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Summary

In Sulawesi ricefishes (Adrianichthyidae, Beloniformes) a derived reproductive strategy evolved. It
is unique in the way that females of pelvic-brooding species carry the eggs externally for up to 18
days until the fry hatches. The eggs form a bundle and are connected to the female by attaching
filaments which originate from the egg surface and are anchored within the females’ gonoduct.
Several other morphological adaptations are related to pelvic-brooding, like elongated pelvic fins
and shortened ribs to form a ventral concavity. These traits are missing in transfer-brooding
species, the more common and ancestral brooding strategy of the ricefishes. The most astonishing
is, that pelvic-brooding appears in two polyphyletic and distantly related (> 16 my divergence)
lineages of ricefishes on Sulawesi. Hence, various questions arise about its evolution: Did pelvic-
brooding evolve twice or is it an ancient trait that was lost several times? Is the genetic basis
independent in the two lineages or were the same mechanisms involved? In this thesis | give a
general introduction to the topic in chapter 1. Here, | give an introduction in convergent evolution
and the role of hybridization and introgression in this respect and introduce Sulawesi ricefishes as
model to address fundamental questions in evolutionary biology. In chapter 2, | investigate the

genetic architecture of pelvic-brooding traits in Oryzias eversi and in chapter 3, | study whether



gene flow into the stem lineage of Oryzias pelvic-brooding species could have fuelled its evolution.
In chapter 4, | compare the sex determination of the pelvic-brooding O. eversi and its close relative,
the transfer-brooding species O. nigrimas, to determine differences and similarities that might
connect the sex determination with sexually dimorphic traits related to pelvic-brooding.

Chapter 2: The complexity of the genetic basis of adaptive traits has for a long time puzzled
evolutionary biologists. There are several theories and some claim that a few loci with major impact
are responsible for quantitative traits. In contrast, there is the infinitesimal model, saying that
many loci with small effect are the basis of quantitative traits. In Sulawesi ricefishes, a reproductive
strategy has evolved that is phenotypically complex. It entails elongated pelvic fins, shortened ribs
and a plug that builds up in the females gonoduct to anchor an egg cluster. Using the Castle-Wright
estimator, we estimated the number of loci responsible for the pelvic fin length, the rib length, and
the size of the genital papilla. Additionally, we tested if these traits were correlated and used a
landmark analysis, to see if different parts of the body were more correlated in comparison to
other parts. We found that most traits related to pelvic-brooding were based on only a few loci
and that the traits were correlated in both, pelvic-brooding and transfer-brooding species, and
formed a unit. Further, geometric morphometrics revealed that body shapes were modular and
certain parts were more strongly connected compared to others. This led to the conclusion that
pelvic-brooding traits are based on only a few loci and that modularity had facilitated its evolution.
Chapter 3: Introgression has been proven to have the potential to serve as a fast-track for evolution
by bringing in adaptive alleles from one population or species into the other. We tested, if there

was gene flow into the more recent lineage of pelvic-brooding species of the Sulawesi ricefishes,



which could have fuelled the evolution of this trait. We used 1907 orthologous genes to detect
species-tree — gene-tree incongruencies in a multispecies coalescence model and checked for signs
of introgression using D-statistics in ~38 million SNPs. We found no gene flow between A. oophorus
and O. eversi nor O. sarasinorum, but we detected a hybridization event between the ancestor of
O. eversi and O. sarasinorum and the ancestor of the Lake Poso Oryzias (O. nigrimas, O. nebulosus,
O. orthognathus) and O. soerotoi. Further, we confirm that pelvic-brooding was not introgressed,
but evolved twice convergently. However, our results highlight that the introduced genetic
variation from the hybridization between the ancestor of the Lake Poso Oryzias and the ancestor
of todays pelvic-brooding Oryzias has potentially contributed to the evolution of pelvic-brooding
in Oryzias.

Chapter 4: Sexually reproducing species usually have a genetic sex determination and they evolve
under natural selection. For many groups of animals, these mechanisms are conserved, as for
example in mammals and birds. However, a large variety of sex determination systems was
documented for teleost fishes. In O. latipes, a genetic model organism, the sex determination was
sustained for over 300 million years. With the radiation of the Sulawesi ricefishes starting 16 million
years ago, several sex determination turnovers occurred. Here we wanted to know how similar the
genetic architecture of sex determination was between a pelvic-brooding (O. eversi) and a closely
related transfer-brooding species (O. nigrimas). We crossed a male O. eversi with a female O.
nigrimas to receive interspecific F1 hybrids and further crossed F1 hybrids with each other to
receive intercrosses. Backcrosses were bred by crossing F1 hybrid males with females of the

respective parental species. The three F2 cross types were used to map the sex determining



regions. We found a significant sex determining region corresponding to the O. latipes
chromosome (OLchr) 24 in the O. eversi backcrosses and the intercrosses. In the O. nigrimas
backcrosses we found three peaks on regions corresponding to OLchr 4, 20 and 24, but these peaks
did not reach significance level probably due to the low number of females in this cross.
Interestingly, a recent study found that the quantitative trait locus for pelvic fin length in a F2
intercross between O. eversi and O. dopingdopingensis lies on OLchr 24, however another study
has mapped the sex determining locus of O. eversi on OLchr 4. We discuss the findings of both
studies and state, why they are not necessarily conflicting and what our implications are on the

connection between a sex determination turnover and the evolution of pelvic-brooding in Oryzias.
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Chapter 1

1. Introduction




2 Chapter 1

1.1 Natural selection, adaptation and speciation

Like gravity, natural selection is a force on earth no living individual could or can escape. As a result
of natural selection, organisms’ characteristics serving a certain function changed over time,
because they were advantageous (see Williams 1966; Futuyma 1986). Individuals carrying these
(maybe only slightly) advantageous characteristics were more successful in reproduction, passing
their genetic material onto the next generation more likely and more frequently (Brandon 1978).
However, adaptation alone does not explain the emergence of new species (see Wagner 2014).
This problem was tackled in the Modern synthesis. Four major factors were determined, that
contribute to speciation: Mutation, recombination, directed selection and genetic drift
(Dobzhansky 1937; Huxley 1942; Mayr 1942). Mutation and recombination bring new genetic
variants into a population. Genetic variation is essentially the foundation for natural selection to
work on. Directed selection then favours one over the other allele or haplotype, resulting in an
augmented fraction of it in the next generation. However, also genetic drift and changing
population sizes might alter allele frequencies in a population and contribute to speciation.
Everything that leads to reproductive isolation between populations allows speciation, because it
results in different allele frequencies in different subpopulations, serving as a new starting point
for selection to act upon (Dobzhansky 1951; Baker 1959; Barton and Bengtsson 1986). Dobzhansky
and Mayr went one step further and emphasized the importance of sexual isolation in the
“biological species concept”, based on which groups of animals only are identified as species if they
reproduce exclusively with each other (Dobzhansky 1935; Mayr 1942). However, the gradualistic

view underlying also the “tree of life” was disputed recently because of evidence mainly from
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bacteria and microbes, but also from eukaryotes showing that the “tree” of life is rather a
“network” of life: Horizontal gene transfer in microbes, incomplete lineage sorting and
introgression lead to species tree —gene tree incongruencies, meaning that species boundaries are
in some cases not absolute and do not need to be (Mallet et al. 2016; Shapiro et al. 2016; Fitzgerald
and Rosenberg 2019; Novick and Doolittle 2019).

Further, the transmission of phenotypic traits from one into the next generation must not be
exclusively genetic. One example is human height. Genetic factors determined by genome wide
association studies (GWAS) were only able to explain a small proportion of the observed variation
in human height (Lettre et al. 2008; Maher 2008). The other proportion might be determined by
non-genetic components. Among these are for example parental-effects, ecological and cultural
inheritance (reviewed in Danchin et al. 2011). These non-genetic effects were largely neglected in
the theory of evolution, although they might play an important role in adaptation and speciation
(Danchin et al. 2011).

Nevertheless, natural selection is still assumed to be the main driver of speciation (Shapiro et al.
2016). In sexually reproducing species, sexual selection can aid to manifest assortative mating and
separate species or populations from each other (Phelan and Baker 1987; Coyne and Orr 2004).
Individuals of different sexes choose to mate with certain individuals of the other sex, based on a
variety of phenotypic cues (morphology, size, behaviour, odour, pheromones) that are attractive
to them and individuals of the same sex compete against each other for access to the other sex
(Darwin 1871). This can lead to the expression of extreme phenotypes and a preference for it in

the other sex, which is known as the “Fisherian runaway” (Fisher 1930). In some groups, this
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interplay of natural and sexual selection has enabled species to evolve in sympatry, which means
in the exact same locality without geographic barriers (Poulton 1904; Jordan 1905; Mayr 1942;
Gavrilets 2003; Coyne and Orr 2004; Bird et al. 2012). It has long puzzled evolutionary biologists
how this could be possible without species boundaries breaking up due to interbreeding (reviewed
in Gourbiere 2004), resulting in the disappearance of many species. Yet, some of the most rapid
and species rich radiations have evolved in sympatry and in the presence of gene flow (Seehausen

2004; Papadopulos et al. 2011; Martin et al. 2013).

1.2 Hybridization as booster for evolution and speciation

Although for a long time considered to hinder speciation (Mayr 1947, 1963), or at least to be of
minor importance in animals (Coyne and Orr 2004; Barton 2008), hybridization has now been
shown to be an effective stimulator of speciation and particularly adaptive radiations (e.g.
Seehausen 2004; Grant et al. 2005; Mallet 2007; Litsios and Salamin 2014, reviewed in Schumer et
al. 2018). The introduction of genetic variants already tested by selection is much faster and safer
compared to mutation (Urban et al. 2021) which is mostly expected to be neutral or deleterious
(Ohta 1992). Although a single hybridization event probably has no long-term effect, if many
hybridization events occur among closely related lineages, chances increase for some to bring in
adaptive variation (Abbott et al. 2013) and lead to speciation (Mavarez et al. 2006; Grant and Grant
2014; Lavretsky et al. 2015; Elgvin et al. 2017; Lamichhaney et al. 2018). Hence, so called adaptive
introgression, where advantageous genes are imported from one population or species into

another, has been proven to be a powerful mechanism to adapt to a rapidly changing environment,
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as for example during the current climate change (Hamilton and Miller 2016; Ma et al. 2019).
Another example is the African malaria-transmitting mosquito species pair Anopheles gambiae and
A. coluzzi, where the introgression of a large region of chromosome 2 containing insecticide-
resistance genes was observed from A. gambiae to A. coluzzi. The frequency increased steadily and
was interpreted as a reaction to an insecticide-treated bed net campaign in Mali (Norris et al.
2015). As an adaptation to less and less snow cover during winter, snowshoe hares possess an
introgressed black-tailed jackrabbit allele leading to brown instead of white winter coats (Jones et
al. 2018b). In Heliconius butterflies, adaptive optix alleles were introgressed from one species into
the other in order to generate mimetic red patterns (Pardo-Diaz et al. 2012). Further, it has been
shown in humans that adaptive alleles have introgressed from the Neanderthals, associated for
example with pathogen-resistance (reviewed in Racimo et al. 2015). Besides adaptive alleles that
introgressed by gene flow from one into the other population or species, genetic variation might
also come from standing genetic variation or genetic variation that was introduced a long time ago
by an ancient gene flow event. Standing genetic variation is defined as the presence of alternative
forms of a gene (=alleles) at a given locus in a population (Barrett and Schluter 2008). Same as
hybridization, polymorphisms derived from standing genetic variation are suggested to allow for a
faster adaptive response to environmental change than mutations and its role has been validated
in several genomic studies (Jones et al. 2012; O’Donnell et al. 2014; Reid et al. 2016; Lai et al. 2019).
To discriminate between standing genetic variation and polymorphisms originating from ancient
hybridization might not be easy, and future studies could identify observed standing genetic

variation within a species to be the result of an ancient gene flow event. A few cases have been
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documented where such polymorphisms have resulted in adaptive alleles and finally speciation,
even a long time after the actual gene flow event (reviewed in Marques et al. 2019). For example,
the polymorphisms in LWS opsin haplotypes in cichlids which affect adaptation to light condition
and mate choice predate the origin of the Lake Victoria Superflock of cichlid fishes and has probably
emerged as the result of a hybridization event between two ~1.5 million years divergent lineages
(Terai et al. 2006; Brawand et al. 2014; Meier et al. 2017). In threespine sticklebacks (Gasterosteus
aculeatus species complex) repeated adaptation of anadromous populations to freshwater has
happened within the last 12,000 years, always involving the same genomic regions (Colosimo et al.
2004, 2005). However, the genomic variation at habitat-associated loci dates back to six million

years ago, 10% of the loci even to more than 10 million years ago (Nelson and Cresko 2018).

