane [2] and Huxley [3] were quick to point out that when
recombination is absent in one sex (achiasmy), it is in the heterogametic one.
They proposed that this pattern may be due to a pleiotropic effect of selection
against recombination in the sex chromosomes and Nei [4] established the
plausibility of this scenario from a theoretical perspective. The observation
that when one sex does not recombine it is the heterogametic one appears to
hold and there are now close to 30 evolutionarily independent origins of this
pattern reported in animals [5]. Nevertheless, when both sexes recombine the
heterogametic sex does not systematically present lower recombination rates
and differences in recombination rates between the sexes (heterochiasmy) are
also observed in both hermaphroditic and gonochoric species that lack sex
chromosomes [6-8]. Distinct processes may therefore underlie the evolution
of achiasmy and heterochiasmy.

A variety of hypotheses including metabolic rate [9], dispersal [6,10], sexual
selection [10,11], neutrality [6], haploid selection [7,12], and female meiotic
drive (which may be viewed as a particular type of haploid selection) [8,13]
have been put forward to explain the occurrence of heterochiasmy. Under the
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Table 1. Cases of heterochiasmy in hermaphroditic animals. CC, chiasma count; LM, linkage map; F/M, female/male recombination ratio; Pos. info, positional
information on recombination frequencies along linkage groups (LGs); Same inds., male and female maps generated from the same parents. SNP: single

nucleotide polymorphism; AFLP: amplified fragment length polymorphism; EST: expressed sequence tag; sats: microsatellites.
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female meiotic drive hypothesis, alleles exploit asymmetric
cell division during oogenesis to increase in frequency.
Only one of the four products of female meiosis is passed
on to the offspring, which sets the stage for competition
between alleles for representation in the egg and for drive,
i.e. the overrepresentation of specific alleles in the next gener-
ation. The number of recombination events and their position
relative to the centromere and locus of interest are fundamen-
tal for the segregation of alleles and spread of meiotic drivers,
generating the specific prediction that differences in recombi-
nation rates between the sexes should be heterogeneous
along chromosomes and particularly pronounced around
the centromeres [8]. Yet this prediction remains largely
untested because the vast majority of studies in non-model
organisms only consider heterochiasmy globally and do not
provide information about the distribution of heterochiasmy
along chromosomes.

Hermaphrodites constitute an interesting category in the
context of heterochiasmy because they provide the opportunity
to address female (ovule/egg) versus male (pollen/sperm)
recombination in the absence of sex chromosomes, within indi-
viduals (i.e. with the same genetic background), at the same
time in the case of simultaneous hermaphrodites and with
various degrees of selfing. As most plants are hermaphroditic,
this category has been well studied in the context of hetero-
chiasmy [6-8]. Recombination rates tend to be lower in
females in gymnosperms but higher in non-selfing angios-
perms and the differential potential for haploid selection in
males and females in these two groups led Lenormand &
Dutheil [7] to propose that this may constitute a major source

of heterochiasmy in plants. Yet there are important differences
between plants and animals in this context. In particular, the
small number of genes expressed in the sperm and the lack
of a haploid phase in eggs, as meiosis is usually completed at
or just before fertilization in animals, are expected to reduce
the potential for haploid selection [14,15].

In sharp contrast with the situation in plants, only eight of
the 164 species considered in the last review on heterochiasmy
[8] are hermaphroditic animals, and we found just a few
additional cases in the literature (table 1). In these studies,
heterochiasmy estimates are derived from chiasma counts
(i.e. histological observations of chromosomes during meiosis)
or linkage maps. As mentioned above, one interesting aspect of
hermaphrodites is that they provide the opportunity to address
female versus male recombination in the same individuals and
using the same markers in the case of linkage maps. This is
relevant in the context of heterochiasmy because it allows dis-
entangling the effect of sex versus individual variation on
recombination. Yet all the linkage map studies on hermaphro-
ditic animals listed in table 1 used different parents to generate
male and female maps and we are not aware of other studies in
animals where sperm- and egg-specific linkage maps have
been generated from the same parents (but see e.g. [16] for
chiasma counts).

