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Animal genitalia vary considerably across taxa, with divergence in many

morphological traits, including striking departures from symmetry. Different

mechanisms have been proposed to explain this diversity, mostly assuming

that at least some of the phenotypic variation is heritable. However, heritabil-

ity of the direction of genital asymmetry has been rarely determined.

Anablepidae are internally fertilizing fish where the anal fin of males has

been modified into an intromittent organ that transfers sperm into the gono-

pore of females. Males of anablepid fishes exhibit asymmetric genitalia, and

both left- and right-sided individuals are commonly found at similar

proportions within populations (i.e. antisymmetry). Although this poly-

morphism was described over a century ago, there have been no attempts

to determine if genital asymmetry has a genetic basis and whether the differ-

ent morphs are accumulating genetic differences, as might be expected since

in some species females have also asymmetric gonopores and thereby can

only be fertilized by compatible asymmetric males. We address this issue

by combining breeding experiments with genome-wide data (ddRAD mar-

kers) in representative species of the two anablepid genera with asymmetric

genitalia: Anableps and Jenynsia. Breeding experiments showed that all off-

spring were asymmetric, but their morphotype (i.e. right- or left-sided) was

independent of parental morphotype, implying that the direction of asymme-

try does not have a strong genetic component. Consistent with this

conclusion, association analyses based on approximately 25 000 SNPs did

not identify markers significantly associated with the direction of genital

asymmetry and there was no evidence of population structure between left-

and right-sided individuals. These results suggest that the direction of genital

asymmetry in anablepid fishesmight be stochastic, a commonly observed pat-

tern in species with antisymmetry in morphological traits.

1. Introduction
The genitalia of animals with internal fertilization are meant to perform, in prin-

ciple, a simple task: to transfer sperm to the place where fertilization of eggs

occurs. Yet, in many species, genitalia are extremely elaborated, much beyond

what this apparently simple function requires. The complexity of animal genita-

lia is fascinating, and several sexual selection evolutionary hypotheses have been

proposed to explain their degree of elaboration [1–4]; but generalizations across

taxa have been challenging due to the great diversity in structure and function

[5]. Apart from size and shape, in some cases, genitalia have an additional

layer of complexity: they can be asymmetric [6]. In males, and more rarely

females, of some animals—including arthropods (e.g. [7,8]), most snakes (e.g.

[9]), most ruminant mammals [10], waterfowl (e.g. [11]) and a few fish lineages

with internal fertilization (e.g. [12–14])—the structures that make direct contact

with the sexual partner during copulation and that are involved in sperm transfer
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are structurally asymmetric (reviewed in [5]). Genital asymme-

try is an unusual trait that is interesting at many different

levels of biological organization and is particularly important

for evolutionary biologists because of its potential to drive spe-

ciation if mating success is reduced between opposite

asymmetric morphs and thereby contributes to population

divergence [15,16] (but see [17]). Moreover, the simple left–

right nature of asymmetries has the advantage of permitting

comparisons, not only between sexes within a species, but

also across species, thus allowing for generalization beyond

individual cases [5,18]. Nonetheless, there are still several

aspects of the evolution of genital asymmetries that are not

well understood, in particular the genetic basis of the direction

of departure from symmetry has been hardly studied [5,19].