1.3 Convergent evolution — how evolution repeats itself

Similar traits that appear in different species are usually called convergent or parallel. Parallel
evolution was understood as the evolution of similar traits in closely related lineages, sharing the
same evolutionary paths (Conte et al. 2012). Convergent evolution on the other hand, was defined
as the appearance of similar traits that evolved in distantly related lineages (Waters and McCulloch
2021). A textbook example for convergent evolution is the marsupials from Australia. When
mammals started to evolve, it was mostly the placentalia that radiated globally (Murphy et al.
2021). However, in Australia, the marsupials with external pouches became more prominent
(Springer et al. 1997). There are many placental and marsupial species which are extremely similar

and fill the same ecological niches, for example the marsupial mole and the mole, sugar glider and
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flying squirrel, wombat and groundhog, quoll and wild cat (see Losos 2017). The most compelling
example might be the thylacine, also known as the Tasmanian tiger or Tasmanian wolf.
Unfortunately, it became extinct because it was eradicated by Tasmanian rangers about a century
ago, but the resemblance to a wolf was astonishing. Also outside of Australia, many convergently
evolved traits can be observed. The North American porcupine and the African crested porcupine
have the same spiky coat, though they have evolved their spikes independently in two different
lineages of rodents: the North American porcupine, also called urson, is more closely related to
Guinea pigs than to the Old World porcupines (Voloch et al. 2013). Another astounding example is
the eyeball of an octopus. It almost looks like an eyeball of a vertebrate, including humans, but our
most recent common ancestor lived about 550 million years ago and had no eyes (Fernald 2006).
Large contribution to the topic of convergent evolution came from lizards of Caribbean islands,
where the same compilation of ecotypes has evolved repeatedly on different islands (Losos 2004,
2009, 2011; Mahler et al. 2013). Also in the Great African lakes, ecotypes have evolved repeatedly
(pescivores, algivores, scale-eaters, etc.) (Kocher et al. 1993; Ruber et al. 1999). To study evolution
in such natural replicates provides many advantages. They tend to have a similar genetic
background and evolved in isolated but comparable environments due to their shared recent
evolutionary history (Elmer and Meyer 2011). If we find the genetic basis of parallel phenotypes,
we might make assumptions about the independence of evolution under natural selection (Elmer
and Meyer 2011).

|”

However, the distinction between “parallel” and “convergent” evolution has recently been

questioned. Examples which were classified as “parallel evolution” (similar traits in closely related
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populations or species) are the reduction of armour plates in sticklebacks (Colosimo et al. 2005;
Terekhanova et al. 2014), mimetic coloration in Heliconius butterflies (Brower 1996), migratory
ecotypes of freshwater fishes (Veale and Russello 2017), flower coloration shifts in plant lineages
(Smith and Rausher 2011), flight reduction in birds (Campagna et al. 2019) and in insects (Suzuki
etal. 2019). On the other side, convergent evolution was only thought to appear in distantly related
species (Waters and McCulloch 2021). However, to define what is closely and what is distantly
related is challenging, because evolutionary relationships represent a continuum rather than
distinct episodes (Arendt and Reznick 2008). It has further been shown that also in closely related
lineages, similar phenotypes might evolve based on different genetic mutations. In Timema stick
insects, similar camouflage colour-morphs have evolved based on mutations in different genetic
regions (Villoutreix et al. 2020). In Hawaiian crickets, a flat-wing male phenotype has evolved
several times within a very short period of time, based on non-overlapping genetic regions (Zhang
et al. 2021). An example, showing that there are exceptions in both ways concerning parallel and
convergent evolution, are beach mice. In many animals, one gene (mclr) is responsible for a
change in coat coloration suggesting a rather conserved function across several taxa (Ritland et al.
2001; Theron et al. 2001; Eizirik et al. 2003; Nachman et al. 2003; Mundy et al. 2004). However, a
subspecies of beach mice from the Atlantic coast evolved a different genetic mechanism towards
a higher coat coloration, since the derived mclr allele which changes for instance the coat

coloration for beach mice from Florida’s Gulf Coast is missing (Hoekstra et al. 2006).
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1.4 Ricefishes as a new model system in evolutionary biology

In ray-finned fishes, a vast diversity of reproductive tactics, modes of parental care and
mechanisms of sex determination have evolved (reviewed in Mank and Avise 2006). Also here,
convergent evolution is ubiquitous and has been studied in several species (e.g. viviparity
(Blackburn 1999), parental care and pair ponding (Kidd et al. 2012; Fischer et al. 2019), sex
determining regions (Bohne et al. 2019) or male alternative reproductive tactics (Knapp 2003;
Fitzpatrick et al. 2005)). In ricefishes, a small group of closely related species became model
organisms in developmental biology, genetics and toxicology: the Oryzias latipes species complex,
also known as medaka sensu lato (Yamamoto 1975; Wittbrodt et al. 2002; Kasahara et al. 2007).
Its relatives, however, were studied much less, but are highly interesting for evolutionary biologists
as they are closely related but diverse in aspects of morphology, physiology and reproduction
(Hilgers and Schwarzer 2019).

Sulawesi was colonized by their common ancestor about 16 million years ago and they evolved
into two radiations: the Oryzias and the Adrianichthys (Mokodongan and Yamahira 2015). Most of
the ricefishes are “transfer-brooding” which is the ancient mode of reproduction in this family
(Parenti 2008; Mokodongan and Yamahira 2015). They only have a few eggs, but they spawn daily
and lose the eggs a few hours after spawning (Yamamoto 1975; Wootton and Smith 2014). In this
thesis, | focus on “pelvic-brooding” (Kottelat 1990) which is the more derived brooding strategy
that appears in three species of ricefishes from Sulawesi. Interestingly, pelvic-brooding appears in
species of both radiations: Adrianichthys oophorus on the one hand and in two sister species,

Oryzias eversi and Oryzias sarasinorum on the other hand (Mokodongan and Yamahira 2015). In
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pelvic-brooding species, females carry an egg-cluster in a ventral concavity formed by shorter ribs
and the egg-cluster is covered by elongated pelvic fins (Spanke et al. 2021). The eggs are carried
up to three weeks during which ovulation is delayed (lwamatsu et al. 2007). It is hypothesized that
the ventral concavity and the elongated pelvic fins might help to reduce drag during egg-carrying
for the female (Spanke et al. 2021). While O. eversi females carry the eggs, a plug forms within
their gonoduct (lwamatsu et al. 2008). We could show that inflammatory reactions take place in
the gonoduct which is slightly injured by the attaching filaments of the eggs and further,
mammalian placenta genes were overexpressed in the plug, hinting towards a co-option of genes
in very distantly related animals but in similar contexts (inflammatory response to build new tissue)

(Hilgers et al. 2022).

1.5 Aims of study

In this thesis | focused on the evolution of pelvic-brooding and on factors that might have
benefitted it. In chapter 2 | studied how and if traits related to pelvic-brooding correlate in O. eversi
and Oryzias nigrimas and how many loci underlie each of these traits. | measured the traits based
on photographs and x-ray images and estimated the number of loci using the Castle-Wright
estimator. Further, | tested whether modularity exists in pelvic-brooding traits. On the one hand |
used the correlations between the measured traits and on the other hand landmarks which | placed
on the side of the body. If modularity was present, it would allow the respective traits or body parts
to evolve together, “quasi-independently” from other body parts (Raff 1996). | hypothesize that if

we find that traits related to pelvic-brooding are modular even in the transfer-brooding O.
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nigrimas, this connectivity — if also reflected on the molecular level - might have facilitated the
evolution of pelvic-brooding.

In chapter 3, | investigated gene flow into the pelvic-brooding lineage of the two sister species O.
eversi and O. sarasinorum. | hypothesize that gene flow into the pelvic-brooding Oryzias lineage
could 1) have brought in adaptive alleles from the other pelvic-brooding lineage in the
Adrianichthys or 2) have elevated genetic variation in the ancestor of pelvic-brooding Oryzias which
led to a faster and facilitated evolution of pelvic-brooding in Oryzias. We used orthologous genes
to reconstruct a phylogeny and did an ancestral state reconstruction. Further, we used whole-
genome sequences to find single nucleotide polymorphisms and used D-statistics to distinguish
between species-tree - gene-tree incongruencies coming from incomplete lineage sorting or gene
flow and compared genomic regions with high introgression signal to known quantitative trait loci
(QTLs) of pelvic-brooding. If we find no gene flow between the two pelvic-brooding lineages, it
strongly suggests that the trait evolved independently and convergently. If we find gene flow from
other Oryzias into the stem lineage of pelvic-brooding Oryzias in regions associated with pelvic-
brooding traits (QTLs), it might suggest that introduced genetic variation was recruited for the
evolution of pelvic-brooding.

Chapter 4 deals with the genetic architecture of sex determination in the pelvic-brooding O. eversi
and the closely related transfer-brooding species O. nigrimas. Genetic markers were designed and
sequenced in F1 hybrids, intercrosses and backcrosses in both directions, and | identified genetic
regions associated with sex using QTL mapping. | hypothesize that there are two different genetic

architectures of sex determination if we observe biased sex ratios in the hybrid crosses. Further, if
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the QTL regions for sex differ, it could imply that the new sex determining locus in the pelvic-
brooding species has a connection to the new brooding strategy, since all traits associated with it

are sexually dimorphic and a sex-linked basis of pelvic-brooding became more plausible
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2. The genetic basis of a novel reproductive strategy
in Sulawesi ricefishes: how modularity and a low

number of loci shape pelvic brooding

This chapter is published in the following article (open access):

Jana M. Flury, Leon Hilgers, Fabian Herder, Tobias Spanke, Bernhard Misof, Daisy Wowor, Farnis Boneka,
Letha Louisiana Wantania, Daniel F. Mokodongan, Christoph Mayer, Arne W. Nolte, Julia Schwarzer (2022)
The genetic basis of a novel reproductive strategy in Sulawesi ricefishes: how modularity and a low
number of loci shape pelvic brooding. Evolution (N.Y.) 76(5):1033 -1051, DOI: 10.1111/ev0.14475

Original article is attached.
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2.1 Higher evolvability due to modularity?

The way organisms’ phenotypes are organized cannot be random and selection forces must have
formed them into units which we are able to easily recognize (Wagner 1996). The correlations
between such traits forming a unit are higher compared to non-functionally coupled traits (Olson
and Miller 1958). Even though this early concept of modularity was already connected to
functionality, modularity was first introduced by Rudy Raff (1996) in relation to development. He
stated that “multicellular organisms are partitioned into quasi-independent processes and parts”,
which would develop independently of other structures, what he showed by transplanting limb
buds to different locations where they still developed into proper limbs (Raff 1996). In the same
year, Wagner (1996) started to investigate what he called “modular units of evolutionary
transformation”. Based on the principle of homology, he stated that modularity comes from
differential integration of formerly presumably independent characters serving a common
function. This implies, integrated characters are able to vary separately, being optimized by
selection without interfering with each other, resulting in higher evolvability (the ability to respond
to a selective challenge (Hansen 2003, e.g. Riedl 1977; Wagner and Altenberg 1996). This was

|”

further developed into the “model” of variational modularity, assuming that phenotypic traits are
correlated due to pleiotropic effects of genes (a set of genes tends to have pleiotropic effects on
the same set of traits, but few and weaker effects on other traits (Wagner and Altenberg 1996)).
The hypothesis that pleiotropy enhances evolvability is contrasted by the idea that pleiotropy

constraints the flexibility of traits to adapt (Orr 2000). Recently, the first hypothesis has received

more consent, because pleiotropy has been found to be mostly restricted to functional, integrated
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trait modules (Wagner and Zhang 2011), still leaving enough flexibility for traits of other modules
to evolve independently (Wagner and Altenberg 1996). For example, it was found in Darwin finches
that beak length and depth are regulated by different gene regulatory pathways (Abzhanov et al.
2004, 2006). This allows both traits to evolve separately in different directions, resulting in a
successful radiation with beaks highly adapted to different food sources (Bowman 1963). Other
examples supporting a positive effect of modularity on evolvability can be found across many taxa.
In mammals, modularity of the backbone supposedly promoted the rapid evolution of locomotion
and static body support (Jones et al. 2018a). In birds, the cranium was found to be highly modular,
and the face and cranial vault seem to evolve faster than other regions, leading to a burst of rapid
evolution (Felice and Goswami 2018). The power-amplified system of mantis shrimp consists of
the engine, amplifier and tool. There are two main strategies exhibited by the mantis shrimps:
“smashing” and “spearing” (Caldwell and Dingle 1976; Patek et al. 2004; Patek and Caldwell 2005;
de Vries et al. 2012). There are other intermediate shapes between smashers and spearers, but it
has been found that smashers have a lower modularity in their power-amplified system than non-
smashers and a 10-fold slower evolutionary rate of morphological change (Claverie and Patek
2013). A higher evolutionary rate has also been found in ray-finned fishes, where the module
comprising the trunk region evolves five times faster than the tail region and three times faster
than the head region (Larouche et al. 2018). And an example showing that modularity may even
help to overcome constraints has been documented in Merianieae, where modularity in other
flower parts helped to overcome constraints in their tubular anthers by increased rates of

evolution, allowing rapid adaptation to new pollinators (Dellinger et al. 2019).
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The traits related to pelvic-brooding in Oryzias have probably evolved within the last ~2 million
years. In the following publication we investigated whether the body is modular in a pelvic-
brooding as well as in a transfer-brooding species, which represents the ancestral state of
brooding. Further we looked for correlations between traits related to pelvic-brooding in the
pelvic-brooding and the transfer-brooding species, and in their first- and second-generation hybrid
offspring. Based on trait variations measured in the parental species and in the hybrids, we

estimated the number of loci underlying pelvic-brooding traits.

2.2 Summary and personal contribution

To find the genetic basis of adaptive traits has been a major challenge for Evolutionary Biologists.
Understanding how complex traits such as a novel reproductive strategy evolve on a molecular
level would provide valuable insights in the genomics of adaptation and evolutionary processes
shaping adaptive radiations. My direct supervisor Dr Julia Schwarzer and | conceptualized this
study. Aim of the study was to gain knowledge on the genomic architecture of external
morphological traits related to pelvic-brooding. We wanted to find out, how many loci underlie
pelvic-brooding traits and if they are connected, i.e., correlated. Correlations between traits might
be a signal for modularity, which means that they would be part of a unit that evolved together
(Olson and Miller 1958; Wagner 1996; Klingenberg 2008). Such modules are “quasi-independent”
(Raff 1996) and are expected to be based on a set of pleiotropic genes (reviewed in Wagner et al.
2007). If some traits related to pelvic-brooding like elongated pelvic fins and shortened ribs were

correlated and form a module in O. eversi and their close relative and transfer-brooding species O.
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nigrimas, we would hypothesize that the presence of modularity in these traits even in the
ancestral state of transfer-brooding could be a hint that the evolution of pelvic-brooding was
facilitated by its modularity. Further, we assumed a low number of partially pleiotropic loci to be
responsible, because especially for the pelvic fins it has been shown that they have evolved into a
variety of structures across teleost taxa (reviewed in Yamanoue et al. 2010). In sticklebacks, the
reduction of the pelvic fin has been assigned to the disfunction of one gene (Shapiro et al. 2004;
Coyle et al. 2007).