The hamlets (Hypoplectrus spp., Serranidae) provide a
rare opportunity to investigate patterns of recombination in
the eggs and sperm within individuals in vertebrates. These
simultaneously hermaphroditic reef fishes from the wider
Caribbean are the poster child for egg trading, whereby the
two partners of a mating pair divide their egg clutch into
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parcels and alternate sex roles to reciprocate the release and
fertilization of eggs [27]. Spawning can be observed on a
daily basis throughout the year during the hour preceding
sunset; individuals engage in an elaborate courtship and
spawn in pairs, alternating sex roles up to seven times
within a single spawning period that typically lasts about
40 min. There does not appear to be selfing in the hamlets
[27], fertilization is external, eggs and larvae are planktonic,
and there is no parental care.

The hamlets are also known for the diversity of species
within the genus, which differ in terms of colour pattern
but are otherwise morphologically and ecologically very
similar [28]. Several hypotheses have been put forward to
explain speciation in the hamlets including sea-level fluctu-
ations [29], aggressive mimicry [30], and sexual selection
[31]. Yet few genomic resources are available for Hypoplectrus.
Karyotypic information is lacking, but most species in the
Perciformes in general and in the Serranidae in particular
have a diploid number of 48 chromosomes that are often
acrocentric [32]. Two population genomic studies have ident-
ified candidate loci for speciation and local adaptation [33,34],
yet their location in the genome remains unknown. Here,
we leverage reciprocal crosses between two black hamlets
(Hypoplectrus nigricans) to generate egg- and sperm-specific
linkage maps for both parents.

2. Material and methods

(a) Experimental crosses

Crosses were carried out in Bocas del Toro (Panama) as detailed
in the electronic supplementary material, methods. F; larvae
were collected at 70 h post-fertilization, at which point most of
the yolk was resorbed but active feeding had not started yet.
This strategy maximized the number of offspring, reduced the
potential for DNA contamination from consumed prey items
and maternal yolk cells, and ensured that larvae had enough
DNA for sequencing.

(b) DNA extraction and sequencing

DNA was extracted from two parents and 120 larvae with
DNeasy Blood & Tissue columns using fin clip tissue for the
parents and entire larvae for the progeny. Restriction-site associ-
ated DNA (RAD) libraries were prepared as detailed in the
electronic supplementary material, methods, and sequenced on
two lanes of a HiSeq 2000 Illumina sequencer. Because hamlets
are simultaneously hermaphroditic and alternate sex roles
during spawning [27], we expected to have larvae from two reci-
procal crosses in our progeny sample: parent 1 as male x parent
2 as female and vice versa. In order to distinguish between these
two situations, we sequenced a 655 bp cytochrome c oxidase sub-
unit I (COI) gene region of mitochondrial DNA in all samples as
detailed in the electronic supplementary material, methods.

(c) Filtering, assembly, and single-nucleotide
polymorphism selection

Raw sequences were filtered as detailed in the electronic sup-
plementary material, methods. This included the removal of
low-quality reads, of reads with an ambiguous index or restrictions
site, of reads including adapter sequences, and of pairs of paired-
end reads that matched exactly (putative polymerase chain
reaction (PCR) clones). In the absence of a reference genome for
Hypoplectrus, reads were assembled de novo as detailed in the elec-
tronic supplementary material, methods. We applied stringent
filtering for single-nucleotide polymorphism (SNP) selection,

considering only data from stacks (putative loci) that were present
in at least 90% of the larvae with at least 15x coverage. A single
SNP was considered per stack (the first one).

