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A growing number of recent genomic studies report asexual parthenogenetic reproduction in a wide range of taxa, includ-
ing vertebrate species from the reptile, bird, and fish lineages. Yet, self-fertilization (selfing) has been recorded only in a
single vertebrate, the mangrove killifish Kryptolebias marmoratus. In cichlid fishes, sex determination is notably diverse and
can be influenced by the environment, and sequential hermaphroditism has been reported for some species. Here, we pre-
sent evidence for a case of facultative selfing in the cichlid fish Benitochromis nigrodorsalis, which is otherwise known as
biparentally reproducing ovophilic mouthbrooder from Western Africa. Our laboratory observations revealed that a
wild-caught individual produced repeatedly viable offspring in absence of a mating partner. By analyzing genome-wide sin-
gle-nucleotide polymorphism (SNP) data, we compare that individual and two of its offspring to shed light on its reproduc-
tive mode. First, our results confirm uniparental reproduction. Second, overall heterozygosity is reduced in the offspring
compared with outbred individuals. Retained maternal heterozygosity in the offspring is ~51%, which is close to the the-
oretically expected value of a heterozygosity reduction of 50% by selfing. Heterozygosity patterns along individual chro-
mosomes do not point to alternative parthenogenetic reproductive mechanisms like automixis by terminal or central fusion.
Facultative selfing may represent an adaptive strategy ensuring reproduction when mating partners are absent and, hence,

contribute to the cichlids’ enormous evolutionary success.
[Supplemental material is available for this article.]

Although vertebrates reproduce predominantly sexually (Neaves
and Baumann 2011), recent studies report evidence for asexual
parthenogenetic reproduction in a number of reptiles, birds, and
fishes (Chapman et al. 2007; Booth et al. 2012; Fields et al. 2015;
Warren et al. 2018; Card et al. 2021; Ryder et al. 2021), suggesting
that vertebrates’ modes of reproduction are more variable than
commonly assumed. Still, simultaneous hermaphroditism (i.e., in-
dividuals produce male and female gametes at the same time) and
self-fertilization (selfing) seem to be almost absent in vertebrates.
This is interesting considering that sequential hermaphroditism
(changing sex during lifetime) is common, for example, in fishes
(Warner 1975). The only recorded self-fertilizing hermaphroditic
vertebrate is the mangrove rivulus (Kryptolebias marmoratus)
(Harrington 1961; Tatarenkov et al. 2009; Kelley et al. 2016),
which can, however, also outcross.

In sexual reproduction, haploid gametes are produced via
meiosis. The fusion of female and male gametes, that is, of egg
and sperm, results in diploid offspring, which carry new allelic
mixtures through segregation and recombination of the parental
genetic information (Engelstddter 2017). Selfing is the fusion of
meiotic products resulting from independent meiosis events of
the same individual, occurring in oogenesis and spermatogenesis,
respectively. As an extreme form of inbreeding, selfing reduces the
degree of heterozygosity by 50% each generation.
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Contrastingly, asexual parthenogenetic reproduction relies
on the development of unfertilized gametes. Parthenogenesis in-
cludes clonal reproduction, generating offspring that are genetical-
ly identical to their mother. Offspring identical to the parent can
result from functionally mitotic parthenogenesis and from meiotic
parthenogenesis (Fig. 1). However, meiotic parthenogenesis can
also lead to offspring that are genetically distinct from their parent
(Fig. 1). Such automictic systems rely on a modified meiosis that
leads to diploid eggs without the need of fertilization by a mating
partner. The meiotic modifications guarantee the maintenance of
the ploidy level under automictic reproduction. In automictic par-
thenogenesis with terminal fusion, the second polar body fuses
with the egg nucleus by the end of meiosis II to form the zygote.
Because of the assortment of sister chromatids, this leads to off-
spring being homozygous (Lampert 2008). Offspring production
by an aborted meiosis II and gamete duplication has the same ge-
netic consequences (see Fig. 1; Asher 1970). In automixis with cen-
tral fusion, products of meiosis I fuse and give rise to offspring
genomes, which retain all of the maternal heterozygosity, owing
to the assortment of nonsister chromatids. The same pattern re-
sults from offspring generated by an aborted meiosis I (Asher
1970; see Fig. 1 in the work of Smith et al. 2019). Although termi-
nal fusion seems to be the predominant automictic reproductive
mode in parthenogenetic vertebrates, such as recently shown for
the king cobra (Card et al. 2021), central fusion is more widespread
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Figure 1.

Overview of sexual and asexual reproduction modes. Sexual reproduction includes the fusion of male and female gametes, which can originate

from two different individuals (biparental reproduction) or from the same individual (selfing). Asexual reproduction includes mitotic and meiotic parthe-
nogenesis. Consequences for offspring heterozygosity are presented for each mode (for further explanation, see text).

among invertebrate species, such as in the crustacean Artemia par-
thenogenetica (Nougué et al. 2015).