We crossed O. eversi and O. nigrimas to receive F1 generation hybrids; the F1 hybrids were then
intercrossed and F1 males were backcrossed with females of both species. Crosses were
established at the University of PIon and the Carl-von-Ossietzky University in Oldenburg by Prof.
Dr Arne Nolte, and | continued to breed O. eversi backcrosses at the Zoological Research Museum
Alexander Koenig in Bonn. | measured the traits related to pelvic-brooding in 36 O. nigrimas, 23 O.
eversi, 23 interspecific F1 hybrids, 67 intercrosses, 26 O. nigrimas backcross, and 227 O. eversi
backcrosses and placed landmarks on x-rays picturing the side of the fishes and on photographs of
the ventral side. Using the measurements, | calculated the Castle-Wright estimator (Castle 1921;
Lynch and Walsh 1998; Jones 2001) using a R-script | wrote and calculated the correlations
between the traits for each line (O. eversi, O. nigrimas, F1, intercrosses, O. eversi backcrosses and
O. nigrimas backcrosses). Finally, | used the landmark analysis of the whole body shape to calculate
the covariance ratio (Adams 2016) in order to find correlations between sets of landmarks. | did all

analyses in R and prepared the data for publication on Dryad.
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We found that only a few loci are responsible for the traits of interest. Further, in O. eversi and O.
nigrimas the traits were correlated. The modularity in the body plan is expressed in three modules
in O. nigrimas and in four in O. eversi. Hence, pelvic-brooding seems to be based on few loci which
are probably pleiotropic and therefore influence more than one trait at a time. Since modularity is
already present in the transfer-brooding species which represents the ancestral state, we claim
that the evolution of pelvic-brooding was facilitated by a modular organization of the body plan
and potentially also a modular and pleiotropic genetic basis of a few genes. | wrote the initial draft
of the manuscript, created all the figures, and prepared the supplement. The introductory figure
(Figure 1) was created in Designer (Affinity) as well as Figure S1, all the photographs were taken by
me except for the picture of O. eversi which was taken by a coauthor (Leon Hilgers). | created the
figures showing statistical results (Figure 2 to 4, supplementary Figure S2 to S10) in R and optimized

them using Designer (Affinity) and/or Inkscape.
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3. Contribution of hybridization to the evolution of a

derived reproductive strategy in ricefishes

This chapter is submitted to Genome Biology and Evolution and is published on bioRxiv (open access):

Jana M. Flury, Karen Meusemann, Sebastian Martin, Leon Hilgers, Tobias Spanke, Astrid B6hne, Fabian
Herder, Daniel F. Mokodongan, Janine Altmdller, Daisy Wowor, Bernhard Misof, Arne W. Nolte, Julia
Schwarzer (2022) Contribution of hybridization to the evolution of a derived reproductive strategy in
ricefishes. bioRxiv (https://doi.org/10.1101/2022.07.05.498713)

Manuscript is attached in the form it was submitted to Genome Biology and Evolution and published on
bioRxiv.
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3.1 Positive effects of hybridization on adaptation and speciation in ricefishes from

Sulawesi

Hybridization may have beneficial effects on speciation by bringing new adaptive alleles into a
population (Barton 2008). Additionally, hybridization might trigger chromosomal rearrangements
which itself can be advantageous (reviewed in Abbott et al. 2013): if adaptive loci get physically
closer together by chromosomal fusions, chances are diminished that they will be separated by
recombination. This allows the formation of regions of low recombination with the potential to
form adaptive clusters (Noor et al. 2001; Guerrero and Kirkpatrick 2014; Liu et al. 2022). In general,
this so called recombination suppression hypothesis suggests that if there are multiple beneficial
alleles across several loci, linkage induced for example by inversion or fusion will decrease the
probability of creating maladaptive recombinant genotypes (Dobzhansky 1948; Dobzhansky and
Dobzhansky 1970; Rieseberg 2001; Kirkpatrick and Barton 2006; Feder and Nosil 2009; Yeaman
and Whitlock 2011; Yeaman 2013). In Sulawesi ricefishes, several gene flow events were
discovered between nowadays geographically close species (Mandagi et al. 2021) but also over
great distances (>100 km) (Horoiwa et al. 2021). Further, the number of chromosomes is known
for four Sulawesi ricefish species and varies between 2N = 36 and 2N = 42 which is why they were
labelled as the “fused-chromosome” group (Naruse 1996). This is remarkable, because O. latipes,
a genetic model organism also known as Medaka (Wittbrodt et al. 2002), has kept the same

number of chromosomes (2N = 48) for over 300 million years (Naruse 1996; Kasahara et al. 2007).
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We thus assume that hybridization was probably common within ricefishes and may have resulted
in chromosomal fusions which could have played a role in the radiation of Oryzias on Sulawesi.

Regarding the history of hybridization within the Sulawesi ricefishes it seems possible that pelvic-
brooding has introgressed from one lineage into the other. Adaptive introgression was observed
over a variety of taxa, can serve as a fast-track for evolution (e.g. Whitney et al. 2006; Barbato et
al. 2017; Jones et al. 2018b; Edelman et al. 2019) and it can explain the appearance of similar traits
in different species or populations (Grant et al. 2004; Witt and Huerta-Sanchez 2019; Jones et al.
2020). However, a recent study showed that there was no gene flow between pelvic-brooding
lineages, rendering adaptive introgression of pelvic-brooding unlikely (Montenegro et al. 2022).
Besides introgression, similar traits may evolve independently by de novo mutations. Typically, a
similar environment may lead to convergent traits (Elmer and Meyer 2011). This is even more
pronounced in extreme habitats, e.g. poecilids in sulfur springs (Greenway et al. 2020) or whales’
echolocation in the deep ocean (Park et al. 2019). However, de novo mutations go to fixation rather
slowly and are rarely beneficial (Ohta 1992). A more rapid way to evolve adaptations is to make
use of standing genetic variation or the introduction of genetic variation that have already
undergone selection. It is more likely for fast adaptions to be based on standing genetic variation,
because they are present immediately when the environment changes and there is no need to wait
for advantageous mutations (Barrett and Schluter 2008). Further, the probability of fixation is
much higher for standing genetic variation, because the advantageous allele is present in several
individuals of a population, whereas for a single new mutation in one individual, it is highly unlikely

to reach fixation (Hermisson and Pennings 2005). Examples for convergent evolution based on
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standing genetic variation are reduced armour plates in multiple stickleback species (Colosimo et

al. 2005) and reduced pigmentation in cave fish (Astyanax mexicanus) (Gross et al. 2009).

3.2 Elevated genetic variation due to ancient gene flow

The maintenance of genetic variation within a population can be due to several factors. Local
adaptation and a heterogeneous environment with balanced selection might play a role (Mitchell-
Olds et al. 2007), but also gene flow contributes to high levels of genetic variation (Yeaman and
Jarvis 2006). However, not only recent but also ancient hybridization between ancestral species or
populations can serve as an important resource for genetic variation: it has been found that the
genetic variants underlying several speciation events were introduced significantly earlier as the
actual splitting time (reviewed in Marques et al. 2019). Therefore, hybridization could have
contributed to the evolution of pelvic-brooding by introducing (maybe old) genetic variation,
allowing the convergent evolution of pelvic-brooding, due to similar selection pressures in a
comparable environment. In the following manuscript we tested for signals of gene flow into the
more recent lineage of pelvic-brooding ricefishes from Sulawesi. We used D-statistics to distinguish
between incomplete lineage sorting and hybridization. If we find hybridization, it could imply that
the evolution of pelvic-brooding was facilitated by the increase of genetic variability due to gene

flow.

3.3 Summary and personal contribution

Stephen Jay Gould claimed that if life on earth would start over, probably the outcome would be

completely different (Gould 1989). However, convergent traits are omnipresent and show that
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evolution sometimes repeats itself (e.g. Riber et al. 1999; Fernald 2006; Losos 2011; Voloch et al.
2013). Reasons why traits evolve multiple times are manifold: for example, similar environments
lead to similar phenotypes (Elmer and Meyer 2011) or beneficial genetic solutions are recruited in
a different population or species, either due to introgression (e.g. The Heliconius Genome
Consortium et al. 2012; Jones et al. 2018b) or standing genetic variation (Colosimo et al. 2005;
Gross et al. 2009). In Sulawesi ricefishes, a derived reproductive strategy called “pelvic-brooding”
occurs in two distantly related lineages (Kottelat 1990; Herder et al. 2012; Mokodongan and
Yamahira 2015). One pelvic-brooding species derived from a more ancestral lineage is
Adrianichthys oophorus and two species, O. eversi and O. sarasinorum evolved more recently. A
recent study has found no gene flow between the two species, ruling out adaptive introgression
as a reason for the appearance of the trait in two different lineages (Montenegro et al. 2022).
However, gene flow from other species into the more recent lineage of Oryzias could still have
facilitated the evolution of pelvic-brooding by raising the level of genetic variability.

| conceptualized the study together with my direct supervisor Dr Julia Schwarzer. For the first step,
we used transcriptome data of twelve Sulawesi ricefish species and one custom made genome of
O. dopingdopingensis. | used the transcriptome assemblies and the genome assembly as input for
Orthograph v.0.7.1 (Petersen et al. 2017), a program which detects single-copy orthologous genes.
I ran Orthograph with the help of Dr Karen Meusemann and built the reference data set based on
the Actinoperygii orthologous gene set from OrthoDB v.9.1 (Waterhouse et al. 2013) together with
Dr Alexandros Vasilikopoulos. | and Dr Karen Meusemann filtered the resulting single- copy

protein-coding orthologous genes for outliers and masked uninformative sites according to Misof
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et al. (2014). | created single gene trees in IQ-TREE (Nguyen et al. 2014). | checked the trees for
paralogous sequences using PhyloTreePruner (Kocot et al. 2013) and removed gene trees with
extremely long branches using TreeShrink (Mai and Mirarab 2018). For further analysis, we only
kept genes present in all taxa. Using this data set, | ran a multispecies coalescence model with
Astral and checked for hybrid edges using SNaQ (Solis-Lemus and Ané 2016; Solis-Lemus et al.
2017). Further, | used published whole-genome sequences of 18 ricefish species to filter for SNPs
between the species (Ansai et al. 2021). Using the SNPs, | looked for a signal of introgression
between the species using D-statistics (also known as ABBA-BABA) in Dsuite (Malinsky et al. 2021).
Further, | ran a graph-based model in TreeMix (Pickrell and Pritchard 2012) to find hybrid edges.

We did not find any gene flow between the pelvic-brooding lineages. We could find gene flow
within the Malili lake system Oryzias, a pattern which was already discovered by other studies
(Mandagi et al. 2021). Interestingly, we discovered a hybridization event between the ancestor of
the pelvic-brooding Oryzias and the ancestor of the Lake Poso Oryzias. Lake Poso is about two
million years old (Rintelen et al. 2004; von Rintelen and Glaubrecht 2006) and is the sole locality
where A. oophorus can be found today. Therefore, we have the following hypothesis: the
introduced genetic variation from the ancient hybridization between Lake Poso Oryzias and pelvic-
brooding Oryzias might have facilitated the convergent evolution of pelvic-brooding in a similar
habitat as A. oophorus, perhaps in some sort of paleolake. Another possibility could be that genetic
variants underlying pelvic-brooding in A. oophorus has introgressed into the ancestor of the Lake
Poso Oryzias and was further transferred to the ancestor of the pelvic-brooding Oryzias. It has

been shown in other examples, that old genetic variants might only become relevant a long time
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after their introduction (reviewed in Marques et al. 2019). | and Dr Julia Schwarzer wrote the initial
draft of the manuscript. | prepared the supplement and designed figures 1, 3 and 4. For figure 2,

me and my supervisor Dr Julia Schwarzer contributed equally.
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4. Sex determination in crosses between two

Celebensis group medaka species

This chapter is prepared for submission to the Journal of Evolutionary Biology:

Jana M. Flury*, Kristin Tietje*, Julia Schwarzer, Arne W. Nolte (2022) Sex determination in crosses
between two Celebensis group medaka species. Journal of Evolutionary Biology

* equal contribution

Manuscript is attached.
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4.1 Sex determination systems and the sex determination cascade

In sexually reproducing species there are usually two sexes and they are in most cases genetically
determined. The alleles defining the primary (ovaries and testis) and secondary (e.g. mammary
glands, pheromones, colourful plumage, scales or coats, etc.) sex-specific traits of females and
males are sometimes located on sex chromosomes, but not necessarily (Rice 1984; Mank 2009;
Alexander et al. 2015). There are species with heteromorphic sex chromosomes, which means that
one chromosome is degenerated compared to the other (Graves 2006; Bergero and Charlesworth
2009). This results from a lower recombination rate and favours linkage between sexually
antagonistic alleles and sex-determining loci. Here, if the male carries the heteromorphic
chromosomes, turning it into the heterogametic sex, it is called the XY system which is for example
common in mammals (Ohno 1967, 1979; Cooper et al. 1975). If the female carries the
heteromorphic chromosome, it is a ZW system, which is the case in butterflies and birds (Bachtrog
et al. 2014). Besides the genetic sex determination, in some species the sex of the offspring
depends on the environment. In crocodiles, most turtles and some fishes, the temperature
determines whether the young will be male or female (Bull 1980; Crews 1993).

It has long been defined that after sex determination, animals go through sexual differentiation
(Lillie 1939). However, it has recently been proposed that this division into two separate steps
should be lifted because the process rather resembles a continuum, with several factors
influencing each other in a network (Uller and Helantera 2011; Heule et al. 2014). This was
observed mainly in teleost fishes, where for example anemonefish change the sex during their

lifetime (Moyer and Nakazono 1978; Fricke 1983) and it has been shown experimentally in Nile
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tilapia and medaka that sex reversals are possible, also after genetic fixation of one sex at
fertilization (Paul-Prasanth et al. 2013). Still, in most animals the sex is determined by a “master
switch” and is followed by a cascade of activated down-stream genes, initiating the expression of
sexually dimorphic traits (Heule et al. 2014). Well-known examples for such traits are colourful
plumage in male birds, manes in lions, a cockscomb and many more. A bit less attention was given
to female secondary sexual traits, such as a larger body size in African jacana and pronounced
ornamentation in spotted hyenas (Clutton-Brock 2007). So far, there is no better explanation for
these observations than sexual selection (Darwin 1871). It was for a long time defined as selection
on traits used in male-male competition and female choice. However, with more and more
evidence for intrasexual competition of females and male mate choice, the theory needed to be
broadened (Clutton-Brock 2004). Most of the sexually dimorphic traits documented so far do not
seem to fulfil an ecological function and it remained difficult for a long time to prove the opposite
(Shine 1989). Nevertheless, it has been shown in a few examples that sexual dimorphism might be
due to different food resources, habitat preferences or parental care (dwarf chameleons (Stuart-
Fox and Moussali 2007), hummingbirds (Temeles et al. 2000), damselflies (Cooper 2010), seabirds

(Weimerskirch et al. 2009), sailfin silversides (Wasiljew et al. 2021) and cichlids (Ronco et al. 2019).