The great majority of species with asymmetric genitalia are

monomorphic in the direction in which their genitalia bends

[5] (i.e. directional asymmetry sensu [20]). Species where

both right and left morphs are found at nearly equal pro-

portions (i.e. antisymmetry sensu [20]) are rare exceptions

[5,7]. That most species show directional genital asymmetry

has been interpreted as evidence that the bending direction

is inherited [5]. If direction of asymmetry indeed has a large

genetic component, then a polymorphism could be main-

tained if inter-morph breeding is favoured over intra-morph

breeding (e.g. [21]), or the success of one morph is dependent

on the relative frequency of both morphs (e.g. negative-

frequency-dependent selection [22]). Alternatively, it could be

expected that mating between different asymmetric morphs

might be less successful (i.e. results in fewer effective copula-

tions) than those between compatible asymmetric morphs

(e.g. [16,23]), and that this could lead to the accumulation of

genetic differences between morphs and potentially result in

speciation [15,16,24]. In turn, this might explain the observed

high abundance of species showing directionally asymmetric

genitalia [5]. However, studies on other asymmetric

morphologies have shown that the genetic contribution

varies significantly among species (reviewed in [25]). Whereas

in some cases there is a large genetic component underlying the

direction of asymmetry [16,26,27], in other cases there is a

strong environmental effect (e.g. [28]) or it is mostly stochastic

(e.g. [29]). Moreover, the overwhelming excess of species with

directional genital asymmetry suggests that sidedness of

asymmetry has a large genetic component, but no statement

can be made about its heritability due to the lack of variation

in the trait in question (i.e. there is only one asymmetric

morph). Heritability (in its broad sense) is understood as the

proportion of the phenotypic variation in a population that is

due to genetic variation among individuals [30]; thus, if there

is no phenotypic variation to explain (e.g. all individuals are

left-sided), no conclusions can be drawn about the heritability

of the trait. Consequently, the rare polymorphic species

showing antisymmetry in the sidedness of genitalia become

key to address this question [25].

One of these rare cases are the livebearing fishes of the

family Anablepidae [5,14,31–34]. This small family of Neotro-

pical fishes comprises only three genera: Oxyzygonectes (the

white-eye, 1 species), Anableps (four-eyed fish, 3 species) and

Jenynsia (one-sided live-bearers, 15 species). Anablepids have

attracted the attention of naturalists for centuries (first men-

tioned as early as 1608 [35]) as these fish combine a set of

highly peculiar characteristics, including a ‘split’ eye that con-

fers aerial and aquatic vision (only in species of Anableps, but

not of Jenynsia or Oxyzygonectes [36,37]), being live-bearers

(except for Oxyzygonectes) by the retention of embryos

during development in the ovarian follicles [38], and the fea-

ture we are focusing on here: conspicuous asymmetry in

their genitalia (sexual rights and lefts, sensu [14]). Whereas

Oxyzygonectes is an oviparous species, all species in the

genera Anableps and Jenynsia are viviparous and males have

a modified anal fin, called gonopodium, that serves as an

intromittent organ that transfers sperm into the female genital

tract [39]. The conspicuous genital asymmetry is caused

mostly by ray number six of the anal fin, the thickest and long-

est, which is laterally displaced and bends at the tip forming

a hook (figure 1). This bending occurs to either side and

thus, left and right morphs are found within populations

[14,31–33]. Females in the genus Jenynsia always have

symmetrical genital openings and both male morphs can,

therefore, potentially copulate with all females [31,40].

However, females of the genus Anableps also show an asym-

metrical genital opening (the gonopore), which is laterally

covered by one or two large scales forming a foricula [14,39].

Within populations of Anableps species, females with left-

and right-sided foriculae openings are found [14,32,33]. Ana-

blepid fish copulate in a lateral, side-by-side position with

their heads pointing in the same direction [32,41]. Males pos-

ition themselves at either side of the females and laterally

move their gonopodium forward in an attempt to insert its

tip into the female’s gonopore to transfer sperm for internal

fertilization. A consequence of genital asymmetry exhibited

by both sexes in Anableps species is that only males whose

gonopodium bends to the left can copulate with females that

have the foricula opening to the right and vice versa [33,39,42].

Despite the long interest in the ‘sexual rights and lefts’ of

anablepids and the general interest in the genetics of genital

polymorphisms, there had so far been no attempts to deter-

mine the heritability of the direction of genital asymmetry in

these fish. However, this information is crucial for understand-

ing the evolution and maintenance of this polymorphism and

its potential for generating population structure (e.g. [15]).

In his classic paper about the genital asymmetry of anablepids,

Garman [14] discusses two potential scenarios. Under the first,

the direction of asymmetry is mostly heritable, and it should

be possible to establish monomorphic populations by artifi-

cially selecting for (selectively breeding) only one morph.

Under the second scenario, the direction is determined

solely by environmental factors and establishing monomor-

phic populations should not be possible (at least not if the

environment is allowed to change). He favoured the second

possibility, and subsequently, this was taken as evidence for

the lack of a genetic basis of the trait by others (e.g. [43]), yet

no formal tests of these hypotheses had been conducted so far.