For both automixis based on central fusion and on terminal
fusion, recombination may affect chromosomal heterozygosity
patterns in the offspring. As a consequence, the actual heterozy-
gosity found in the offspring may be higher (in case of terminal fu-
sion) or lower (in case of central fusion) than expected in the
absence of recombination. Recombination rates have been sug-
gested to correlate with chromosome positions (Sardell and
Kirkpatrick 2020) with higher rates at the telomere (Haenel et al.
2018) and crossovers being suppressed at the centromere (Talbert
and Henikoff 2010; Sardell et al. 2018). If recombination events
are more likely at telomeric regions (Haenel et al. 2018), alleles be-
come randomly distributed among sister and nonsister chromatids
at chromosomal peripheries. Resultantly, here maternal alleles are

sampled randomly without replacement, and thus, after one of the
meiotic products is chosen first, two out of the three remaining
products (i.e., 67%) contain the alternate allele. Consequently, an-
alyzing the heterozygosity distribution along chromosomes can
disentangle the two forms of automixis (i.e., central fusion and ter-
minal fusion) and potentially differentiate between automixis by
terminal fusion and selfing. Self-fertilization, as well as automixis
by terminal fusion, reduces offspring heterozygosity. Yet, under
self-fertilization, patterns of retained maternal heterozygosity are
independent from the chromosomal position (equivalent to sam-
pling with replacement because taken from independent meiotic
events). Accordingly, the heterozygotic state of the centromere
can be used to distinguish terminal fusion, central fusion, and self-
ing: Under the two forms of automixis, all centromeric regions
within an individual should have the same state (i.e., under
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terminal fusion they have all lost heterozygosity, under central fu-
sion they have all retained heterozygosity), whereas under selfing
and hence random chromosome pairing, 50% of all centromeres
are expected to lose heterozygosity (Svendsen et al. 2015).

Another meiotic parthenogenesis reproduction mode is based
on premeiotic doubling of the chromosomes (Fig. 1). Bivalent for-
mation of sister chromosomes and subsequent meiosis I and Il lead
to full retention of heterozygosity in the offspring. Bivalent forma-
tion occurring between nonsister chromosomes leads to loss of
heterozygosity in 50% of the progeny with no relation to centro-
mere position (see Fig. 3 in the work of Archetti 2010); so far,
this reproductive mode lacks evidence from nature. Recent ge-
nome-wide studies of facultative and obligate automictic parthe-
nogenetic species disentangled the underlying meiotic processes
and provided insight into the genome’s trajectory under the partic-
ular type of reproduction (Booth et al. 2012; Card et al. 2021).

We here set out to elucidate possible facultative selfing in the
West African cichlid fish Benitochromis nigrodorsalis, which has
been described as bisexually (biparentally) reproducing ovophilic
mouthbrooder (Lamboj 2004). B. nigrodorsalis is found in the
coastal rivers and creeks of Cameroon and Equatorial Guinea.
Here, we report the laboratory observation that an isolated wild-
caught individual repeatedly produced viable offspring, which
can be explained either by parthenogenesis or by self-fertilization.
Because classic microsatellite analyses are insufficient to differenti-
ate between the different forms of automictic parthenogenesis and
selfing (Svendsen et al. 2015), we applied a whole-genome se-
quencing approach to compare the parent and two offspring at
the full genomic level. We also integrated data from a presumed
unrelated individual caught in the wild from the same source pop-
ulation at the same time as the parental individual and kept under
the same conditions.

Results

One wild-caught individual of the species B. nigrodorsalis repeated-
ly produced offspring in absence of a mating partner. To examine
the underlying mode of reproduction, we compared the genomes
of the parent and two of its offspring and another wild-caught in-
dividual (referred to as wildl in the following).

Afirst inspection of the raw sequencing data via k-mer-spectra
analysis revealed a similar genome size across all four sequenced
individuals (mean size across k-mer sizes 20, 30, and 40: 800-817
Mb) and pointed toward lower estimates of genome-wide hetero-
zygosity in both offspring (mean heterozygosity across k-mer sizes
20, 30, and 40; wildl: 0.097%, parent: 0.119%, offspring1: 0.084%,
offspring2: 0.079%; note that sequencing coverage used here is
lower than recommended by the applied k-mer method, and
hence, the estimates might be only rough approximations)
(Supplemental Table S1; Supplemental Figure S1). Accordingly, ge-
nome-wide heterozygosity estimates based on all accessible sites
after mapping the reads to the reference genome of the Nile tilapia
(Oreochromis niloticus) and variant identification were higher for
the two wild-caught fish (parent: 0.0634%, wildl: 0.0631%) than
those of the offspring (offspringl: 0.0425%, offspring2:
0.0423%) (Supplemental Table S2), Overall, the genome-wide esti-
mates of heterozygosity resembled those of other wild-caught
cichlid fish (Ronco et al. 2021), albeit being at the lower edge of
so-far-observed values.