4.2 High variability of sex determination in fishes and its potential impact on the

evolution of pelvic-brooding

Even though sex determination was assumed to be conserved (Mank and Avise 2009), it has been

found to be extremely variable in teleost fishes (Bachtrog et al. 2014). This might be due to the
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homomorphic sex chromosomes in fishes (Ohno 1974), in contrast to heteromorphic sex
chromosomes found in mammals and birds, where either the Y or the Z chromosome is
degenerated (Takagi and Sasaki 1974; Graves 2006). For a turnover in sex determination to
happen, either a former autosomal chromosome gains a mutation that from then on determines
the sex, or a mutation within the sex determining locus changes the heterogametic sex into the
homogametic sex. Up to seven such turnovers are hypothesized in the Celebensis group of
Sulawesi ricefishes with potentially six different sex determining regions, containing known sex
determining genes such as sox7, pgm3/PGM, hsdl1 and amh (Ansai et al. 2022). Taken together
with their radiation and the diversity of sexual dimorphism (Parenti 2008; Ansai et al. 2021), they
serve as a perfect model to study the evolution of sex determining genes and sexually dimorphic
phenotypic diversity. In the following manuscript we aimed to find the sex determining region in
second generation hybrids of a pelvic-brooding (O. eversi) and a transfer-brooding (O. nigrimas)
ricefish. We genotyped custom-designed markers and created a linkage map for every cross
(backcross with O. nigrimas, backcross with O. eversi and intercross) and mapped the region
associated with sex. If the genetic architecture of sex determination differs between the two
species, it might be connected to the transition between transfer-brooding and pelvic-brooding,

which comes with sexually dimorphic, adapted traits.

4.3 Summary and personal contribution

Fishes have a large variety of sex determination systems compared to other animals, such as

mammals and birds that only have one way to determine sex (reviewed in Bachtrog et al. 2014).
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Maybe this variation contributed to the huge diversity of fish species. In Sulawesi ricefishes, up to
seven sex determination turnovers have been suggested (Myosho et al. 2015; Ansai et al. 2022).
Here we wonder, if one of these turnover events might play a role in the evolution of pelvic-
brooding. It has been shown in a cichlid species that a sex determination locus has evolved close
to another locus important for sexual dimorphism (Streelman et al. 2003). Hence | wanted to know,
if the sex determination mechanism is different between two closely related Sulawesi ricefishes, a
transfer-brooding O. nigrimas and a pelvic-brooding O. eversi (Kottelat 1990; Herder et al. 2012). |
conceptualized a genetic mapping study together with Prof. Dr Arne W. Nolte, Dr Julia Schwarzer
and Dr Kristin Tietje. Prof. Dr Arne W. Nolte crossed a male O. eversi and a female O. nigrimas to
produce F1 interspecific hybrids and crossed males and females of the F1 generation to receive F2
intercrosses. Moreover, F1 hybrid males were crossed back with females of the parental species,
O. nigrimas and O. eversi to receive F2 backcrosses. | entered this project when the resulting
juveniles had been raised to sexual maturity and sacrificed for genetic analysis. A total of 74
females and 192 males of the F2 intercrosses, 71 females and 103 males of the O. eversi
backcrosses and 25 females and 102 males of the O. nigrimas backcrosses were genotyped using
a customized Genotyping-in-Thousands by sequencing approach (Campbell et al. 2015). For this
purpose, Dr Kristin Tietje identified genome fragments carrying single nucleotide polymorphisms
(SNPs) that distinguish between the parental species O. eversi and O. nigrimas and that could be
place on a O. latipes reference genome. Markes were chosen to be within O. latipes genes and
evenly distributed across the O. latipes reference genome (~10 markers per chromosome, 2N=48)

to obtain an efficient marker panel for genetic mapping studies. After testing the primers, Dr Kristin
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Tietje and | established and ran the PCR based genotyping protocol with 178 markers and 567
fishes. PCR products for the complete marker panel were multiplex PCR amplified in a single
reaction and labelled with short sequence tags as individual identifiers. PCR products for all
individuals were pooled and jointly sequenced on an Illumina platform. After sequencing, | called
individual multilocus genotypes from the raw reads using STACKS (Catchen et al. 2011) and created
a linkage map separately for the intercrosses, the O. nigrimas backcrosses and the O. eversi
backcrosses using JoinMap 4.0 (Van Ooijen 2006). | checked for synteny with O. latipes using Blast+
(Camacho et al. 2009) and mapped the sex determining locus for each line on the linkage map. |
found a significant locus for the intercrosses and the O. eversi backcrosses on the linkage group
referring to O. latipes chromosome 24. The sex determining locus of seven other Sulawesi
ricefishes has been found on this chromosome. In the intercrosses, another locus on the linkage
group referring to O. latipes chromosome 21 has been recorded, however non-significant. For the
O. nigrimas backcrosses, no significant locus was detected. However, in this cross, only a low
number of females was included due to a severe sex-bias. Therefore, | still considered the three
observed peaks as informative. They were found on the linkage groups referring to O. latipes
chromosome 4, 20 and 24, which is in line with candidate loci found for other related species
(Myosho et al. 2015; Ansai et al. 2022).

| created the figures of the linkage maps in Joinmap 4.0 and edited them in Inkscape. | created the
LOD plots in R and the synteny plot using Circos (Krzywinski et al. 2009). | wrote the initial draft of

the manuscript.
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5. Discussion and outlook
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In this thesis | focussed on the evolution of a derived reproductive strategy in Oryzias eversi, a
ricefish from Sulawesi, Indonesia. They underwent a probably costly transition from ancestral
transfer-brooding to pelvic-brooding, resulting in extensive maternal brood care accompanied with
several sexually dimorphic adaptations. Interestingly, this transition happened twice within the
ricefishes from Sulawesi: in the distantly related lineages Adrianichthys and Orzyias. It is still
unclear how such fundamental changes take place, from an evolutionary perspective as well as on
a molecular level. In this chapter, | will discuss my results and elaborate on contributions of my
findings to the field of evolutionary biology with a focus on the genomic basis of convergent
adaptive traits. Finally, | will give an outlook of the next steps that could be done and how | think

they should be done.

5.1 The genetic basis of convergent adaptive phenotypes

In the last 20 years, next generation sequencing gave biologists the opportunity to investigate
guestions in evolutionary biology from a completely new perspective. Many examples of
convergent evolution were analysed on a molecular level, revealing common genetic backgrounds
of similar structures in different species. For example, the same independent mutation in a key
developmental gene has evolved four times into a “bony spines” phenotype in seahorses (Li et al.
2021). A mutation in rhodopsin across all fish species has facilitated the transition to a different
light environment, resulting in at least 20 independent convergently evolved adaptations (Hill et
al. 2019). However, the appearance of convergent phenotypes can also be less independent.

Adaptive introgression has led to similar traits in closely related species that are based on the same
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alleles (The Heliconius Genome Consortium et al. 2012; Racimo et al. 2015; Jones et al. 2018b;
Graham et al. 2021). Repeated sorting of standing genetic variation can also lead to similar
phenotypes in independent populations as was observed in the reduced armour of freshwater
stickleback populations (Colosimo et al. 2005) and the reduced eye size and albinism in cavefishes
(Ornelas-Garcia et al. 2008; Gross 2016). In chapter 3, | showed that convergent phenotypes may
evolve “quasi-independently”, using introduced ancient genetic variation that was not directly
causing the phenotype in the species of origin, however these polymorphisms paired with de novo
mutations could be the basis of the convergent phenotype of pelvic-brooding in the recipient
species. A case, where the evolution of a complex convergent trait in a distantly related species
could be connected to genetic variation introduced by a third species not expressing the
convergent trait, has to my best knowledge not been documented so far. Scenarios are known,
where allelic polymorphisms were introduced by ancient hybridization and were later used in the
in the descendant lineages resulting in convergent evolution (Meier et al. 2017; Irisarri et al. 2018;
Nelson and Cresko 2018). But here, the convergently evolved traits are not coming from the same
pool of polymorphisms, as Adrianichthys has split from Oryzias on Sulawesi over 16 million years
ago. However, independent convergent evolution is abundant (e.g. Blackburn 1992; Blackledge
and Gillespie 2004; Losos 2009; Fischer et al. 2019) and maybe the origin of alleles responsible for
the traits is not clarified yet in most cases, but could in the future be traced back to introduced
variation based on gene flow. Therefore, my findings in chapter 3 lay the ground for future studies
on convergent evolution considering ancient gene flow as a source of variation which can be

recruited for the evolution of convergent adaptive phenotypes. This adds to the previous
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knowledge that hybridization - under certain circumstances - can be highly beneficial (e.g.
Seehausen 2004; Mallet 2007; Litsios and Salamin 2014; Grant and Grant 2019). Ancient genetic
variation and its impact on speciation has only recently been explored in more detail (e.g. Genner
and Turner 2012; Irisarri et al. 2018) and holds huge potential to be a valuable resource for natural

selection to act upon (reviewed in Marques et al. 2019).

5.2 Complexity of adaptive traits

Studying the complexity of an adaptive trait on a molecular level leads to a better understanding
of its evolution. Many adaptive traits are based on single genes, like mcr1 which caused change in
coat coloration in several taxa (e.g. Theron et al. 2001; Eizirik et al. 2003; Nachman et al. 2003;
Gross et al. 2009) or pitx1 which was responsible for pelvic-fin reduction in sticklebacks (Coyle et
al. 2007; Chan et al. 2010). However, also more complex genetic underpinnings have been
observed, as for example for wing colour patterns in Heliconius erato where loci of major effect
and minor effect complement each other (Papa et al. 2013). Theory as well as empiric evidence
state that an exponential distribution of allelic effects is likely, which means a few loci of large
effect and many loci of smaller effect contribute to the expression of a trait (Robertson 1967
Mackay 2001). In chapter 2, | showed that only a few loci responsible for traits related to pelvic-
brooding were estimated to be involved. This finding was confirmed by a recent QTL study
(Montenegro et al. 2022) which renders my applied Castle-Wright estimator a valid approximation.
However, the complexity of a trait-complex cannot be judged based solely on the number of loci

involved in each individual trait, but also based on their connectivity. Body parts serving a common
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function are often organized in modules (Wagner 1996). This means, they can evolve “quasi-
independently” from other body parts which enhances evolvability (Raff 1996; Wagner and
Altenberg 1996; Hansen 2003). The genetic basis of such modules is thought to be a set of
pleiotropic genes (Wagner et al. 2007). Although | found modularity in the pelvic-brooding as well
as in the transfer-brooding species, | did not assume a simple pleiotropic basis, as the correlations
were lost or reduced in the F1 and F2 generation hybrids. The results from Montenegro et al.
(2022) support this hypothesis, because the loci associated with pelvic-brooding traits mapped to
different chromosomes. However, maybe hormones or other upstream regulators led to the co-
expression of the responsible genes found in the QTL study, as for example in O. woworae from
Sulawesi, where an androgen-induced expression of sexually dimorphic red fins in males has been
documented (Ansai et al. 2021).

If we think of a network of already connected loci in combination with new genetic variation in the
edges of this network, either introduced by hybridization or by advantageous de novo mutations,
this maybe served as the perfect playground for new phenotypes to evolve. De novo mutations are
more likely to be deleterious than advantageous (Ohta 1992), hence, if several loci are interacting
in a network, the weight of one mutation might not be detrimental enough to effectively harm the
fitness of an individual. This robustness in complex regulatory gene networks has been shown to
be crucial for the evolution of innovation (Ciliberti et al. 2007). Additionally, the introduction of
genetic variation from other species is rarely harmful because it was already tested by natural
selection (Abbott et al. 2013; Marques et al. 2019; Urban et al. 2021). Therefore, it seems likely

that a balanced influence of both, de novo mutations and ancient polymorphisms probably
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arranged in some sort of network contributed to the evolution of pelvic-brooding. Modularity in
this case likely did not pose constraints as was suggested by Orr (2000), but enlarged the benefit

of mutations by providing the necessary robustness for innovation to evolve (see Wagner 2008).

5.3 Influence of sex determination on adaptation

Although sex determination and sex differentiation were historically thought to be two separate
processes (Lillie 1939), they should rather be understood as a continuum, best explained by a
genetic cascade or a network (Uller and Helantera 2011; Heule et al. 2014). In most cases, the
cascade is started by a “master switch” (i.e. one gene or a set of genes) that initiates the expression
of the rest of the sex determining genetic cascade (Bachtrog et al. 2014). There is often a
connection between the genetic sex determination and sexually dimorphic (adaptive) traits (Mank
2009) which in regard to this thesis, could imply an evolutionary connection between the genetic
architecture of sex and pelvic-brooding in O. eversi. | discussed potential sex determining loci in O.
eversi in chapter 4, resulting in two probable locations of sex determining genetic factors on OLchr
4 (Ansai et al. 2022) and OLchr 24. Interestingly, the locus found in my study is located on the same
chromosome (OLchr 24) as a quantitative trait locus (QTL) for pelvic-fin length, a sexually dimorphic
trait related to pelvic-brooding (Montenegro et al. 2022). However, the number of adult individuals
in the wild was already low at time of discovery and capture (Herder et al. 2012) which is why we
cannot exclude an effect of biased sampling in the wild for both studies, resulting in two different

sex determining loci in the different aquarium populations. Additionally, both populations were
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bred in the aquarium for years, where also new sex determining loci may arise or are lost, like in
zebrafish (Wilson et al. 2014).