(d) Linkage analysis and map construction

One map was generated for each parent using the markers that
were heterozygous in that parent and homozygous in the other
parent, as well as markers that were heterozygous in both parents.
A x* test of Mendelian proportions was applied to test for segre-
gation distortion. Linkage analysis and map construction were
done with R/qtl v. 1.39-5 [35]. Recombination frequencies and
logarithm of the odds (LOD) scores between all pairs of markers
were estimated using the est.rf function with a maximum recombi-
nation frequency of 0.41 and a minimum LOD score of 4.0. Marker
order was estimated with the order.markers function and optimized
with ripple using a window size of eight markers. Genetic distances
between markers were then estimated with the est.map function
using the Kosambi map option. The maps were inspected visually
and recombination events supported by less than two markers
were removed. Linkage group (LG) sizes were estimated following
[36] and [37] and the average between these two estimates was
taken as our final LG size estimate. Genome coverage was esti-
mated as the ratio between observed and estimated LG sizes.

In addition, we generated sex-specific maps for each parent.
Using the mtDNA haplotypes to infer which parent was the
mother of each offspring, this time we only considered the larvae
for which the focal parent was the mother (egg map) and only
the larvae for which the focal parent was the father (sperm map).
The same methods described above were used for linkage analysis
and map construction, resulting in four parent/sex-specific
maps. For each parent, a G-test was used to test for differences in
recombination rates between the sexes considering all pairs of
adjacent markers.

(e) Chromosome type and synteny analysis

For each LG, chromosome type was inferred following [38]. Briefly,
this approach consists of tracking the cumulative recombination
frequency (RF,,) along LGs starting from both ends of each LG.
Assuming strong chromosome interference, RF,, is expected to
increase linearly from 0 at the terminal reference marker towards
a value of 0.5 at the opposite end for acrocentric and telocentric
chromosomes. By contrast, RF,, is expected to plateau along the
chromosome arm opposite to the terminal reference marker for
metacentric chromosomes [38].

A high-resolution synteny analysis is beyond the scope of
this study, but a broad-scale synteny analysis was performed
between the linkage maps generated here and the genome of
the three-spined stickleback (Gasterosteus aculeatus) as detailed
in the electronic supplementary material, methods. This was
done to validate our maps because relatively good synteny is
expected among the Perciformes [39] and to name homologous
LGs in a way that is consistent with the stickleback genome to
facilitate comparative analyses.

3. Results

The outcomes of the experimental crosses, filtering, assembly,
and SNP selection are detailed in the electronic supplementary
material, results. The COI haplotypes confirmed that the
two parents spawned as both male and female, with 55%
and 45% of the larvae matching parent 1 and 2, respectively.
A total of 184 182 283 paired-end reads were retained after fil-
tering, corresponding to 54.9% of the raw reads. Preliminary
analyses indicated that the 25 larvae with the lowest sequen-
cing coverage provided a large proportion of missing data so
these were excluded from downstream analyses, leaving a
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total of 95 F; offspring. Mean coverage (number of reads per
RAD site per sample) for parent 1 and 2 was 100x and 143X,
respectively, and mean coverage for the 95 larvae was 19x
(min = 12x, max = 28x).

(a) Linkage analysis and map construction

A total of 1637 and 1568 informative SNP markers were
recovered for parent 1 and parent 2, respectively, represent-
ing 2697 markers altogether (double heterozygote markers
were used in both maps and hence the total number of mar-
kers is lower than the sum of the markers used for each map;
table 2 and figure 1; electronic supplementary material,
figures S2—-54). All SNPs were bi-allelic and no segregation
distortion was found (y*-test p-value > 0.05), suggesting that
maternal yolk cells did not contaminate offspring genotypes.
Both maps identified 24 LGs (table 2), which is consistent
with karyotypic analyses in the Perciformes and Serranidae
[32]. Average LG size (52.4 cM) and number of recombination
events per meiosis and LG (0.56) were consistent with the
occurrence of strong crossover interference and one crosso-
ver per bivalent (i.e. a chromosome size of 50 cM and 0.5
recombination events per meiosis and LG [15]).