To shed light on the potential uniparental origin of the inves-
tigated offspring, we next analyzed allele and genotype sharing
among our focal individuals similar to other studies that showed

uniparental offspring in vertebrates (e.g., Card et al. 2021).
Indeed, supporting their uniparental origin, both offspring
showed a higher proportion of allele and genotype sharing with
their parent even compared with simulated full-sib offspring (gen-
erated as offspring from simulated siblings to the parent individual
and the parent individual), that is, closest relatives possible as re-
sulting from brother—sister mating (Fig. 2).

We next set out to investigate genotype distrubutions along
the chromosomes and across the offspring (based on biallelic var-
iants placed on chromosomes; see Methods), revealing that for off-
springl and offspring2 71.48% and 71.73%, respectively, of the
sites were identical to the parent, whereas offspringl had 3.8%
sites and offspring2 had 3.4% sites with one nonmatching allele
to the parental genotype and offspringl had 0.82% sites (2779)
and offspring2 had 0.83% sites (2816) with genotypes completely
incompatible with the parental genotype. We suspected, in partic-
ular for the latter, that those sites were the result of genotyping er-
ror. An inspection of quality metrics indeed revealed significantly
lower quality in the offspring (Supplemental Fig. S2A) as well as
significantly lower depth and genotype quality in the parent for
sites that would disagree with uniparental origin (Supplemental
Fig. S2B). We excluded from further analyses any sites from the
data set that had both alleles not matching the parental genotype.

We next inspected genotype distributions along chromo-
somes at the remaining sites in all four individuals (Supplemental
Fig. S3). Clearly, although the overall heterozygosity estimates of
the two offspring were very similar (see above), also supported
by the genotype indices (Fig. 2), the offspring differed in genotypes
on a per site basis and subsequently also in their distribution of
heterozygous sites along the genome. However, this genotype vi-
sualization revealed a need for further in depth inspection of
genotype quality. Largely, the patterns of retained and lost hetero-
zygosity appeared block-like, as would be expected, with a small
number of recombination events (for cichlids, we roughly antici-
pate one to four recombination events per chromosome) (Palaio-
kostas et al. 2013; Feulner et al. 2018). However, individual
interspersed sites did not show the expected genotype given their
neighboring single-nucleotide polymorphisms (SNPs) (i.e., isolat-
ed homozygous sites in a block of heterozygous sites and vice ver-
sa). This would require an unlikely mutation or recombination
rate, and we thus suspected wrong genotypes among the individ-
uals. Our individual genotype quality filter at GQ20 corresponds
to a 1% error rate. Our individual depth filter was set to a minimum
of three reads with a median depth of 16-17 reads per individual
(Supplemental Fig. S4).

Based on this depth distribution and previous recommenda-
tions (the data set of Carson et al. [2014] favored a DP of eight),
we assessed the impact of different depth filters on patterns and
values of retained heterozygosity. We did so under the assumption
that variants with unusually high coverage might represent wrong
variants based on faulty read assignment from paralogs or repeti-
tive genome regions owing to the usage of a reference genome
from another species or simply repetitive regions. Variants with
unusually low coverage, especially in the parent, on the other
hand, might represent false homozygous calls with too low se-
quence support for the nonrepresented allele. Indeed, on average,
heterozygous sites had significantly higher coverage than homo-
zygous sites (Supplemental Figs. S5, S6).

More narrow depth filters (Supplemental Figs. S7-S17) made
patterns of heterozygosity more block-like as would be expected
with a limited number of recombination events per chromosome.
Imposing upper limits on the depth reduced the total amount of
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Figure 2. Allele and genotype sharing. Bootstrap densities of observed pairwise indices of shared alleles (top) and genotypes (bottom) based on 100 boot-
strap replicates are shown for the experimentally accessed individuals (wildl, parent, offspring1, and offspring2) together with the same indices calculated
for 10 simulated full-siblings to the parent individual and 10 simulated offspring derived from crossing each simulated parent and the parent fish.

heterozygous sites in the data set, but imposing only lower limits
removed homozygous sites (Supplemental Table S3). The filters af-
fected both offspring very similarly. Balancing the signal-to-noise
level, we continued the subsequent analyses with an additional fil-
ter of DP>8<20.