Here, we study two polymorphic species of the genera

Anableps and Jenynsia with the aim of contributing to our

understanding of the evolutionary stability of this genital poly-

morphism. Determining the genetic basis of this trait would

help to hypothesize if the polymorphism in the direction of

genital asymmetry represents a stable state or an intermediate

stage in the transition to uniform directional asymmetry and

potentially speciation. First, we conducted captive breeding

experiments in a common garden environment with J. lineata

and A. anableps to determine the heritability of gonopodium

direction. We complemented this approach by conducting

RAD-sequencing in two wild-caught population samples of

J. lineata and a second species of Anableps (A. dowei) to see if

there are alleles that segregate with the two genital morphs
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and to determine if genetic differences have accumulated

between them.

2. Material and methods

(a) Breeding experiment
To determine if variation in the direction of asymmetry has a

heritable component, we conducted crosses using J. lineata.

Females of this species have symmetrical genitalia, whereas

males can be either left- or right-sided [31]. A total of 30 couples

were placed separately into 9.8 l tanks [11 × 51 × 23 cm] in a recir-

culating system (12 L : 12D cycle, 25°C ± 1°C) and fed twice daily

with recently hatched brine shrimp and commercial flake food.

Fifteen pairs were composed of left-sided males and 15 of

right-sided males. None of the females used were exposed to

mature males before the experiment. Pregnant females (identified

by an enlargement of the abdominal cavity) were isolated before

parturition and returned to their tank 24 h after giving birth. Off-

spring were reared in groups of 5–10 individuals and inspected

daily for signs of gonopodium development (i.e. elongation of

the anal fin [39]), at which point immature males were reared

in isolation until their gonopodium was completely formed

and genital asymmetry could be determined based on external

morphology (i.e. in left-sided males, their gonopodium bends

to the left; figure 1).

We first assessed whether the direction of genital asymmetry

in J. lineata male offspring departs from a 1 : 1 ratio and whether

this ratio depends on the morphotype of the sire. For example, if

the direction of asymmetry was determined by a single autosomal

dominant gene, we would expect that, on average, offspring of

males expressing the dominant phenotype (i.e. homozygous

dominant or heterozygous)will have a 87.5% probability of resem-

bling their sire (assuming a random genotype of females; only

heterozygous males that are crossed with heterozygous or homo-

zygous recessive females could produce homozygous recessive

males, which overall have probabilities of 4.17% and 8.33%,

respectively); whereas, left and right morphs are expected to be

equally likely (approx. 50%) among offspring of males expressing

the recessive phenotype (again, assuming a random genotype of

females). To test this, we fitted a generalized linear model (GLM)

in R. The model assumed a binomial distribution with a logit

link function and the response variable was specified using the

cbind function to create a matrix with the number of the left- and

right-sided offspring in each family. Sire morphotype was

included as a fixed effect in the model.

Additionally, we estimated the narrow-sense heritability fol-

lowing Davies et al. [44]. Considering the direction of genital

asymmetry as a binary trait (i.e. left or right), we calculated Bayes-

ian R2 from the fit of a generalized linear mixed model with a logit

link function, a binomial error distribution and sire as a random

effect [44]. Note that the estimate derived from this procedure

refers to the heritability of an assumed latent, continuously distrib-

uted variable that underlies the switch between morphs (i.e. a

threshold trait; [44]). The statistical significance of the estimate

was assessed by comparing it to the distribution obtained by

using a permutation-based approach that shuffles the identity of

each offspring’s sire 1000 times. These analyses were conducted

in R using the multiDimBio package [45].

40 000
Anableps dowei Jenynsia lineata

0

1000

2000

3000

30 000

40 000

0

1000

2000

3000

30 000

0.50.40.3

Fst (left versus right morph)

0.20.1

left morph left morphright morph right morph
female

0
1

0.45

0.50

0.60

0.55

0.48

0.50

0.54

0.52

543

K

2 1 543

K

2

0.50

an
ce

st
ry

fr
eq

u
en

cy

fr
eq

u
en

cy
an

ce
st

ry

C
V

 e
rr

o
r

C
V

 e
rr

o
r

1.00

0

0.50

1.00

male female male

0 0.40.3

Fst (left versus right morph)

0.20.10

(a) (b)

(c) (d)