Twenty-four LGs were again identified in the four sex-
specific maps, with high homology and no conflicts between
the sperm and eggs maps for each parent (table 2 and
figure 2). For parent 1, the total length of the eggs and sperm
map was 1295.8 cM and 1177.8 cM, respectively, resulting in
an eggs/sperm ratio of 1.1. This ratio was 1.6 for parent 2
and 1.3 across both parents. The vast majority of pairs of adja-
cent markers presented recombination rates that were either
eggs- or sperm-biased (electronic supplementary material,
figure S5), and this difference was highly significant between
the sexes for both parents (G-test p-values < 0.0001, d.f. = 70
and 104 for parent 1 and parent 2, respectively). Individual
LGs tended to be larger in the eggs than in the sperm, but
this trend was not entirely consistent (table 2 and figure 2).
Yet our data provided the opportunity to characterize hetero-
chiasmy not only at the LG level but also along LGs and a
highly consistent pattern was revealed there. All LGs presented
a marked difference in recombination patterns between the
eggs and sperm, with relatively higher recombination in the
eggs at one LG extremity and the opposite at the other extre-
mity (figures 2 and 3; electronic supplementary material,
figures S3 and S6). As detailed below, LG VIII stood out as
the only exception.

Both linkage maps revealed a large non-recombining
region on LG VIII in both sexes. This is indicated by the two
bold red squares in figure 1 (also present in the four sex-specific
maps, data not shown), the four horizontal lines in figure 3 for
LG VIII, and the large number of markers that mapped to a
single location for this LG (electronic supplementary material,
figures S2 and S3). A closer look at LG VIII indicated that 37
out of 59 (62.7%) markers in parent 1 and 27 out of 43
(62.8%) markers in parent 2 are located within only 2.1 ¢cM of
each other, indicating very low recombination rates across
about two-thirds of this LG.

(b) Chromosome type and synteny analysis

All LGs presented a pattern characteristic of acrocentric or
telocentric chromosomes (electronic supplementary material,
figure S7). Of the 2697 RAD markers used to build the two
maps, 105 (3.9%) mapped to the stickleback genome,

representing an average of four to five markers per LG. As
expected, high synteny was observed between the hamlet
and stickleback LGs (electronic supplementary material,
figure S8). For 96 markers out of the 105, markers from a
single hamlet LG mapped to a single stickleback LG, allow-
ing the identification of a hamlet homologous LG for the 21
stickleback LGs. As the hamlets have 24 LGs, this leaves
three additional hamlet LGs that were named arbitrarily
(XXII-XXIV).

4. Discussion

The generation of high-density egg- and sperm-specific linkage
maps revealed that heterochiasmy is highly heterogeneous
along chromosomes and dramatically pronounced at the
chromosome peripheries in H. nigricans, that this pattern is
highly consistent across chromosomes and individuals, and
that it is not due to genetic background because the same indi-
viduals were used to generate egg- and sperm-specific maps. In
addition, our analyses indicate that chromosomes are acro-
centric or telocentric, i.e. that the centromeres are located
close to the chromosome periphery. Among the different
hypotheses put forward to explain heterochiasmy [6-14],
meiotic drive stands out by precisely predicting heterogeneous
patterns of heterochiasmy along chromosomes and stronger
heterochiasmy close to the centromeres [8].