Theoretically, the modifications of meiosis underlying par-
thenogenetic reproduction can be detected when analyzing the re-
sulting offspring’s genotypes. Parthenogens resulting from central
fusion tend to fully retain maternal heterozygosity (assortment of
nonsister chromatids), whereas offspring based on terminal fusion
obtain close to fully homozygous genotypes (assortment of sister
chromatids). Given that recombination is more likely to happen
in regions more distant to the centromere, these patterns are ex-
pected to be especially valid in vicinity to the centromeres.

Upon investigating sites that are genotyped heterozygous in
the parent (Fig. 3; Supplemental Fig. $18), we did not see a close-
to-complete loss of heterozygosity in the offspring, which clearly
excludes automixis with terminal fusion as mode of reproduction;
retained heterozygosity was 51.4% for offspringl and 50.3% for
offspring2, indicating a substantial loss of heterozygosity rather
than close-to-complete retention.

The inspection of sites that are heterozygous in the parent fur-
ther revealed different patterns of recombination and (haplotype)
inheritance between the offspring and among chromosomes (Fig.
3; Supplemental Fig. S18): There are chromosomes that either (1)
are mostly homozygous (LGO1, LG2, LG09, LG10, LG1S5, LG16,
LG18 in offspringl; LG04, LG06, LG09, LG16 in offspring?2), (2)
have mostly retained heterozygosity (LG03, LGOS, LG19, LG22
in offspring1; LG08, LG10, and LG18 in offspring?2), or (3) display
one or more recombinant patterns compared with the parental
genotype (remaining LGs). Recombination events did not seem
to be limited to telomeric regions only and differed among the
offspring.

Most of the 16 centromeric regions we could infer were locat-
ed toward the ends of the chromosome (Fig. 3), matching the ex-
pectations of many acrocentric chromosomes in the reference
genome (Ferreira et al. 2010). Inferred centromeric regions differed
in the heterozygous state among the offspring and were both het-
erozygous and homozygous, depending on the chromosome
(Supplemental Table S4; Fig. 3). We observed more heterozygous

than homozygous centromeres. Note that because of their location
and probably because of their sequence content, centromeric re-
gions were poorly covered with SNP information in several cases.

Discussion

Here, we report that a separately housed individual of the cichlid
fish B. nigrodorsalis repeatedly produced viable offspring, indicat-
ing uniparental reproduction. Facultative parthenogenetic repro-
duction has been reported in several vertebrate species (Fields
et al. 2015). We compared the genomic data from the parent indi-
vidual and two of its offspring individuals to elucidate the under-
lying mode of reproduction. Because our whole-genome-based
analyses clearly indicated that the offspring were not genetically
identical to the parent, we could exclude any clonal forms of par-
thenogenesis. The genomic comparison of the parental individual
and the two offspring individuals revealed an important reduction
in genome-wide heterozygosity of variant sites from the parent
(62% heterozygous sites out of all variant sites) to the two offspring
(41%). Retained maternal heterozygosity in the two offspring was
~51% in both offspring, which, however, should be taken with
some caution because we show that this can be impacted by SNP
read depth filtering. Heterozygosity reduction is expected to result
from specific modes of automictic parthenogenesis as well as from
selfing. In theory, heterozygosity patterns along the chromosomes
can be used to differentiate between different modes of automixis
(Svendsen et al. 2015) as follows: Automixis by terminal fusion
would lead to a close to fully homozygous genotype with decreas-
ing homozygosity with increasing distance to the centromere. In
contrast, automixis with central fusion would lead to fully retained
heterozygosity, especially at the centromeres, and to increasing
homozygosity with increasing distance to the centromere. We
did not find clear evidence for heterozygosity patterns supporting
terminal fusion in the two offspring individuals or for supporting
central fusion given the important reduction of heterozygosity we
observed and the varying state of heterozygosity of the inferred
centromeres. Likewise, the levels of retained heterozygosity con-
tradict premeiotic doubling with exclusive sister chromosome
pairing, which would result in 100% heterozygosity retention as
shown, for instance, in parthenogenetic lizards (Lutes et al.
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2010). Premeiotic doubling with (exclusive) homolog (i.e., non- think that the amount and distribution of heterozygosity loss
sister) chromosome pairing has to the best of our knowledge not and the genotypic state of centromeres we observed are best ex-
been reported. Under random sister and nonsister chromosome plained by random pairing of sister and nonsister chromatids
pairing, we would expect that half of the chromosomes retain from independent meiotic events and with recombination, as

full parental heterozygosity, a pattern we did not observe. We would be the case under selfing.
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Our results further show that the absolute levels of heterozy-
gosity are impacted by data filtering such that certain filter condi-
tions (especially on lower depth) would lead to an
overrepresentation of heterozygous sites in the data set, also affect-
ing rates of retained heterozygosity. Hence, the rates in our study,
and probably other studies based on sequencing data only, should
be taken with a grain of caution. Under most filter settings, the
overall observed decline in heterozygosity was lower than expect-
ed by selfing. Similar results were reported in maize (Roessler et al.
2019) and in eucalyptus (Hedrick et al. 2016).