The genetic architecture of sex determination in the closely related transfer-brooding species,
Oryzias nigrimas, seems to be polygenic based on my analyses (potential QTL on OLchr 4, 20 and
24). Ansai et al. (2022) did not detect any locus related to sex for this species, suggesting that they
used too few individuals (10 males, 10 females) to reliably map several loci. However, the genomic
regions introgressed from the ancestor of the Lake Poso Orzyias (chapter 3) not only overlap with
a QTL for pelvic fins on OLchr 24, but also with candidate sex determining genes (sox7, pgm3/PGM
and hsdl1) found in other Orzyias from Sulawesi (Ansai et al. 2022). Hence, it seems like the cascade
of genetic sex determination and the potential genetic network of traits related to pelvic-brooding
in O. eversi (chapter 2) somehow overlap on OLchr 24, and they were potentially both influenced
by ancient gene flow.

The results in chapter 4 support the growing awareness that polygenic sex determination is not
necessarily evolutionary unstable or transitory (Kosswig 1964; Volff and Schartl 2001; Vandeputte
et al. 2007; Roberts et al. 2016). Fishes are an extreme example of how variable sex determination
can be and it was suggested in East African cichlids that their species diversity could be connected
to highly variable sex determination systems (El Taher et al. 2021; Feller et al. 2021). However, it
still needs to be investigated, whether variable sex determination systems are the cause or the
consequence of species radiations (Feller et al. 2021). The same is true for the evolution of pelvic-

brooding and sex determination in O. eversi: to see if one caused the other, we need to know the
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genetic architecture of sex determination in more details as well as the genetic basis of pelvic

brooding, preferably in all pelvic-brooding Oryzias species.

5.4 Outlook

5.4.1 Karyotyping

In chapter 4 we created three linkage maps based on three different F2 crosses of O. eversi and O.
nigrimas. Linkage groups found in this study should represent real chromosomes. However, we
only know the number of chromosomes of O. nigrimas (2N = 38) (Naruse 1996) and due to the
variability in chromosome numbers in ricefishes from Sulawesi, we might have crossed two species
with different chromosome numbers. Therefore, we will karyotype O. eversi to be able to set a

meaningful threshold for the high-resolution linkage map we want to create.

5.4.2 High resolution linkage map and quantitative trait loci mapping

So far, we have an estimate of the number of responsible loci for traits related to pelvic-brooding
(chapter 2) and there was a study published about the genetic basis of the pelvic fin length and the
ventral concavity using hybrid crosses of O. eversi and O. dopingdopingensis (Montenegro et al.
2022). We plan a QTL study using the O. eversi backcrosses (male F1 hybrids between O. eversi and
O. nigrimas backcrossed with O. eversi females), because in this cross we were able to breed a
large number of females, which is necessary for a QTL study (Beavis 1994). We want to do RAD-
sequencing (restriction-site associated DNA markers) to receive randomly distributed markers

across the genome which we can genotype. In addition to pelvic fin length, we will measure the
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distance between the pelvic fin insertions, the rib length as approximation for the concavity and
the genital papilla size of the female O. eversi backcrosses and create a phenotype-genotype map
which we can compare to the QTLs found in (Montenegro et al. 2022). Once we know the regions
of interest, we can as well compare them to the introgressed regions found in chapter 3. Further,
we will map sex again to see if it overlaps with QTL regions for traits related to pelvic-brooding

when both are mapped in the same study.

5.4.3 Comparison to Adrianichthys, the other pelvic-brooding lineage

After we have identified the genomic regions associated with pelvic-brooding in Oryzias, it would
be interesting to compare them to the regions associated with this brooding strategy in
Adrianichthys, the second lineage of pelvic-brooding species from Sulawesi using a comparative
genomic approach. Here we’ll map genomic regions associated with pelvic-brooding found in O.
eversi onto the A. oophorus genome and also to transfer-brooding species. We then use this data
to investigate similarities between both pelvic-brooding species that are different compared to
transfer-brooding species. These genomic regions may serve potential candidate regions to study
a common genetic basis of morphological traits associated to their brooding strategy in more

depth.
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The evolution of complex phenotypes like reproductive strategies is challenging to understand, as they often depend on multiple

adaptations that only jointly result in a specific functionality. Sulawesi ricefishes (Adrianichthyidae) evolved a reproductive strat-

egy termed as pelvic brooding. In contrast to the more common transfer brooding, female pelvic brooders carry an egg bundle

connected to their body for weeks until the fry hatches. To examine the genetic architecture of pelvic brooding, we crossed the

pelvic brooding Oryzias eversi and the transfer brooding Oryzias nigrimas (species divergence time: ~3.6 my). We hypothesize, that

a low number of loci and modularity have facilitated the rapid evolution of pelvic brooding. Traits associated to pelvic brooding,

like rib length, pelvic fin length, and morphology of the genital papilla, were correlated in the parental species but correlations

were reduced or lost in their F1 and F2 hybrids. Using the Castle-Wright estimator, we found that generally few loci underlie the

studied traits. Further, both parental species showed modularity in their body plans. In conclusion, morphological traits related to

pelvic brooding were based on a few loci and the mid-body region likely could evolve independently from the remaining body

parts. Both factors presumably facilitated the evolution of pelvic brooding.

KEY WORDS: Castle-Wright estimator, complex phenotypes, genetic architecture, modularity, pelvic brooding.

Investigating the genetic architecture of complex phenotypic
traits is a crucial step in understanding the evolution of adap-
tations and species diversity (Moczek 2008; Moriyama and
Koshiba-Takeuchi 2018). Reproductive strategies might serve
as a good example of complex phenotypes, since they are of-
ten the result of complex adaptations that entail life history

changes and often correlate with phenotypic and behavioral adap-
tations in both males and females. For example, parental care
likely drove the convergent evolution of endothermy in birds
and mammals (Farmer 2000). Endothermy allows the incuba-
tion of offspring (Ruben 1995) and relies on an increased rest-
ing metabolism, additional insulation, and an internal sensor, that

© 2022 The Authors. Evolution published by Wiley Periodicals LLC on behalf of The Society for the Study of Evolution.
1 This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any medium, provided
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regulates metabolic heat production (Price and Dzialowski 2018).
Similarly, lactation in mammals required the evolution of mam-
mary glands, milk protein composition, and nursing behavior
(Lefevre et al. 2010). Besides mammals and birds, teleost fishes
show a remarkable diversity of reproductive strategies. Parental
care, a behavior enhancing offspring survival, evolved indepen-
dently over 30 times (Mank et al. 2005; Wootton and Smith
2014) in teleost fishes ranging from nest guarding to live bearing
(Wootton and Smith 2014). Most fish species are egg laying
with external fertilization, whereas substantially fewer species
(~2%) are viviparous with internal fertilization and internal
bearing (Blackburn 1999; Grier and Uribe 2005; Mank et al.
2005; Wootton and Smith 2014). Only a few species carry
their eggs externally, which is called external bearing (Woot-
ton and Smith 2014). An exceptional form of external bearing
is known from ricefishes (Beloniformes: Adrianichthyidae). In
all ricefishes, the externally fertilized eggs remain connected
to the female’s body after spawning (Yamamoto 1975). At-
taching filaments originate from the surface of the chorion of
the fertilized egg. They remain attached to the gonoduct until
females of most species (so called “transfer- brooding” species)
deposit the eggs in plants or on other substrate within a few hours
after spawning (Yamamoto 1975; Wootton and Smith 2014).
However, in at least three ricefish species (Adrianichthys oopho-
rus, Oryzias sarasinorum, and Oryzias eversi) from two distantly
related lineages (time to most recent common ancestor: ~16 my,
Mokodongan and Yamahira 2015), females carry the eggs up to
18 days until the fry hatches (Iwamatsu et al. 2007). This re-
productive strategy was termed “pelvic brooding” by Kottelat
(1990).

The reproductive cycle in female pelvic brooding ricefish
species is much longer compared to daily spawning in some
transfer brooding ricefish species, and can last up to 3 weeks
during which ovulation is delayed (Iwamatsu et al. 2007). After
spawning, the attaching filaments get entangled in the gonoduct
and form a plug, a unique structure that holds the developing egg
bundle in place (Iwamatsu et al. 2008). External morphological
adaptations in female pelvic brooders led to sexual dimorphism
(Spanke et al. 2021). Female pelvic brooders have elongated and
thickened pelvic fins and shorter ribs creating a ventral concavity
in which the egg bundle is carried (Kottelat 1990; Parenti 2008;
Herder et al. 2012; Spanke et al. 2021). While several studies
investigated comparative ricefish morphology (Iwamatsu et al.
2008; Parenti 2008; Kottelat 1990; Herder et al. 2012; Spanke
et al. 2021), the morphological integration of pelvic brooding
traits, the genetic architecture, and also the evolutionary origin
of pelvic brooding remain unknown.

Our study aims to investigate the genetic architecture of
pelvic brooding. Specifically, to shed light on modularity and po-
tential evolutionary constraints acting on traits that are assumed
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to underlie pelvic brooding, we studied whether these traits were
genetically correlated in the parental species as well as in their
crosses and inferred how many genetic loci underlay these traits.
We generated crosses between the pelvic brooding species O.
eversi (Fig. 1A) and the transfer brooding species O. nigrimas
(Fig. 1B). We focused on female external morphological traits
that differ between the parental species and were shown to be
connected with reproductive strategy such as the length of pelvic
fins and the length of selected ribs forming the ventral concav-
ity (Parenti 1986, 2005; Spanke et al. 2021). We further analyzed
the location and position of pelvic fin insertions, overall body
shape and size, and pigmentation of the genital papilla as they
also differ between the parental species and likely are connected
to reproductive strategy. Oryzias nigrimas, as well as other trans-
fer brooding species, have a bilobed papilla, whereas females of
pelvic brooding species have a single lobed papilla (Parenti 2008)
(Fig. 1C). In O. eversi, the genital papilla is further heavily pig-
mented and undergoes tissue-specific changes in gene expression
during egg carrying (Hilgers et al. 2021), indicating that it has a
function in brooding.

We measured observed segregation variances of all the
above-mentioned traits, determined trait cosegregation, and
tested modularity of the body plan based on a geometric morpho-
metrics approach. Using the segregation variances, we estimated
the number of putative loci underlying phenotypic variation of
focal traits with the Castle-Wright estimator (Castle 1921; Lynch
and Walsh 1998; Jones 2001). As prior studies in fishes showed
that adaptations in pelvic fin morphology are based on few loci
(Shapiro et al. 2004; Coyle et al. 2007; Chan et al. 2010), we as-
sume the same to be true for the pelvic fin traits in ricefishes. Fur-
ther, we hypothesize that traits connected to reproductive strategy
will be correlated and might have a pleiotropic genetic basis. We
also assume that modularity exists in the body plan of O. eversi
and O. nigrimas. Here, we use the definition of evolutionary mod-
ularity (Klingenberg 2008), which means that modules comprise
genetically correlated (e.g., a set of pleiotropic genes, Wagner
et al. 2007) and functionally coupled traits that are less integrated
with other such modules (Wagner et al. 2007; Klingenberg 2008;
Adams 2016). Traits belonging to different modules can, thus,
evolve with less interference from the rest of the organism, allow-
ing for greater evolvability (Wagner 1996; Wagner and Altenberg
1996; Yang 2001; Hansen 2003; West-Eberhard 2003; Schlosser
and Wagner 2004).

Methods
BREEDING OF INDIVIDUALS

Populations of O. eversi and O. nigrimas were bred in aquaria
at the Zoological Research Museum Alexander Koenig in Bonn,
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Figure 1. The parental species O. eversi (A) and O. nigrimas (B) with eggs, the latter will only carry them for a few hours. Differences
in the genital papilla (C) between the two species: single lobed and heavily pigmented in O. eversi and bilobed and not pigmented in O.
nigrimas. We measured the total area of the genital papilla (GPA), only the “nipple-like” papilla area (PA) and the pigmented area (PI) of
the genital papilla. The pelvic fins (D) vary in length, measured from the base of the second outer fin ray to the very tip of the fin (blue
line). Landmarks were set on the ventral side of the females’ body (E) to measure the distance between pelvic fin insertions (PF-PF) and
to characterize the differences in distances between pelvic fin insertion and genital papilla that define the space and location of the egg
cluster. (F) Position of landmarks defining body shape and measurement sections taken for standard length (SL) and rib length (R12). A
detailed list of landmarks for both shape analyses can be found in Supporting information. Black scale bars are 1 mm and white scale
bars 5 mm long.
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the Max-Plank-Institute for Evolutionary Biology in Plon and

Carl-von-Ossietzky University in Oldenburg since 2012. To gen-
erate experimental crosses, O. eversi males were crossed with O.
nigrimas females. Interspecific F1 hybrid males were then back-
crossed with O. eversi and O. nigrimas females, respectively. In-
tercrosses were bred by crossing interspecific F1 hybrid males
with interspecific F1 hybrid females. In total, 36 O. nigrimas,
23 O. eversi, 23 interspecific F1 hybrids, 67 intercrosses, 26 O.
nigrimas backcross, and 227 O. eversi backcross females were
included in the present study (Supporting information Table S1).
The large number of O. eversi backcrosses compared to the other
two F2 crosses derived from the low number of females present
in the other crosses, which exhibited a sex-bias toward males.

MEASUREMENTS OF EXTERNAL MORPHOLOGICAL
TRAITS

We focused on morphological traits that are connected to fe-
male reproductive behavior in O. eversi, sexually dimorphic in
this species and distinct from O. nigrimas and other transfer
brooders (Spanke et al. 2021). That is why all traits used in this
study were only measured in females (Fig. 1). All measurements
and data are accessible on Dryad (https://doi.org/10.5061/dryad.
4mw6m90c5). Total genital papilla area, papilla area, and the pig-
mented area of the papilla (Fig. 1C), pelvic fin length (Fig. 1D),
and the distance between pelvic fins (Fig. 1E), were measured
based on photographs scaled by a custom macroscript for Im-
agel] (Canon EOS 60D, Canon MP-E 65mm 1:2,8, macro ring
flash, placed on a vertical stand, manual focus). In more detail,
the pelvic fin length was measured from the base of the second
lateral fin ray to the very end of the fin in ImageJ version 1.51u
(Fig. 1D). The total genital papilla area was measured by outlin-
ing the outermost rim of the structure and the papilla area was
measured by outlining the “nipple-like skin fold,” as described
in Yamamoto and Suzuki (1955). To measure the pigmented area
of the papilla, we outlined the pigmented part (Fig. 1C). All ar-
eas were also measured in ImageJ, version 1.51u. Rib 12 length
(R12) was chosen to be measured, because it is shortened in fe-
males of pelvic brooding species (Spanke et al. 2021). The land-
marks on rib 12 were used to measure its length from vertebra
to tip (Fig. 1F). We tested whether the measured traits differ be-
tween the parental species using Bonferroni corrected #-tests.