Figure 1. Left and right morphs of A. dowei (a) and J. lineata (b) show low genetic differentiation, with the vast majority of variants having Weir and Cockerham’s
Fst values equal to zero. Photo insets show two males (a left and a right morph) and a female (a right morph) of A. dowei (a), and two J. lineata males (a left and a
right morph) with a symmetric female in the middle (b). As a consequence of low differentiation between morphs, there is also a lack of population structure where
the number of clustering with the lowest cross-validation error was one for A. dowei (c) and J. lineata (d ). Some structure is observed in A. dowei, but this is
associated with sex and not genital morphology. (Online version in colour.)
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We also bred a species of Anableps (A. anableps) in captivity to

determine if the results were consistent with those obtained with

J. lineata. However, space limitations necessary for breeding

A. anableps (mature females are approximately 200 mm and males

are 140 mm; J.T.D. 2019, personal observation; also see [46])

affected the numberof families that could be raised.WekeptA. ana-

bleps in tanks with a large surface area (200 × 95 cm, and 45 cm

depth, 760 l) at 25°C and in brackishwater (6 g l−1, PreisAquaristik

Marine Salt). Initial attempts to keep fish in pairswere unsuccessful

as they failed to breed, potentially due to stress as A. anableps are

gregarious fish [32]. Thus, we maintained two group tanks with

five females and five males of the same morph each. Thus, results

have to be taken with caution as offspring of a female could poten-

tially have been sired by multiple males. Pregnant females were

isolated in tanks of the same conditions until they gave birth.

Females were allowed to recover for 24 h before being returned to

their original tanks. Offspring were maintained in a common

tank until they reached sexual maturity, at which point individual

fishwere phenotyped as described above. In the case ofA. anableps,

individuals were not isolated to avoid stressing them, so the

direction of asymmetry might have been also influenced by

the social environment. The maintenance of the fish and the

experiments described above have been approved by the State of

Baden-Württemberg (permit no. 35-9185.81/G-17/110).

(b) RADseq data analyses
(i) Sample collection for genome-wide sequencing
Twenty-eight A. dowei males (16 : 12 right : left-sided) and 28

females (13 : 15) were collected in Nicaragua in 2015 (permit

number DGPN/DB-IC-015-2015). Fifty J. lineata males (22 : 28)

were collected in Argentina in 2013 (permit number DFFS-1757/

330; electronic supplementary material, table S1). Jenynsia lineata

males are asymmetric but females are not [31], whereas both

males and females show genital asymmetry in A. dowei [32]. Phe-

notyping was based on the external morphology of the genitalia

(foricula of the gonopore in females and gonopodium in males;

figure 1). We classified each individual as left- or right-sided

based on the position of the female in relation to the male during

copulation. Both species copulate in a side-to-side position with

the head of both sexes pointing in the same direction ([32,41]

J.T.D. 2019, personal observations). Accordingly,males and females

are classified as left morphs if their genital morphology requires

that the female is in the left position during mating (i.e. in lefty

males their gonopodium bends to the left and in lefty females of

A. dowei, the foricula of the gonopore is open to the right). This

terminology has the advantage of allowing to refer to compatible

mates. Additionally, because laterality in mating behaviour is

perfectly associated with genital asymmetry [31], this terminology

is in agreement with the one used for the breeding experiment.

(ii) Library preparation and sequencing
Population genomic data were generated following the quad-

dRAD protocol; a double digest RADseq method that allows for

high multiplexing of samples and PCR-duplicate detection [47].

Briefly, all individuals were pooled into one library, size selected

for a range of 455–555 bp using a Pippin Prep electrophoresis

system (Sage Science, Beverly, MA, USA) and the final libraries

were diluted to 10 nM. The library was paired-end sequenced

(2 × 150 bp) in one lane on an Illumina HiSeq 2500 machine

(TUFTS core facility). Demultiplexing based on Illumina indices

produced pools comprising 11–12 samples with unique combi-

nations of inline barcodes. Putative PCR-duplicate reads were

identified and removed with the clone_filter script prior to demul-

tiplexing based on inline barcodes using the process_radtags script

in Stacks v. 1.46 [48].