Until recently, investigations of reproductive modes were
limited to marker sets (e.g., microsatellites) or reduced representa-
tion sequencing lacking the level of resolution whole-genome se-
quencing can provide. Although we clearly show that such data
can be used to support the uniparental origin of offspring and
identify recombined chromosomes, further sequencing at a larger
depth and of more offspring would substantiate our drawn conclu-
sions. Even under stringent filtering conditions, we observed im-
possible genotype combinations of the parent and the offspring
(sites not matching the allelic state of neighboring sites). This
might be explained by varying sequence coverage of heterozygous
and homozygous sites; all individuals had on average higher se-
quence coverage at heterozygous sites. We further assume that
this is in part driven by sequence information derived from repet-
itive regions. Because of our aim to analyze genotypes on the chro-
mosomal level, we relied on a good-quality reference genome and
hence had to refer to the genome of another species. Although on
the large scale, different cichlid species have comparable karyo-
types (Ozouf-Costaz et al. 2017); smaller-scale rearrangements
are frequent (Conte et al. 2019). This could lead to further false
read assignment by wrong paralog mapping owing to using a ref-
erence genome from another species and hence inducing noise
in genotype assignment.

The used reference genome has a karyotype of 2n=44,
whereas the known karyotypes for Chromidotilapiini (that B.
nigrodorsalis is part of) consist of 2n=48 acrocentric chromo-
somes, with one typically very large chromosome pair, as has
the reference (Post 1965; Ozouf-Costaz et al. 2017). Our centro-
mere inferences would support acrocentric chromosomes for
the majority of the Nile tilapia chromosomes, matching its karyo-
type data. We assume that, at least to some extent, centromere lo-
cations are conserved between our focal species and the reference
species, but note that this needs further investigation. Also, cen-
tromere locations in the reference were inferred by a similarity
search with a centromeric repeat region, which was not conclu-
sive for six of the chromosomes. Hence, at this stage, we cannot
provide a fully conclusive picture of the heterozygosity state of
the centromeric regions. In general, in the focal species, this
will also be hindered by the fact that the centromeres with their
position toward the ends of chromosomes are often located in
data-deficient regions. Keeping this in mind, we observed loss
and retention of heterozygosity at centromeric regions, which
is incompatible with central and terminal fusion automixis.
Also, incompatible with these two fusion modes is our observa-
tion of retained heterozygosity (and, of course, complementary
loss of heterozygosity), considering both offspring jointly can
cover most of the chromosome; offspring differ in their locations
of retained heterozygosity and do not have the same pattern of
heterozygosity state at centromeric regions.

Furthermore, we observed that recombination events in the
offspring were not limited to telomeric regions. Because, in gene-
ral, recombination is more likely in regions distal to the centro-

meres (Sardell et al. 2018), this pattern is in agreement with a
predominantly acrocentric chromosome type.

In a documented spawning event in our laboratory, only half
of a dozen offspring reached the juvenile stage, indicating a high
mortality rate or very low fertilization success (provided that this
species under regular sexual reproduction usually spawns at least
70 eggs), which could point to inbreeding depression. Especially,
a high mortality rate could result from even a few recessive lethals,
that is, alleles that when present in homozygous status cause le-
thality. Persistent selfing/inbreeding can reduce genetic load and
inbreeding depression at the population level (purging effect)
and has been shown in both experimental laboratory studies
(Pekkala et al. 2012) and wild populations (Xue et al. 2015;
Robinson et al. 2018; Grossen et al. 2020). Although the effective-
ness of purging seems to differ between and within species, the
consensus is that obligate selfing is selected against in the long
term (Glémin et al. 2019). Still, facultative selfing may contribute
to purging deleterious alleles at the population level and allows re-
production in the absence of a mating partner. The natural habitat
of the here-studied fish in the Moliwe River is highly structured
and characterized by rapids and small and bigger waterfalls and
pools (Langen et al. 2011). It is not unlikely that individuals get
separated from conspecifics, for example, after heavy rainfalls.
Population genetic examinations revealed that the population of
the sympatrically occurring cichlid Pelvicachromis taeniatus was
structured accordingly (Langen et al. 2011). Alternatively, explor-
ative individuals may migrate to new habitats alone. Selfing fol-
lowing long-term separation from conspecifics may lead to
extreme founder effects under natural conditions, and if mating
among resulting offspring is maintained across generations, this
could lead to stable founder subpopulations potentially driving
population divergence and diversification. In contrast to clonal re-
production, selfing allows recombination with the associated
selective benefits, which may facilitate the establishment of stable
populations. The before-mentioned P. taeniatus Moliwe popula-
tion is highly inbred (Langen et al. 2011), and laboratory experi-
ments revealed active kin-mating preferences in this species,
indicating that inbreeding is tolerated and even might be benefi-
cial under certain conditions (Thiinken et al. 2007). To compare
the performance of offspring resulting from selfing and outcross-
ing would be mandatory to estimate the costs of selfing in the spe-
cific B. nigrodorsalis system.