GEOMETRIC MORPHOMETRIC ANALYSIS OF
OVERALL AND VENTRAL BODY SHAPE

We tested whether overall body shape differs between the two
species and the crosses, because overall body shape might be as-
sociated with the reproductive strategy, as it was shown in live-
bearing poecilids (Zuiiiga-Vega et al. 2007). However, other life-
history traits are also related to body shape in fishes, for example,
predator avoidance (Walker 1997; Price et al. 2015) and swim-
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ming performance (Langerhans and Reznick 2010). X-rays of the
whole body were taken (Faxitron LX 60) (Fig. 1F) and 15 homol-
ogous skeletal points on the body, as well as on the vertebrae of
ribs 11 and 12 and their tips (in total 19) were defined to place
landmarks (Fig. 1F, Supporting information Fig. S1). Further, we
investigated the ventral arrangement of pelvic fins, the genital
papilla, and the anal fin insertion. The pelvic fins are known to be
different in the two species with regard to length and thickness of
fin rays (Parenti 2008; Spanke et al. 2021), but their positioning,
the fin base width, and the distance between them might differ
as a result of selection acting on traits related to pelvic brood-
ing. A wider fin base and a larger distance between the pelvic
fins might help to hold the egg bundle in the ventral concavity.
Landmarks for the ventral side were placed on photographs on
eight homologous points (Canon EOS 60D, Canon MP-E 65mm
1:2,8, macro ring flash, placed on a vertical stand, manual focus)
(Fig. 1E, Supporting information Fig. S1).

Principal Component Analysis was done for the whole
body landmarks and the ventral side using the function Plot-
TangentSpace from the R package “geomorph” (version 3.1.3)
(Adams and Otdrola-Castillo 2013). The resulting first princi-
pal components were used for the correlation analysis and the
Castle-Wright estimator if they were significantly different in the
parental lines, tested by a Bonferroni-corrected #-test. A canoni-
cal variate analysis (CVA) was additionally performed to high-
light morphological differences between the groups (CVA, R
package Morpho, version 2.8, Schlager 2017). Repeatability of
the landmarks was tested with a subset of the specimens; detailed
methods are described in the Supporting information.

TRAIT CORRELATIONS AND MODULARITY

We calculated trait correlations for each parental species and
for each cross to evaluate whether correlations between differ-
ent traits persist or get lost in the hybrid progeny. We tested 22
O. nigrimas, 21 O. eversi, 21 interspecific F1 hybrids, 45 inter-
cross, 19 O. nigrimas backcross, and 153 O. eversi backcross
specimens. Individuals with missing data in the analyzed traits
were removed. The correlation matrix included the total genital
papilla area, the papilla area, the pigmented papilla area, pelvic
fin length, distance between pelvic fins, rib 12 length, and the first
principal component of the landmark analysis of the whole body
(PC1, Fig. 1F) and the ventral side (PC1_vs, Fig. 1E) since they
are both significantly different in the parental species and explain
most of the variation (see section Results) (R package “corrplot,”
version 0.84, Wei and Simko 2021). A Pearson rank correlation
test (R package “Hmisc,” version 4.4-0, Harell 2021) was used to
test deviations from no correlation (null-hypothesis) and p-values
were corrected for multiple testing using Bonferroni-correction.
To compare O. eversi backcrosses to the other lines, 100 subsam-
ples were collected with 50 randomly chosen O. eversi backcross
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Figure 2. Correlation plots of parental species and different crosses. All ellipses indicate a significant correlation (p value < 0.05). The
numbers in the squares show the correlation coefficients, that is, the correlation between two traits. Red ellipses = negative correlation,
blue ellipses = positive correlation, grey ellipses = significant correlation between traits of same measurement technique (landmarks).
ON = O. nigrimas, OE = O. eversi, F1 = first generation hybrids (ON female, OE male), IC = intercrosses between F1, BCN = male F1
backcrossed with female ON, BCE = male F1 backcrossed with female OE.

individuals. If the correlation was present in more than 90% of the
subsamples, it was considered robust. All O. eversi backcrosses
were used to produce Figure 2. We built categories of depen-
dent variables in which traits are expected to correlate since their
measurements are not independent. Measurements of the length
of rib 12, genital papilla traits, and the distance between pelvic
fins were taken from landmarks also present in the shape analy-
ses. Therefore, correlations between PC1 and rib 12 length, be-
tween PC1_vs and the genital papilla traits and distance between
pelvic fins were regarded as nonindependent. These five corre-
lations were coloured in grey if significant (Fig. 2). To test the
independence of total genital papilla area and genital papilla, we
calculated the mean percentage of the area of the total genital
papilla area covered by the papilla for the parental species and
the crosses. If correlations are lost or reduced in interspecific F1
hybrids and intercrosses, a simple pleiotropic basis (based on one
or few loci) seems rather unlikely.

We used a graphical modeling approach and plotted all cor-
relations between the different traits in a network to visualize
potential functionally interacting traits, that is, functional units
(Wagner and Schwenk 2000) among all the measured traits as-
sociated with the phenotypic complex trait of pelvic brooding
(Fig. 3) (Magwene 2001). In both parental species, traits were

considered to be part of the unit if they had more correlations to
traits within the unit than to traits outside of it.

In addition, to test for modularity on a broader scale we in-
vestigated trait integration based on overall body shape. There-
fore, six different a priori modularity hypotheses were tested
for landmarks defining the whole body shape of O. eversi
(n = 20) and O. nigrimas (n = 30, Fig. 4). Modularity was as-
sumed when traits had a higher covariance or correlation within
a subset of trait variables, that is, a module, compared to trait
variables among modules (Adams 2016). The hypotheses were
formulated based on functional and anatomical criteria and were
divided into three main groups (H1, H2, H3). H1 and H2 had two
modules each and H3 had three, whereas H1 4+ a and H2 + a had
three modules, and H3 + a had four: H1-module 1: head, module
2: rest of the body. H2-module 1: head and pectoral fins, module
2: rest of the body. H3-module 1: head, module 2: pectoral fins,
module 3: rest of the body. For each group, we further divided one
module into two, separated by a line between the rib landmarks
and the anal fin insertion: H1 4+ a—module 1: head, module 2:
mid-body region, module 3: caudal body with anal, dorsal, and
caudal fins. H2 4+ a-module 1: head and pectoral fins, module 2:
mid-body region, module 3: caudal body with anal, dorsal, and
caudal fins. H3 + a-module 1: head, module 2: the pectoral fins,
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Oryzias nigrimas

Oryzias eversi

-1

Figure 3. Correlations between traits in O. nigrimas and in O. eversi. Colored lines indicate significant correlations, dark grey indicates
significant but dependent correlations, light grey indicate nonsignificant. Traits framed in black are part of the functional morphological
unit. In O. nigrimas, each trait of the functional morphological unit has at least two out of four possible correlations within the unit.
PC1_vs, PI, and PF have only one significant, independent correlation and are, hence, not part of the unit. In O. eversi, each trait has at
least three out of five possible correlations within the unit. PC1_vs and PC1 are not part of the unit because they only have dependent
correlations. PF = pelvic fin length, PF-PF = distance between pelvic fins, R12 = rib 12 length, GPA = total genital papilla area, PA = papilla
area, Pl = pigmented area of the genital papilla, PC1_vs = first principal component of the ventral landmark analysis, PC1 = first principal

component of body shape landmark analysis.

module 3: mid-body region, module 4: caudal body with anal,
dorsal, and caudal fins (Fig. 4).

The CR coefficients (covariance ratio) were used to deter-
mine modularity by calculating pairwise covariances between
variables (Adams 2016). A CR coefficient of 1 means that the
covariation is as large within as between modules. A CR coeffi-
cient over 1 indicates that covariation is larger between modules
than within, which means that no modularity was observed. A CR
coefficient below 1 means that covariation is larger within a mod-
ule than between modules and implies that modularity is present.
811 and Sy, are the covariance matrices within modules and S},
and S»; between modules.

S — Sl] SlZ ] (1)
S2l 522

The covariance ratio is then calculated as follows:

CR — trace (S12S71)

B \/trace (S%,S7,) trace (S3,S3,) ’

(@)

S$*11 and $*;, are the covariance matrices within modules, but the
diagonal elements are replaced with zeros.

To assess which hypothesis has the largest effect size, Zcg
was calculated. The more negative Zcy is, the larger the effect
size. CR,p; is the observed covariance ratio, fi,is the expected
value of CR if there is no modularity (null hypothesis), and sigma
is the SE of the mean, found as the SD of the empirical sampling
distribution (Adams and Collyer 2019).

CRubs - llr

&,

3

Zcr =
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Both CR and Zcr were computed in R, using the package
“geomorph” (version 3.1.3, Adams and Otdrola-Castillo 2013).

CORRECTION FOR BODY SIZE DIFFERENCES

Crosses in this study differed in body size (Supporting infor-
mation Fig. S2). This difference was partly species-specific and
partly due to sampling of specimens at different ages. Oryzias
eversi, O. nigrimas, and the interspecific F1 hybrids were used
for breeding and were, thus, larger because they were sampled
at a higher age. The second-generation hybrids were sampled as
soon as they started to breed and were smaller than the parental
species and the F1. We accounted for these differences in body
size and their effect on the measured traits by using ratios (with
the standard length) combined with calculating the square root
of two-dimensional measurements. We also utilized this normal-
ization in the variance-based analyses. An alternative would have
been to use the residuals of a linear regression with the standard
length as explanatory variable. However, taking the residuals for
each group separately would result in a mean of zero per group,
and calculating the regression over all groups would inflate the
parental variances, since the measurements of the parental traits
differ more from the linear regression obtained from all mea-
surements than the measurements of the crosses. We, thus, nor-
malized all measures by dividing pelvic fin length, distance be-
tween pelvic fins and rib 12 lengths by the standard length. For
total genital papilla area, papilla area, and pigmented area, the
square root was calculated (since they are two-dimensional struc-
tures) and then divided by the standard length. Trait values used
for the Castle-Wright estimator should follow a normal distribu-
tion (Lynch and Walsh 1998), which was largely fulfilled. PC1,
PC3, and PC1_vs were not divided by standard length since the
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Figure 4. Modularity hypotheses of the whole body shape using landmarks on the left and the resulting ratios of correlation and effect

sizes on the right. The blue points are the landmarks from the body shape analysis. The black bars separate the landmarks assigned a

priori to a module. The purple dashed line separates the mid-body from the tail and was tested in addition to the three main hypotheses.

For each hypothesis, we calculated the CR ratio (significant values in color). CR below 1 indicates a valid modularity hypothesis and on

the right of each CR plot are the effect sizes (Zcg) for each module with standard deviation. The more negative Zq; the larger the effect

size.

Procrustes superimposition implemented in “geomorph” already
accounts for size differences.

ALLOMETRY

Ratios of each trait were modeled against standard length to ac-
count for allometric effects. If there was no correlation, that is, if
ratios were constant for different standard lengths, this means that
the measured body part had the same size or length compared to
the standard length during the whole life of the fish (Haines 1942;
Kozlowski 1996; Stamps et al. 1998; Sirbulescu et al. 2017). If
there was a correlation, the variation measured might be over-
or underestimated since the fish used in this study vary in size.
Bonferroni correction was used to account for multiple testing.

CASTLE-WRIGHT ESTIMATOR

Numbers of individuals per trait per line (Table 2) varied due to

missing data in some measurements (e.g., broken fins or ribs, egg
cluster covering the genital papilla). Numbers in O. eversi ranges
from 21 to 23 individuals, in O. nigrimas from 23 to 34, in the
F1 from 21 to 23, in the F2 intercrosses from 52 to 58, in O. ev-
ersi backcrosses from 160 to 218, and in O. nigrimas backcrosses
from 20 to 24 (Table 2). We included only principal components,
which were significantly differentiating the parental lines.

Additive versus dominance-additive model

The calculation of the estimator assumes genetic additivity.
Therefore, the joint-scaling test was used to check an additivity-
and a dominance-additivity model (Cavalli 1952; Mather and
Jinks 1971; Hayman 1960a; Lynch and Walsh 1998). The sim-
ple additive model is:

Zi = WMo+ es,‘O(iC + e, )
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Table 1. p values of allometric effects of all traits in all lines.

OE ON F1 IC BCE BCN
PF 1 1 1 0.004 0.100 0.501
GPA 1 0.161 0.654 1 1 1
PA 0.698 0.055 1 1 1 1
PI 0.810 1 1 1 1 1
R12 1 1 1 1 1 1
PF-PF 1 1 1 1 1 1
PC1 0.071 1 1 0.416 0.086 1
PC1_vs 1 1 1 1 1 1

p values are Bonferroni-corrected. Null-hypothesis: ratio of measured traits to SL remains constant. ON = O. nigrimas, OE = O. eversi, F1 = first generation

hybrids, IC =
12 length, GPA = total genital papilla area, PA = papilla area, Pl =

intercrosses between F1, BCN = ON backcrosses, BCE = OE backcrosses. PF = pelvic fin length, PF-PF = distance between pelvic fins, R12 = rib
pigmented area of the genital papilla, PC1_vs = first principal component of the ventral

landmark analysis, PC1 = first principal component of body shape landmark analysis.

where z; is the mean of the ith line (here P1 = O. nigrimas,
P2 = O. eversi, F1, F2, BC1 = O. nigrimas backcrosses, BC2 =
O. eversi backcrosses), 0g; its coefficient, and ¢; the deviation of
the observed mean from the predictions derived from the model.
In matrix form, M denotes the matrix of coefficients and a is the
vector of effects of 119 and af.

= Ma-+e. (&)
Assuming the simplest model with all gene action being ad-
ditive, the coefficients for the effects 1y and o are given by:

1 1

1 -1

1 0

6
1 0 ©
1 0.5

1

-0.5

To estimate parameters |1y and &°, the line means have to be
weighted since they may vary regarding accuracy. The following
formula was used:

a= MV M) MV 'z %)
where V is the covariance matrix, with the diagonal elements
being the squared standard errors of the means. As a became
weighted, predicted line means could be calculated and compared

to measured line means in a X’test. The number of degrees of
freedom was DF = k-2, so when comparing six lines, DF = 4.