(iii) RAD tag assembly, read mapping and variant calling
Mapping and variant calling was conducted with the dDocent

package [49] using a de novo assembly approach for both species

together. dDocentwas run using the default parameters, internally

using bwa mem [50] for read mapping and freebayes [51] for variant

and genotype calling. Variant processing and filtering was done

using VCFtools v. 0.1.15 [52] following the dDocent user guide.

Specifically, we set all individual genotype calls with a read

depth of less than 3 to missing and then filtered variants using a

minimum quality score of 1, a lower minor allele count threshold

of 3. We also filtered out loci with more than 60% missing data.

Further, variant site filteringwas done following the dDocent_filters

script using the recommended options (http://ddocent.com/fil-

tering/). The resulting VCF file for both species contained a total

of 38 621 RADtags and 151 275 variants (49 390 polymorphic in

A. dowei and 46 518 in J. lineata) that passed quality filters. Assum-

ing a genome size similar to that seen in Poeciliidae (the closest

relatives with sequenced genomes [53,54]) of around 700 Mb,

this means that there is around one marker every 18–27 kb for

both species, considering the number of RADtags and the final

number of variants used in the downstream analyses (see below).

(iv) Association mapping with genome-wide markers
Association mapping with the genome-wide markers generated

with quaddRAD was performed using PLINK v. 1.90b4.9

[55,56] for each of the species separately, setting direction of gen-

ital asymmetry as a binary case/control trait. As J. lineata females

are symmetric, they were not included in this study. For A. dowei,

females were considered either left- or right-sided as indicated

above (see ‘Sample collection for genome-wide sequencing’).

First, we conducted an analysis for both A. dowei sexes together

considering compatible morphs (as described above). Significant

associations in this case will be expected to contribute to genetic

differentiation between morphs. Then, we conducted a second

analysis grouping incompatible males and females (i.e. males

with their gonopodium bending to the left and females with

the foricula of the gonopore opening to the left). Significant

associations in this case will be expected to promote the mainten-

ance of the left–right polymorphism. For these analyses, we

applied some additional variant filters, using only biallelic mar-

kers and removing variants with more than 20% missing data or

a minor allele frequency of less than 0.05. After this, the dataset

for A. dowei included 26 568 variants for 56 individuals and the

one for J. lineata included 25 454 variants for 50 individuals. Sig-

nificance of the associations was determined using Fisher’s exact

tests and adaptive Monte Carlo permutations [57]. p-values were

then corrected for family-wise error due to multiple testing using

the Benjamini–Hochberg false discovery rate.

(v) Population structure
We tested for allelic differentiation in form ofWeir & Cockerham’s

Fst [58] between asymmetric morphs on a per site basis using

VCFtools [52]. We filtered the dataset in order to include only var-

iants that had data for at least 10 individuals of each morph (i.e. 20

alleles per morph). After this additional filtering step, 43 006 var-

iants remained for A. dowei and 40 050 for J. lineata. For A. dowei,

we combined sexes by grouping compatible morphs.

Population structure was examined with ADMIXTURE [59],

for K = 1 to K = 5 putative clusters for A. dowei and J. lineata sep-

arately. The optimal numbers of clusters were evaluated based

on cross-validation error estimates [60]. Prior to the analysis, var-

iants with more than 20% missing data and a minor allele

frequency of less than 0.05 were filtered out, resulting in 32 475

variants for A. dowei and of 28 322 variants for J. lineata. Admix-

ture results were visualized using the graphics package in R [61].
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3. Results

(a) No evidence for a simple genetic basis of direction
of genital asymmetry

For J. lineata, 21 families produced more than three male off-

spring, thereby allowing to determine the ratio of left- to

right-sided males (table 1). Offspring from left-sided sires did

not significantly depart from 1 : 1 ratio in the direction

of their genitalia (intercept effect estimate =−0.03 ± 0.17 s.e.,

p = 0.86) and the left : right offspring ratio did not differ

between sire morphs (sire(right) effect estimate = 0.24 ± 0.23

s.e., p = 0.32; table 1). Then, right-sided sires were set as refer-

ence in our model to verify that their offspring did not differ

from 1 : 1 either (intercept effect estimate =−0.21 ± 0.17 s.e.,

p = 0.21). Eliminating four families that had only few offspring

(i.e. less than seven male offspring), and, therefore, could have

biased the analysis, did not affect these results. Hence, there is

no evidence that male offspring of J. lineata depart from a 1 : 1

ratio in the direction of their genitalia. In linewith these results,

estimated narrow-sense heritability was not significantly

different from zero (h2 = 2.25 × 10−28, p = 0.48).