Both wild-caught individuals showed levels of heterozygosity
in the expected range for cichlid fish (Ronco et al. 2021), suggest-
ing that biparental sexual reproduction is the regular mode of re-
production in this species. An alternative explanation would be
cross-mating between different offspring groups with each origi-
nating from independent lines of selfing, that is, each with loss
of heterozygosity but potentially homozygous for different alleles.

In vertebrates, selfing has so far only been reported in the
mangrove Killifish K. marmoratus, in which males are rare and in
which most individuals are hermaphrodites reproducing by self-
fertilization (Kelley et al. 2016); fertilization is internal and ovotes-
tes simultaneously produce eggs and sperm. In cichlids, sex deter-
mination is highly flexible, and sex change has been reported in
several species (Oldfield 2005). In this context, it is interesting
that a laboratory-bred F1-hybrid cross of two closely related cichlid
fish species within the Haplochromis genus developed into a func-
tional hermaphrodite that produced offspring most likely by self-
ing (Svensson et al. 2016). Whether B. nigrodorsalis can change
its sex is unknown. Because the time interval between the different
reproduction events reported in the present study were quite long
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(>1 yr), it is rather unlikely that we observed reproduction at a
transformational stage when both female and male gametes are
present. Rather, social stress caused by changes in the social envi-
ronment (i.e., social isolation) may cause changes or disturbance
in the hormonal balance. Cortisol is a hormone whose level is
highly sensitive to stress and has been suggested to alter steroido-
genesis (Goikoetxea et al. 2017), which may play a role in the
development of hermaphroditic individuals.

In conclusion, we here provide clear evidence that at least one
individual cichlid fish from the species B. nigrodorsalis is capable of
reproducing uniparental and most likely via selfing. Future re-
search should aim to examine the environmental and social con-
ditions that trigger this reproductive mode and the underlying
proximate mechanisms mediating the hermaphroditic develop-
ment. Ultimately, it would be interesting to screen the natural pop-
ulation for the presence of individuals that originate from selfing
to realistically estimate the potential of selfing as strategy driving
the evolution of animal mating systems.

Methods

Ethics statement

The present study follows Animal Behavior Society guidelines for
the use of animals in research and was conducted in accordance
with German laws for animal experiments. Experiments were ap-
proved by the regional office for nature, environment, and con-
sumer protection in North-Rhine Westphalia (LANUV NRW,
reference nos. 84e02.04.2015.A580 and 81-02.04.2021.A199).

Sample collection and sequence data generation

Juvenile B. nigrodorsalis individuals were derived from a field work
trip at Moliwe River (Southwest Cameroon) in 2006 as described by
Langen et al. (2011). Individuals were kept at the Institute of
Evolutionary Biology and Ecology at the University of Bonn and
used for behavioral experiments (Meuthen et al. 2016). Fish were
first kept as a group. Because of high levels of inter-individual ag-
gression, individuals were kept in separate tanks starting from
about 2007. Visual contact to the conspecifics was ensured.
Tanks (50x35x30 cm, length x width x height) were equipped
with sand, Java moss, and a filter (gully filter, Hobby). Tanks
were covered with glass plates. Fish were fed daily in excess with
defrosted adult Artemia and mosquito larvae. Tanks were illumi-
nated by fluorescent tubes (True-Light T8 natural daylight 5500
K). The water temperature was kept at 23+2°C, and the light-
dark cycle was set to 12-h:12-h light-dark. One-third of the water
was exchanged every 2 wk. Because of the monomorphic appear-
ance, sexes of individuals could not be distinguished. One individ-
ual repeatedly produced offspring after being kept in isolation for
~4 yr to ~10 yr. The first breeding attempt failed, and the small
number of offspring died at an early juvenile stage. Because we
could not rule out—although highly unlikely—that the sperm of
fish from nearby tanks ended up in that individual’s tank by acci-
dent during the regular water change or tank cleaning, from that
time point particular care was exercised when cleaning that tank,
and the individual was monitored on a regular basis. From the sec-
ond clutch, six offspring individuals survived, which were subse-
quently moved to another tank and kept in a group under the
same conditions as the parent. A further clutch was removed al-
ready at the egg stage (at least 73 eggs were spawned) because we
wanted to rear the eggs artificially. This approach, however, failed
although ex situ raising is possible in other mouth brooding cich-
lids (see, e.g., Heule et al. 2014).