(a) Recombination in the eggs and sperm
To the best of our knowledge, this is the first animal study that
compares linkage maps in the eggs versus sperm within indi-
viduals. The advantage of this approach is clear when
contrasting the comparative plots between the two parents
(electronic supplementary material, figure S4) versus between
the sexes within parents (figure 2). In the former situation, a
different set of markers is used because informative markers
are the ones that are heterozygous in the focal parent and
homozygous in the other parent. Only the double heterozygote
markers are shared, and these are relatively few and more dif-
ficult to map because they are less informative (which explains
why we observe few conflicts between the two parents
for these markers). By contrast, the egg and sperm maps for
each parent are based on the same markers, providing the
opportunity to anchor them at a large number of positions
and explore heterochiasmy along LGs. Furthermore, differ-
ences in recombination rates due to sex versus individual
variation may be confounded in gonochoric species.
Altogether, the use of different markers and individuals to
compare recombination between the sexes can constitute a
potentially important confounding factor, as the difference in
recombination rate that we observed between the two parents
(parent 1/parent 2 =1.1) is not too far from the difference
observed between the sexes in the hamlets (eggs/sperm =
1.3) and in other species (table 1). This observation also stresses
the need to replicate the experiment presented here to draw
general conclusions. Finally, and as discussed below, the com-
parison of recombination rates in the eggs and sperm along
LGs provides the opportunity to better interpret heterochiasmy
and the hypotheses put forward to explain this phenomenon.
Globally, we observed higher recombination rates in the
eggs than in the sperm in the two parents (average female/
male ratio = 1.3). In addition, our data show that hetero-
chiasmy is heterogeneous along LGs and particularly
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Figure 1. Linkage maps for parent 1 (a) and parent 2 (b), including both eggs and sperm for each parent. (¢,d) Estimated recombination fractions (above diagonal)
and LOD scores (below diagonal). Red and blue indicate strong and weak linkage, respectively. Numbers of markers are shown in Latin numbers and LGs in Roman
numerals. The occurrence of a large non-recombining region is revealed by a bold red square that covers a large proportion of LG VIl in both parents (highlighted).

pronounced at the LG peripheries. The Limborg et al. [38]
method that we applied to our dataset indicates that the 24
hamlet LGs correspond to acrocentric or telocentric chromo-
somes, but it does not provide the opportunity to identify
the centromere location. Thus, karyotypic or cytogenetic
data are needed to determine whether higher recombination
rates occur close to the centromeres or to the telomeres for
each sex.

(b) Possible causes of heterochiasmy

What processes may underlie heterochiasmy in the hamlets?
The nature of our reciprocal cross provides the opportunity
to identify several unlikely explanations. The effect of sex
chromosomes can be ruled out because as simultaneous
hermaphrodites the hamlets are not expected to have sex
chromosomes, which is confirmed by our sex-specific maps.
Differences in metabolic rates between males and females
[9] appear unlikely because the reciprocal crosses were con-
ducted with the same two parents and at the same time.

Sex-specific differences in dispersal [6,10] can also be ruled
out because the hamlets are simultaneously hermaphroditic
and gametes do not disperse. In the same line, the particular
mating system of the hamlets suggests that sexual selection is
not driving heterochiasmy either [10,11]. While there is
intense sexual selection in terms of competition among indi-
viduals for matings [31], this is not expected to translate into
large differences between the sexes because mating success as
a male depends on the previous release of eggs [27]. This
leaves us with neutrality [6], haploid selection [7,12], and
female meiotic drive [8,13] as potential drivers of hetero-
chiasmy. Among these, female meiotic drive stands out by
predicting heterogeneous recombination rates along LGs,
with pronounced heterochiasmy close to the centromeres. As
pointed out by Brandvain and Coop [8], this pattern is not
expected otherwise because recombination events close to the
centromere do not contribute to the cohesion of homologous
chromosomes and are unlikely to be neutral because they can
cause segregation problems during meiosis. Importantly, no
particular direction of heterochiasmy (i.e. higher versus lower
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recombination rates in females close to the centromeres) is pre-
dicted by this hypothesis and as mentioned above we do not
have this information for the hamlets because we do not
know on what end of each LG the centromere is located. The
formation of quadrivalents during meiosis has been proposed
to account for the extreme heterochiasmy observed close to the
centromere in rainbow trout [40], yet this phenomenon is due
to the fourth round of genome duplication in salmonids [41]
and is therefore not directly relevant for serranids. Regarding
haploid selection, the relatively small number of genes
expressed in sperm and the lack of a haploid phase in females
are expected to reduce the potential for selection at the haploid
stage, yet the possibility that selection may be operating in the

hamlets at the haploid stage or on imprinted genes cannot be
ruled out and certainly deserves further investigation through,
e.g. gene expression or genomic analyses. Overall, the recombi-
nation patterns reported here are consistent with the female
meiotic drive hypothesis. This, of course, does not constitute
evidence that meiotic drive is indeed driving heterochiasmy
in the hamlets, but until additional data are collected we
believe that this is the most parsimonious explanation.