Unfortunately, due to the space required for A. anableps to

breed, our sample size is small and mostly anecdotal (table 1).

However, given that males and females in this species show

genital asymmetry, finding both morphs among offspring

of the two broods at approximately equal proportions

suggests nonetheless that the direction of asymmetry is not

due to a single Mendelian locus.

(b) No evidence for loci associated with the direction of
genital asymmetry

In line with the breeding experiment, the whole-genome

association analysis identified no genetic variant significantly

associated with the direction of genital asymmetry in A. dowei

or J. lineata after family-wise error correction for multiple

testing (electronic supplementary material, table S2).

(c) No evidence of population structure between
individuals differing in the direction of genital
asymmetry

Overall, there was essentially no differentiation between asym-

metric morphs within samples of both A. dowei and J. lineata

(Weir &Cockerham’s weightedmean Fst< 0.001 for both species;

figure 1a,b). Accordingly, there was no evidence of population

Table 1. Heritability of the direction of genital asymmetry appears to be low as the proportion of left-sided offspring from a male, independently of its own
morph, is on average 50%.

species pair parent morpha offspring morph % (left)

Anableps anableps 1 L n = 7 ♀ LL RR 50

♂ L RR 33

2 L n = 23 ♀ LLLLL RRRRRRRR 38

♂ LLLLLL RRRR 60

Jenynsia lineata 1 L n = 3 LL R 67

2 L n = 5 LLL RR 60

3 L n = 7 LLL RRRR 43

4 L n = 8 LLLLL RRR 63

5 L n = 9 LLLL RRRRR 44

6 L n = 14 LLLLL RRRRRRRRR 36

7 L n = 19 LLLLLLLLLL RRRRRRRRR 53

8 L n = 21 LLLLLLLLLL RRRRRRRRRRR 48

9 L n = 25 LLLLLLLLLLL RRRRRRRRRRRRRR 44

10 L n = 27 LLLLLLLLLLLLLLL RRRRRRRRRRRR 56

11 R n = 4 RRRR 0

12 R n = 4 LLL R 75

13 R n = 10 LLLL RRRRRR 40

14 R n = 11 LLLLLL RRRRR 50

15 R n = 12 LLLLLLLLL RRR 75

16 R n = 13 LLLLLLL RRRRRR 54

17 R n = 16 LLLLLLLLLL RRRRRR 63

18 R n = 16 LLLLLLL RRRRRRRRR 44

19 R n = 18 LLLLLLLLLL RRRRRRRR 56

20 R n = 18 LLLLLLLLLL RRRRRRRR 56

21 R n = 21 LLLLLLLLLLLLL RRRRRRRR 62
aFor A. anableps, we report the morph of the female as the sire was unknown.
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structure, with the highest support for only one genetic cluster in

both species (figure 1c,d). There was some structure in A. dowei;

however, this appeared to be associated with sex rather than

with the direction of genital asymmetry. These findings suggest

that genital asymmetrydoesnot result in theaccumulationofgen-

etic differences between incompatible morphs.

4. Discussion
In 1895, Garman [14] described the polymorphic genitalia of

fish of the genus Anableps, reporting the presence of left and

right morphs at equal frequencies within populations and dis-

cussed the role of mating incompatibility betweenmorphs as a

potential driver of differentiation and speciation into two

asymmetric, but monomorphic species. For this to occur, vari-

ation in the direction of asymmetry must have a genetic

component. Here, a series of experiments, including breeding

experiments and genome-wide RAD sequencing, strongly

suggest that there is no strong heritable component of direction

of genital asymmetry in anablepid fishes. Instead, the breeding

experiments suggest that the direction of asymmetry appears

to have a large stochastic component (i.e. direction is deter-

mined by chance and cannot be experimentally biased

towards one particular side; [25]). Moreover, there is no evi-

dence for genome-wide differentiation between left and right

morphs neither in Anableps dowei nor in Jenynsia lineata. These

findings provide an explanation for the long-termmaintenance

of this polymorphism.