For the experiment conducted here, tissue samples were ob-
tained from the parent individual, two of its offspring (sex un-
known, juvenile samples), and another adult individual derived
from the same original field collection event. Tissue samples
were taken from dead individuals and stored in 95% ethanol.
DNA was extracted with a Qiagen DNeasy blood and tissue kit fol-
lowing the manufacturer’s instructions. DNA concentration and
integrity were assessed with a fluorometer (Quantus, Promega)
and a fragment analyzer (Agilent).

Four individual TruSeq DNA PCR-free libraries for whole-
genome Illumina sequencing were constructed by Macrogen
and sequenced on an Illumina HiSeq 2000 in paired-end
mode, generating a total read number of 103,465,584 for the par-
ent, 105,717,920 for offspring individual one (offspringl),
102,902,068 for offspring individual two (offspring2), and
103,237,228 for the wild individual (wildl). Adapter sequences
were removed from FASTQ files with Trimmomatic v0.39 (Bolger
et al. 2014). Cleaned FASTQ files were assessed with Genome-
scope2 (v2) (Ranallo-Benavidez et al. 2020) based on individual
k-mer catalogs generated with FastK (https://github.com/
thegenemyers/FASTK, vApril 18 2021) and k-mer sizes 20, 30,
and 40.

Trimmed files were mapped with BWA-MEM v2.1
(Vasimuddin et al. 2019) against the best-assembled cichlid refer-
ence genome available at the time of this study, the Nile tilapia
O. niloticus (assembly version GCF_001858045.2), which was pre-
viously determined as a suitable reference genome for analyzing
cichlid whole-genome sequencing Illumina data, including the ge-
nus Benitochromis (Matschiner et al. 2020).

Variant identification

The resulting alignments (average read mapping depth: 10.2819
parent, 10.6514 offspringl, 10.1311 offspring2, and 10.2599
wildl) were converted to BAM format with SAMtools v1.8 (Li
et al. 2009) and duplicates marked with Picard tool’s v2.22.0
MarkDuplicates (http://broadinstitute.github.io/picard/). After
this step and before variant calling, we assessed the final mapping
rate with the flagstat command of SAMtools v1.8, which was >90%
for all samples and in the range of previously reported mapping
rates for cichlid genomes used in population genomic analyses (in-
dividual mapping rates; wildl: 91.46%, parent: 91.43, offspring1:
91.96%, offspring2: 91.59%), delivering a reliable input data set
for the subsequent analyses.

SNPs were identified with the Genome Analysis Toolkit
(GATK) v4.1.4.1 suite (McKenna et al. 2010) by running
HaplotypeCaller per individual followed by merging per chromo-
some with CombineGVCFs and subsequently genotyping with
GenotypeGVCFs. Resulting files were merged with GatherVCFs
into a single variant call format (VCF). GenotypeGVCF was run
in two modes: first in standard mode to derive only variant sites
(in the following referred to as OnlyVariants file) and second
with using the “--include-nonvariant-sites” flag to derive callable
sites (in the following referred to as AllSites file).

Next, we removed indels with GATK’s SelectVariants from
both files. Resulting files were quality inspected based on the out-
puts of GATK’s VariantsToTable and Vctools v0.1.16 stats in
RStudio v1.3.1093 with R v4.0.3 (R core team 2020).
Subsequently, both files were filtered for site-wise quality with
GATK’s VariantFiltration and SelectVariants, applying the follow-
ing hard-quality filters and removing sites outside the following
ranges: mapping quality (MQ) <40.0, strand bias (FS) >40.0, qual-
ity by depth (QD) < 2.0, depth (DP) <20, DP > 200, strand odds ra-
tio (SOR) >9.0, mapping quality rank sum (MQRankSum) <-12.5,
and read position rank sum (ReadPosRankSum) < —8.0. We further
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masked individual genotypes with a read depth below three or a
genotype quality below 20 with BCFtools v1.10.2 (http
://samtools.github.io/bcftools/bcftools.html) and only retained
sites with no missing genotypes with VCFtools. We determined
all sites within regions of the used reference genome in which
read mapping could be ambiguous based on the output of
SNPable (http://lh3lh3.users.sourceforge.net/snpable.shtml) by
dividing the reference genome into overlapping k-mers of 100 nt
and aligning them back to the reference genome with BWA-ALN,
BWA v0.7.17 (Li and Durbin 2010). We subsequently excluded
from both VariantsOnly and AllSites files all sites from regions in
which fewer than 90 out of 100 fragments mapped back correctly
with VCFtools.

This resulted in a total of 455,197,170 accessible sites (final
AllSites file), of which 454,586,028 were located on chromosomes
(final AllSites file after removal of unlocated contigs). We calculat-
ed the overall percentage of heterozygous sites out of all accessible
sites and out of all variable sites (VariantsOnly) with BCFtools
stats: [heterozygous SNP sites/(heterozygous SNP sites + homozy-
gous reference sites + homozygous alternative sites)].