(c) Broader context
The observation of higher recombination rates in the eggs
than in the sperm in the hamlets is consistent with the trend
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Figure 3. Position of all markers in the sperm (blue) and eggs (red) in parent 1 (solid lines) and parent 2 (dashed lines) for each LG. All LGs present a marked
difference between the eggs and sperm, with relatively higher recombination in the eggs and relatively lower recombination in the sperm at one LG extremity and
the opposite at the other extremity. LG VIII stands out as the only exception, with a large non-recombining region in both sexes. The direction in which each map is

generated is random.

observed so far in animals, although there are exceptions [8]. No
such trend is observed in plants globally, but as pointed out in
the Introduction, female recombination rates tend to be lower in
gymnosperms and higher in non-selfing angiosperms [7].
Another striking difference between plants and animals is
that the vast majority of plants considered in the context of
heterochiasmy are hermaphroditic while most animals are
gonochoric, which may confound comparisons between the
two groups due to the potential for self-fertilization in her-
maphrodites and the occurrence of sex chromosomes in many
gonochoric species. Few data are available for hermaphroditic
animals, but females tend to present higher recombination
rates in the cases reported so far (table 1). Yet as pointed out
in the Introduction, the vast majority of studies in non-model
organisms do not provide information about heterochiasmy
along LGs, and hermaphroditic animals are no exception. The
ones that do generally indicate higher recombination rates in
females close to the centromeres in a variety of animal groups
as molluscs [23,25], fishes [42—44], and mammals (including
humans [8]). Here again there are exceptions, but the broad pic-
ture suggests that it might be quite common among animals
and possibly driven by female meiotic drive.

(d) Large non-recombining region

One unexpected finding of this study is the identification of
a large non-recombining region on LG VIII. Other low-
recombining regions may also be present, but the one on
LG VIII stands out in terms of number of markers involved,
strength of linkage, and consistency between the four parent/
sex-specific maps.

Chromosomal inversions are the usual suspects when it
comes to large non-recombining regions, and this may well
be the case in Hypoplectrus. Under this scenario, parent 1
would be homozygous for one orientation of the inversion
and parent 2 for the opposite orientation, implying that this
inversion is polymorphic in H. nigricans and suggesting that
it does not have a strong impact on larval development because
survival was high for this cross. Chromosomal inversions can
facilitate local adaptation and speciation through the reduction

of recombination and accumulation of genomic divergence if
they encompass genes that are involved in these processes
[45,46]. In this context, we note that Tpm4, the single candidate
gene for local adaptation identified in the hamlets [34], maps to
the stickleback LG VIII (e-value 5 x 10~2°, location 14.35 Mb).
Assuming synteny between the black hamlet and three-spined
stickleback in this region, it would fall inside the putative inver-
sion identified here, suggesting that it could facilitate local
adaptation in Hypoplectrus.

(e) Perspectives

This study illustrates the potential of the hamlets to address het-
erochiasmy in vertebrates. The relatively high spawning success
obtained in the experimental crosses, the large number of larvae
recovered, and the approximately equal number of larvae pro-
duced as a male and female for each parent indicate that the
experimental design used here may be replicated, with higher
resolution if needed, in a variety of hamlet populations and
species. In addition, the possibility to cross individuals from
different species [29] provides the potential to explore the role
played by recombination and heterochiasmy in hybridization
and speciation. Finally, the linkage maps presented here will
allow the assembly of a chromosome-level genome for the
hamlets, providing the opportunity to characterize the genomic
architecture of speciation and adaptation in this group and test
our hypothesis that the non-recombining region evidenced here
may play a role in these processes.

With the democratization of next-generation sequencing,
we now have the ability to routinely genotype thousands of
markers in non-model species. A new generation of high-
density linkage maps will provide the opportunity to better
describe the patterns associated with heterochiasmy in a var-
iety of taxa and, in combination with reference genomes, take
a more functional genomics approach to address this process.
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