(zt - zt

Var (Z;) ®)

v oL

8 EVOLUTION 2022

To test the additive-dominant model, M was replaced with a
matrix including coefficients for dominance:

1 1 -1
1 -1 -1
1 0 1

M = 9
1 0 0 ®
1 0.5 0
1 =05 0

and in the end, the two X2 tests were compared. DF = 1 in this
case.
A =X — X}, (10)
If both models were rejected, epistatic effects would have to
be included.

Segregation estimator

After checking genetic additivity, we proceeded by computing
the segregational variance. Again, a joint-scaling test was ap-
plied, similar to the one used for the additivity and additivity-
dominance models (Hayman 1960b; Lynch and Walsh 1998).
Here, it was used on the line variances instead of the means.
Therefore, V was a matrix with the sampling variance of the vari-
ance (v;) in the diagonal elements and n; is the number of indi-
viduals per line.

2
2vj

n]+2

an

M is the matrix of coefficients, S is the fraction of P1 genes
in a line, H is the probability that a member of the line has one
P1 and one P2 gene at a locus. The first column contains the
values S—(H/2), which is the frequency of individuals having only
P1 alleles. In the second column, the frequency of individuals
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having only P2 alleles (1 —S—[H/2]) and in the third column, the
frequency of individuals with one P1 and one P2 allele (H) is
calculated (Lynch and Walsh 1998).

1 0o o0
0 1 0
M — 0.5 05 0 . (12)
0.5 0.5 1
0.75 025 0.5
025 075 0.5

Values were again placed in this formula similar to above,
with v being the vector of sampling variance of the variances.

a=M"v'M)y" MV (13)

Taking the estimated @, sampling variances of the variance 7
were recalculated. This computation was iterated until 4 and the
X?value converged and

v = Ma, (14)
v — ;)

2 _
X _Zzﬁf/(n,-+2)'

j=1

(15)

The first value of the final vector of 4 is the segregation vari-
ance of parental species 1 (03, ), the second of parental species 2
(03,), and the third of all offspring lines (03).

Castle-Wright estimator
With the results from the segregational variance, the Castle-
Wright estimator was calculated as:
2
(l‘«m - Mpz) - ‘71201 -

. Opy
= , 16
e 803 (16)

and its variance as:

Var (n,) = nﬁ (17

4 (o3, +0p,)
(hp1 — Bp2

n Var (ag) :| .

(02)°

Zeng correction

Zeng (1992) introduced a correction to the Castle-Wright esti-
mator accounting for linked loci and loci of unequal effect. The
segregational variance is more generally expressed, leading to:

2cn, +Cy(n, — 1)

= , 18
Meene = T, (1— 20) (15
where ¢ can be obtained from chromosome number M by:
M—1
¢ = , 19
‘T o (1%

and C, being the squared coefficient of variation of effects, might
be set to different values. C,= 0 means constant allelic effects,
Cy= 0.25 a normal distribution of allelic effects, C,= 1 negative
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exponential distribution, C,= 4 assumes a leptokurtic (L-shaped)
distribution of allelic effects. The variance of 7., Was calculated
as follows:

43 + (1 + C,)*Var (n,)
[1—n,(1-20)°

Var(nzeng) = (20)

Results

PRINCIPAL COMPONENT AND CVA OF OVERALL AND
VENTRAL BODY SHAPE

Principal component 1 (PC1) of the body shape explained 47.0%
of the variation in shape and differentiated O. eversi from O. ni-
grimas. The t-test showed that the values along this axis differ-
entiated the parental lines (#-test, p-value < 2.2e-16) (Supporting
information Fig. S3). Principal component 2 explained 14.0% of
the variation in shape but the values did not differ between the
parental lines (#-test, p-value = 1), whereas values along the prin-
cipal component 3 were significantly different between parental
lines (#-test, p-value = 7.18e-04) and explained 10.8% of the vari-
ation (Supporting information Figs. S4 and S5). PC2 seemed to
be dominated by a horizontal bend. This is frequent in geometric
morphometric studies of fish, and might be due to fixation arti-
facts (Carpenter 1996; Cavalcanti et al. 1999) or different pos-
tures during landmark capture (Valentin et al. 2008). The artifact
did not lead to a false distinction between the groups; since PC2
did not differ between the parental species and was not included
in further analyses. All the other principal components explained
less than 5.4% of the variation and did not differ significantly
between the parental species. Therefore, PC1 and PC3 were in-
cluded in the Castle-Wright estimator calculations. Main differ-
ences in body shape were a larger head relative to the body length
in O. eversi compared to O. nigrimas and also shorter ribs and,
thus, a more compressed middle part of the body in O. eversi.
Oryzias nigrimas had a smaller head and a more torpedo-shaped
body (also see Fig. 1A and B). Additionally, a CVA focusing on
the difference between the parental lines and the crosses showed
that 86.7% of the variation was explained by different head sizes
and ventral compression (Supporting information Fig. S6).

PC1 of the ventral body shape (PC1_vs) explained 53.7% of
the variation in shape and values were significantly different be-
tween O. eversi and O. nigrimas (t-test, p value < 2.2e-16) (Sup-
porting information Fig. S7). PC2 and PC3 explained 15.3% and
10.3% of the variation, but the values of both did not separate
the parental lines from each other (z-test, PC2_vs: p value = 1,
PC3_vs: p value = 0.1081). Both PC2 and PC3 showed primar-
ily a left-right asymmetry (Supporting information Fig. S8). PC2
and PC3 were excluded from further analysis since the values
did not differ between the parental species. All other principal
components, which explained less than 5.3% of the variation,
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were excluded as well. The main differences in the ventral body
shape were the different positions of the pelvic fins in O. ev-
ersi and O. nigrimas. The pelvic fins of O. eversi had a wider
base compared to the O. nigrimas pelvic fins and were positioned
closer to the anterior rim of the papilla. The papilla itself occu-
pied a larger space between the pelvic fin and the anal fin inser-
tion in O. eversi compared to O. nigrimas (Fig. 1C, Supporting
information Fig. S7). The CVA showed the same results, and the
first canonical axis explained 81.5% of the variation (Supporting
information Fig. S9).

TRAIT CORRELATIONS AND MODULARITY

We detected significant correlations between more traits in the
parental lines of O. nigrimas and O. eversi compared to all hy-
brid crosses (Fig. 2). The length of rib 12 was correlated with
papilla area, pigment area, and pelvic fin length in both O. eversi
and O. nigrimas. In the other crosses, we observed a correlation
of rib 12 lengths with pelvic fin lengths only in O. nigrimas back-
crosses. In O. eversi, pelvic fin length was positively correlated
with all genital papilla structures, which means the longer the fin,
the larger the papilla and the pigmented area. These correlations
were not present in O. nigrimas, suggesting that pelvic fin length
and genital papilla size varied independently from each other in
O. nigrimas.

Total genital papilla area and papilla area were negatively
correlated with general body shape (PC1) in O. nigrimas. Hence,
the more O. nigrimas-like the body shape was, the smaller was
the structure. This correlation was not found in O. eversi, in
which the genital papilla attributes were correlated with other
structures but not with the body shape. Similar to all other traits,
genital papilla anatomy seemed to be disconnected from the gen-
eral body shape in O. eversi.

In the F1 hybrids, PC1 was correlated with pelvic fin length.
This means, the more O. nigrimas-like the body shape was, the
shorter was the pelvic fin. This result was not surprising, since
the pelvic fins of females O. nigrimas are significantly shorter
in relation to standard length as the pelvic fins of females O.
eversi (Spanke et al. 2021). The pelvic fin length and the body
shape followed a O. nigrimas—O. eversi gradient in the F1 hybrid
females. The total genital papilla area was positively correlated
with pelvic fin length in O. eversi, intercrosses and O. nigrimas
backcrosses (Fig. 2). This correlation did not exist in the O. eversi
backcrosses.

Distance between pelvic fins and rib 12 length was corre-
lated in intercrosses and O. nigrimas backcrosses. This correla-
tion was also present in O. nigrimas. Oryzias eversi backcrosses
had a positive correlation in pigment area and pelvic fin length,
which means the longer the fins, the larger the pigmented area,
a pattern also found in O. eversi. The total genital papilla area

was always correlated with the papilla area. In O. eversi and the
F2 generation, the percentage of the total area covered by the
“nipple-like” skin fold is on average lower than 50% (OE: 38.6%
[SD: 10.0%], IC: 43% [SD: 10.2%], BCE 39% [SD: 9.6%], BCN:
46.3% [SD: 13.8%]). In O. nigrimas, it is 59.3% (SD: 13.9%) and
in F1 hybrids, it is 63.3% (SD: 9.5%).

In Oryzias nigrimas, the length of rib 12 was correlated with
papilla area, pigmented area, pelvic fin length, and distance be-
tween pelvic fins. Overall body shape was correlated with total
genital papilla area, papilla area, and PC1_vs. The correlations
between PC1_vs, the distance between pelvic fins and the genital
papilla measurements were not included since they were not inde-
pendent (Fig. 1E). Thus, there was one potential unit of function-
ally interacting traits in O. nigrimas, consisting of rib 12 length,
distance between pelvic fins, total genital papilla area, papilla
area and PC1, where each trait has at least two out of four pos-
sible correlations (Fig. 3). Pelvic fin length, pigmented area, and
PC1_vs had only one significant correlation to another trait and
were, therefore, not considered to belong to the unit. In O. eversi,
length of rib 12, pelvic fin length, distance between pelvic fins,
pigmented area, and papilla area formed a potential functional
unit (Fig. 3). By analyzing modularity of body plans, we found
support for the following hypotheses: In O. eversi, H2 (module
1: head and pectoral fins, module 2: rest of the body) and H3
(module 1: head, module 2: pectoral fins, module 3: rest of the
body) were both supported with a CR < 1 and a p value < 0.005,
while H3 + a (module 1: head, module 2: pectoral fins, module
3: mid-body region, module 4: rest of the body) had the high-
est effect size (most negative Zcg) (Supporting information Table
S2, Fig. 4). In O. nigrimas, only H3 was supported (CR < 1 and
p value = 0.034), in which head and the pectoral fins, each are
separated modules.

ALLOMETRY

Most fish species never stop growing, so body size might act as
an approximation for age. However, growth slows down with in-
creasing age, and nutrition and environmental conditions influ-
ence the growth rate and body size as well (Kozlowski 1996;
Lall and Tibbetts 2009). We tested whether the ratios of the mea-
sured traits to standard length remained constant the larger the
fish got. In the intercrosses, an allometric effect in the pelvic fin
length was observed (Table 1). Larger fishes had larger pelvic
fins in relation to their body size. This could lead to an over-
estimation of the variation in pelvic fin length in the inter-
crosses. As segregation variances of four crosses are included
in the Castle-Wright estimator, this effect might be minor, but
could lead to an underestimation of the number of loci. For the
other traits, no significant allometric effect was observed after
Bonferroni-correction.
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Table 3. Chi-square test for the additive (X?A) and additive-dominance (X2AD) model (Eq. [8]).

X? tests PC1 PC3 PCl1_vs GPA PA PI PF PF-PF R12

X? A 0.4052 3.7771 0.7903 0.8173 2.8560 0.1950 0.5180 0.0001 0.0025
X?> AD 0.2339 3.7704 0.8532 1.2716 4.6536 0.5327 0.5311 0.0010 0.0016
A 0.1712 0.0067 —0.0628 —0.4543 —1.7975 —0.3378 —0.0131 —0.0009 0.0009

Lambda is the difference between the two models (Eq. [9]). Both X2A and X2AD have four degrees of freedom (k-2), so 9.49 would be the significance
threshold for p value = 0.05, all traits are lower. Lamda (A) having one degree of freedom is also not significant in any trait (p-value 0.05 = 3.84). PF = pelvic
fin length, PF-PF = distance between pelvic fins, R12 = rib 12 length, GPA = total genital papilla area, PA = papilla area, Pl = pigmented area of the genital

papilla, PC1_vs = first principal component of the ventral landmark analysis, PC1 = first principal component of body shape landmark analysis.

CASTLE-WRIGHT ESTIMATOR

All traits differed significantly between the two parental species
(p values of t-tests: PC1 < 2e-16, PC3: 7.18e-04, PC1_vs < 2e-
16, GPA < 2e-16, PA: 0.0418, PI < 2e-16, PF < 2e-16, PF-PF
4,32¢-07, R12 < 2e-16). The mean values and variances of all
traits for the parental species and all crosses are listed in Table 2.
The additive gene action model was suitable for all traits (chi-
square test, with DF = k—2, p value 0.05 = 9.49) (Table 3).
Lamda (A) is nonsignificant in all lines (DF = 1, chi-square test p
value 0.05 = 3.84), which means the additive-dominance model
did not surpass the additive-model.

In the 20th iteration after chi-square values and a converged
(formula 13-15), we observed high chi-square values in PCl,
PC3, and pelvic fin length (Table 3). PC1 had a negative es-
timator, probably coming from a negative segregation variance
(Var(S)) which could be the result of violations of the underly-
ing assumptions (see Discussion). PC1_vs had the highest num-
ber of loci and variation. All traits except for PC1 had positive
estimators. PC1_vs, total genital papilla area, papilla area, pig-
mented area, distance between pelvic fins and rib 12 length had
low chi-square values and showed additive gene action (Tables 2
and 4). The estimator corrected by Zeng’s equation predicted 1
to 2 loci for PC3, papilla area, pelvic fin length, and distance be-
tween pelvic fins, 1 to 3 for pigmented area and rib 12 length, 1 to
4 for total genital papilla area, and 1 to 28 for PC1_vs (Table 5).