Heterozygosity and relatedness estimates

From the variants only file, we further removed multiallelic SNPs
with VCFtools, as well as those that contained spanning deletions
as alternative alleles and all invariant sites across samples, that is,
removing all sites that were homozygous alternative with respect
to the reference genome in all samples with BCFtools. This resulted
in a total of 368,453 SNPs (final VariantsOnly file).

We focused on biallelic sites and excluded all SNPs on un-
placed scaffolds, as well as on the mitochondrial scaffolds, in the
following analyses: (1) genotype inspection of sites with genotype
incompatible with parental genotype, (2) indices of shared alleles
and genotypes including offspring simulations, and (3) patterns of
genotype and heterozygous sites. For these analyses, we further de-
rived from the AllSites file the actual number of accessed sites per
nonoverlapping 10-kb window along each chromosome with the
aim to exclude regions with low information. We only kept SNPs
in windows, which contained at least more sites than the third
quartile number of sites over all windows (i.e., we only kept win-
dows with at least 1677 accessible sites).

We calculated indices of shared alleles (Bxy) (Li and Horvitz
1953) and genotypes (Mxy) (Blouin et al. 1996) with the R packag-
es Demerelate v0.9.3 (Kraemer and Gerlach 2017) and Rhh v1.0.2
(Alho et al. 2010) as previously described (scripts modified from
Card et al. [2021]; for R scripts, see Supplemental Data file
GenericCode.zip) on the VariantsOnlyMulti file, including 100
bootstrap replicates.

Simulation study to compare observed patterns of allele and
genotype sharing to crossing with full sibling

Full siblings (i.e., brothers and sisters) share, on average, the same
alleles at ~50% of all their loci. Under this assumption, we simulat-
ed a full sibling to the parent fish such that, based on the filtered
VariantFile after removing sites placed in low-quality windows,
that sibling was at a random selection of 50% of all sites identical
to the parent fish and at the other 50% of sites either 0|0, 0|1, or 1|1
at the same proportions as the parent fish (i.e., homozygous refer-
ence 0|0 20.4%, homozygous alternative 1|1 19.6%, heterozygous
0]1 60%) but not identical to the parent. We next simulated 10 off-
spring from that sibling and the parent individual by randomly se-
lecting one allele of each parent at every site. We repeated this
operation 10 times to obtain a total of 100 simulated F1 offspring.
We calculated for these offspring Mxy and Bxy as described above.

Retained heterozygosity

In preparation for the analysis of patterns of retained heterozygos-
ity, we first accessed genotypes of all sites at which the offspring
individuals had two alleles incompatible with the parental geno-
type (e.g., parent 1/1 and offspring 0/0), as well as all sites with
one nonmatching allele (e.g., parent 1/1 and offspring 0/1 or 0/
0; note that this includes the first category); inspected their quality
metrics in R; and evaluated statistical differences with a Wilcoxon
two-sample test (Hollander and Wolfe 1973). We then inspected
individual depth distributions across these variants in R.

We next inspected genotype distributions in both offspring at
individual heterozygous sites in the parent (Fig. 3). For this, we de-
rived estimates of centromere positions in the reference genome
using the O. niloticus core centromere repeat previously described
(Melters et al. 2013) in a BLASTN search against the O. niloticus ge-
nome with default parameters (https://blast.ncbi.nlm.nih.gov/
Blast.cgi, accessed 09/2021).

BLAST results were imported into R and centromere core po-
sitions per chromosome inferred as the midpoint of all BLAST hits
of the centromere sequence on each chromosome. We obtained
putative centromere positions for 16 out of 22 chromosomes in to-
tal (positions detailed in Supplemental Data file EstimatedCentro-
merPositions.txt).

Based on the depth distribution and previous recommenda-
tions favoring a DP of eight (Carson et al. 2014), we next applied
lower depth filters starting from our initial DP of three to a DP of
more than eight to DP 15 and the same lower filters in combina-
tion with additional filtering below an upper limit of DP 20, 25,
and 30. Applying each filter, we excluded all sites in which any
of the analyzed individuals failed the filter. We then calculated re-
tained offspring heterozygosity and visualized genotype and
depth distributions. We continued our analysis with an additional
filter of DP>8 and DP < 20.

Data access

The whole-genome sequencing data generated in this study
have been submitted to the NCBI BioProject database (https://
www.ncbi.nlm.nih.gov/bioproject/) under accession number
PRJNA832128. Source code and auxiliary and intermediate data
to reproduce the analyses are available as Supplemental Code
and as Supplemental Data, respectively.
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