The lack of population structure is not necessarily evi-

dence against the direction of genital asymmetry having a

genetic component, as there are many examples of genetically

determined polymorphisms affecting mating strategy that do

not result in genome-wide differentiation (e.g. [62–64]). Stable

polymorphisms can result from different selection pressures

acting on the population, including disruptive selection and

frequency-dependent selection (e.g. [65–67]). In fact, we had

previously suggested that the temporal oscillation in the rela-

tive abundance of asymmetric morphs in J. lineata males

might be explained by frequency-dependent selection; the

rare morph might have an advantage at forced copulations,

given that females are symmetrical in terms of their genitalia

[31]. However, for frequency-dependent selection on breed-

ing success to affect the relative abundance of both morphs,

there must be a heritable component to the phenotypic vari-

ation [68]. Thus, this seems to be a less plausible explanation,

given that the heritability of the direction of asymmetry was

not different from zero in J. lineata (we have no estimate of

heritability for Anableps due to the low sample size and

unknown sires) and that there is no evidence of loci associ-

ated with this trait in either of the analysed species.

Instead, these results are in line with the general pattern

found in other antisymmetric species (i.e. both asymmetric

morphs found at equal proportions), where direction of

departure from symmetry most commonly lacks a strong

genetic basis [20,24] (but see [69]).

A caveat to this conclusion is that determining the genetic

component of discrete phenotypic variance is challenging

[30,44]. If the genetic component underlying variation is

small, modestly sized breeding experiments, such as ours,

and even large-scale ones might not have the power to detect

it. Additionally, there are clear limitations to association ana-

lyses based on RADseq data (sparse markers that do not

necessarily cover the entire genome [70]; but see [71]),

especially if the extent of linkage disequilibrium is unknown

and there is no closely related reference genome available.

Finally, whereas offspring in the breeding experiments were

raised separately under controlled conditions that limited

environmental effects influencing the direction of asymmetry,

we cannot completely rule out that environmental factors

affect the proportion of left- versus right-sided individuals in

natural populations. However, the similarities seen in the

near-equal proportion of left and rightmorphs in natural popu-

lations [14,31,33,34] and in the breeding experiment suggest

that no other mechanism than stochastic variation is needed

to explain this polymorphism in the direction of genital asym-

metry. Stochastic developmental variation of direction of

asymmetry has been suggested for different systems (reviewed

in [25]), including egg formation (e.g. [72]), embryonal devel-

opment (e.g. [73]), and adult internal [74,75] and external

morphology (e.g. [29,76,77]). Thinking of the direction of geni-

tal asymmetry in anablepid fish as being determined

by stochastic factors allows us to go back and evaluate the

predictions originally made by Garman [14] about the evol-

utionary stability of this peculiar trait. At the population

level, the expectation would be a stable polymorphism as

most of the phenotypic variation is random. Indeed, no evi-

dence of population structure associated with the phenotype

was observed in natural populations of A. dowei or J. lineata

(figure 1). This is in line with previous observations of both

asymmetric morphs remaining at approximately equal pro-

portions over time [14,31–33] and space [31]. Similarly, at the

phylogenetic level, the expectation that monomorphic, direc-

tional asymmetric species will evolve is low, given that the

absence of heritability is due to low or no additive genetic vari-

ation for this trait (e.g. [78]). Nevertheless, the evolution of

directional asymmetry from random asymmetry has occurred

a considerable number of times (36–44% of cases; reviewed in

[18]), including cases of genital asymmetry (e.g. [13,79,80]).

These have been put forward as examples of genetic assimila-

tion of non-heritable phenotypic variation [18]. It is worth

noting that other authors have mentioned some populations

of Jenynsia to be monomorphic in terms of the direction of

their genitalia [33,81]. Unfortunately, these reports were not

associated with a particular population and the systematics

and classification of this family of fishes has been in flux in

the last years (e.g. [82,83]), making it difficult to verify these

claims. Ongoing studies conducted at our laboratory at the

family level will shed light onto the phylogenetic pattern of

genital asymmetry in anablepid fishes and inform on the

general understanding of the evolution of genital asymmetry.
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