Discussion

The Castle-Wright estimator suggests that the morphological
traits measured in this study related to pelvic brooding are mainly
controlled by few loci. One to four loci underlie all traits, except
for the ventral body shape, which is determined by one to 28 loci
(Table 5). As nearly no natural dataset is able to meet the assump-
tions for an accurate calculation of the Castle-Wright estimator
(e.g., Magalhaes and Seehausen 2010; O’Quin et al. 2012; Haag
et al. 2019), estimations have to be viewed as a minimum number
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of loci (Jones 2001). Nevertheless, the estimator has proven its
validity in several cases (Zeng 1992; Wu et al. 1997; Gurganus
et al. 1999; Otto and Jones 2000; Peichel et al. 2001; Magal-
haes and Seehausen 2010; Nandamuri et al. 2017; Feller et al.
2020). All measured morphological traits correlate to some ex-
tent in the parental lines, O. eversi and O. nigrimas, but most cor-
relations are reduced or lost in their first- and second-generation
hybrids, which render a simple pleiotropic origin, that is, based
on only one or few genes, of trait complexes unlikely (except for
total genital papilla area and papilla area [Fig. 2]). Modularity
of the body plan is more complex in O. eversi compared to O.
nigrimas (Fig. 4). The mid-body region harboring the egg clus-
ter forms its own module in the pelvic brooding species. In the
transfer brooder O. nigrimas, the mid-body region and the tail
are one module (Fig. 4). Assuming transfer brooding as ances-
tral state (based on the pyhlogeny of Mokodongan and Yamahira
2015), modularity may have contributed to the evolution of pelvic
brooding by mitigating potential evolutionary constrains in the
mid-body region.

GENETIC ARCHITECTURE OF PELVIC BROODING
Finding the number of genetic loci responsible for a trait is still
difficult (Schielzeth and Husby 2014; San-Jose and Roulin 2017;
Lind et al. 2018). It is nearly impossible to distinguish one QTL
composed of several loci in tight linkage from a stand-alone locus
or even gene controlling the quantitative trait (Slate 2005). As an
approach to narrow down the expectation of how complex a trait
truly is, an estimator might be applied (Jones 2001). Using the
Castle-Wright estimator which was proven to be fairly accurate
(Nandamuri et al. 2017), the number of underlying loci can be
estimated by the segregational variance of a quantitative trait.
Traits with a proposed low number of loci (between 1-4)
and a low chi-square value, indicating that all prerequisites for
the Castle-Wright estimator are met, are the length of rib 12, all
three genital papilla traits, and the distance between pelvic fins.
However, papilla area has an almost significant allometric effect
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Table 4. Segregation variance of parents and crosses after 20 iterations (Eqs. [ 13-15]) with standard error for every trait.

Var(P1) Var(P2) Var(S)

20th iteration SE 20th iteration SE 20th iteration SE X2
PC1 9.16E-05 2.41E-10 1.53E-04 8.37E-10 —5.54E-05 4.98E-10 29.0245
PC3 3.75E-04 1.54E-09 9.70E-05 4.35E-10 —1.67E-04 7.94E-10 22.8975
PCl_vs 1.40E-03 6.68E-08 1.00E-03 5.36E-08 5.20E-04 1.16E-07 11.5198
GPA 3.30E-05 4.49E-11 2.87E-05 4 41E-11 1.29E-05 8.30E-11 6.5519
PA 2.89E-05 2.93E-11 4.01E-05 7.12E-11 —8.04E-06 5.50E-11 2.6679
PI 2.50E-05 3.88E-11 4.25E-05 9.30E-11 3.03E-05 1.20E-10 2.7978
PF 6.38E-05 2.53E-10 4 98E-05 1.56E-10 6.39E-04 4.48E-09 22.3379
PF-PF 4.20E-05 5.69E-11 1.39E-05 1.30E-11 1.72E-05 8.37E-11 1.8367
R12 2.53E-05 5.01E-11 7.46E-05 2.31E-10 2.37E-04 7.63E-10 3.033

High chi-square values here indicate a violation of the additive model. Maybe they are also violated due to partial non-normality of the data. PF = pelvic fin length, PF-PF = distance between pelvic fins,
R12 =rib 12 length, GPA = total genital papilla area, PA = papilla area, Pl = pigmented area of the genital papilla, PC1_vs = first principal component of the ventral landmark analysis, PC1 = first principal
component of body shape landmark analysis.

Segregation variance of parents and crosses after 20 iterations with standard error for every trait. High Chi-Square values here indicate a violation of the additive model. Maybe they are also violated due

to partial non-normality of the data.
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in O. nigrimas, indicating the papilla area gets larger related to
body size in older (and larger) individuals. This could lead to an
underestimation of the mean and overestimation of the variance.

R12
1.3880
3.80E-06
1.3249
1.1825
1-3

Both would bring the value of the nominator down (formula 16).
Therefore, the current results could be an overestimation of the
number of loci, which is, however, estimated to only two. Pelvic
fin length and PC3 are also underlain by only a low number of

2.78E-06
0.4769
0.9989

PF-PF
0.4997
1-2

putative loci (Table 5), but chi-square values are high, indicat-
ing a violation of the assumptions of the estimator (Lynch and
Walsh 1998). For PC1, the negative estimator and negative segre-
gation variance are indications that the expectations are not met

5.27E-06
0.6752
1.0384

0.7074
1-3

for a successful application of the Castle-Wright estimator for

PF

this trait. For pelvic fin length, we observe an allometric effect in
the intercrosses and an almost significant effect in the O. eversi
backcrosses. Since all four crosses are taken together for the seg-
regation variance, one allometric effect per trait might not have a

1.7953
7.90E-06
1.7137
1.2808
1-3

PI

large influence on the overall estimation, but the variance could
be overestimated. This could lead to an underestimation of the
number of loci (see Eq. [16]). PC 1 of the ventral body shape, on
the other hand, has a low chi-square value and an estimator of 11
with a variance of 17 loci, which is rather large. The low number

PA

0.6068
—3.06E-06
0.5792
1.0190

1-2

of loci assumed for the pelvic fin length is in line with prior stud-
ies in sticklebacks where only one gene has been shown to regu-
late differential gene expression in the pelvic reduction (Shapiro
et al. 2004; Coyle et al. 2007).

All traits we analyzed are sexually dimorphic in pelvic

2.2516
1.55E-05
2.1492
1.4033

GPA

brooding species. Pelvic fins are shorter and ribs longer in the
male O. eversi and resemble traits in transfer brooding species
(Spanke et al. 2021). In the genetic model organism medaka

PC1 _vs
11.3687
1.93E-03
10.8519
16.7436
1-28

(Oryzias latipes), the sexually dimorphic trait of anal fin length
was mapped over 11 ontogenetic stages in males and females. It
was found that the QTLs for male anal fin length are located near
steroid-binding genes, like the androgen receptor beta, estrogen-
related receptor alpha, and estrogen receptor beta (Kawajiri et al.

PC3
0.2430
1.08E-05
0.2320
0.9526
1-2

2014). Also in the Sulawesi transfer brooder Oryzias woworae,
an androgen-dependent regulation of csf/ determines the red col-
oration in male fins (Ansai et al. 2021). No QTL was mapped on
the sex chromosome 24, even though it would be expected for
sexually dimorphic traits (Rice 1984; Mank 2009). Another ex-
ample for androgen-dependent sexual dimorphism can be found

PC1
—19.3416
2.00E-04
—18.4625
0.0731

in anal fins of Poecilidae, more specifically in Gambusi affi-
nis. Poecilids are internal fertilizers and a second growth phase
of the male anal fin is induced by male gonadal hormones
(Rosa-Molinar et al. 1994). Hence, traits measured in this study
could be underlain by pleiotropic interactions, mainly hormon-
ally controlled and/or X-linked. Considering the low recombina-

0)
Var("zeng )(Ca =O))

tion rate of sex chromosomes (Bergero and Charlesworth 2009),

and since based on our data only papilla traits could have a sin-
gle locus pleiotropic basis, an X-linked basis of trait complexes

0) showed the most probable results, all other values of C, resulted in a negative estimator. Var() is the corresponding variance. The estimator is then calculated by adding the variance to the estimator

final number of estimated loci

estimator
nzeng (Ca

Var(n,)

1-4
A Zeng-correction (C,) of 0 means constant allelic effects are assumed. A C, of 0.25 assumes normally distributed allelic effects, C = 1 negative exponential distributed. In all cases, constant allelic effects (C,
and since there are no partial loci, the number is rounded up. PF = pelvic fin length, PF-PF = distance between pelvic fins, R12 = rib 12 length, GPA = total genital papilla area, PA = papilla area, PI

pigmented area of the genital papilla, PC1_vs = first principal component of the ventral landmark analysis, PC1 = first principal component of body shape landmark analysis.

Table 5. Castle-Wright estimators for all traits.

seems rather unlikely.

14 EVOLUTION 2022



THE GENETIC BASIS OF PELVIC BROODING

MODULARITY OF TRAITS ASSOCIATED WITH PELVIC
BROODING

Correlated single phenotypic traits forming a phenotypic com-
plex trait can be understood as a unit with functionally cor-
relating traits (Wagner and Schwenk 2000) or described as a
module (Klingenberg 2008; Felice et al. 2018). Modularity is
a broadly applied concept that is used in many fields, like in
macroevolution to identify trait evolution through time and across
species phylogenies (Simpson 1944; Gould and Eldredge 1977).
Per definition, a module has a large correlation within itself
but not with other modules (Klingenberg 2008). Module-based
trait evolution has been studied in several organisms, like wasps
(Perrard 2020), mammals (Cheverud 1995; Marroig and
Cheverud 2001; Goswami 2006; Zelditch et al. 2008; Porto et al.
2009; Verity Bennett and Goswami 2010; Kelly and Sears 2011),
snakes (Rhoda et al. 2021), and fishes (Larouche et al. 2015;
Ornelas-Garcia et al. 2017; Larouche et al. 2018). In the present
study, we found strong correlations between traits that are in-
volved in pelvic brooding in O. eversi and hints toward the pres-
ence of functional units in subsets of the analyzed traits in both
parental species (Figs. 2 and 3). Functional morphological units
of O. nigrimas and O. eversi are similar, but are based on fewer
correlated traits in O. nigrimas (Figs. 2 and 3). In O. eversi, an
additional correlation with pelvic fin length and pigmentation of
the papilla is present, and a correlation with PC1 is absent.

Analysis of modularity in the body plan of O. eversi and O.
nigrimas reveals a modular structure in females of both species
(Fig. 4). The best-supported hypothesis in O. nigrimas described
the head and the pectoral fins as each forming a module, and
they were separated from the trunk (Fig. 4: H3). In the pelvic
brooder O. eversi, the trunk is further separated after the pelvic
fin insertion from the posterior (Fig. 4: H3 vs. H3 + a). Hence,
traits related to pelvic brooding situated in the mid-body region
are correlated and the mid-body module is more decoupled from
the rest of the body in the pelvic brooder, which indicates the
possibility that this section gained increasing evolutionary inde-
pendence from other body parts in other pelvic brooding lineages
(Hansen 2003, 2006).

Several examples support a correlation between modularity
and trait evolution. For example, modularity of the backbone has
facilitated rapid evolution of locomotion and static body support
in mammals (Jones et al. 2018). Also, the skull and forelimbs of
cat-like carnivores are highly integrated compared to generalists,
probably due to the high selection pressure on their hunting skills
(Michaud et al. 2020). A study on ray-finned fishes showed that
fins inserted along the trunk region exhibit a high level of inte-
gration, and this module also evolves more rapidly compared to
the head and tail region (Larouche et al. 2018).

In our focal species, most of the correlations were lost in the
first and weakened in the second-generation interspecific hybrids

(Fig. 2); such loss of correlations in F1 hybrids was repeatedly
shown in other organisms (e.g., Rieseberg and Ellstrand 1993;
Matsubayashi et al. 2010; Selz et al. 2014; Atsumi et al. 2021).
Despite this, a genetic basis of the observed trait correlations in
the parental species appears likely, as samples from different gen-
erations and laboratories were used in our analyses. Furthermore,
our results indicate that most traits are based on multiple loci.
A potential explanation (for the observed break down of correla-
tions) is that heterozygous loci in the F1 hybrids may not equally
affect all traits within a module and, thus, lead to a loss of trait
correlations. Under this scenario, lower levels of heterozygosity
in F2 backcrosses would lead to a partial recovery of trait cor-
relations, which is what we observe (Fig. 2). We, thus, assume
that modularity in the analyzed traits is likely based on sets of
pleiotropic genes and might at least be partly controlled by fac-
tors like timing or intensity of hormonal regulation (as we ana-
lyze female-only traits) and that both are affected by interspecific
hybridization.

Exceptions are papilla traits, where correlations remained
in all crosses, which hint toward a simple pleiotropic origin. In
general, we assume that functional modularity is one mechanism
for the formation of functional units in females of O. eversi but
shared ancestry is probably the reason why similar correlations
and a modular structure are present in both species. Further, most
traits are not exclusively involved in reproductive behavior. In
males and other ricefish species, the same traits are probably
shaped more by the species’ ecology. In comparison to other
traits investigated, pelvic fins experience greater flexibility for
modification. They have evolved into adhesive organs in snail-
fish, clingfish, gobies, and gastromyzontine loaches, or into fins
allowing the fish to move on land like the mudskipper; pelvic fins
were completely reduced in about 100 fish families (reviewed in
Yamanoue et al. 2010).

The genetic basis of such functional units might be modular.
Some theoretical approaches showed convergence of functional
and genetic modularity, which was also supported by empirical
data (Wagner 1996; Mezey et al. 2000; Klingenberg et al. 2004).
However, in other studies, a lack of genetic integration even fa-
vors a larger variation to easily form the same functional traits
(Wainwright et al. 2005; Young et al. 2007). Nevertheless, as the
functional units were present in both parental lines, we do not
only assume a functional linkage but also genetic modularity of
correlated traits related to pelvic brooding in O. eversi.

DISTANCE BETWEEN PELVIC FIN IS NOT
CORRELATED WITH PELVIC FIN LENGTH
In the two species studied, the width and positioning of pelvic
fins and the distance from pelvic fin base to the genital papilla
differed as well. In O. eversi, the fin base and the distance be-
tween the fins is larger compared to O. nigrimas. Additionally,
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the angle of the fin insertion is flatter in O. eversi, resulting in
a horizontally larger cover. Moreover, the fins are located closer
to the anterior rim of the genital papilla in O. eversi (Supporting
information Figs. S7-9). Both traits are part of the functional unit
of O. nigrimas and O. eversi and we hypothesize that they matter
in their respective reproductive strategies. The wider positioning
of fins in pelvic brooding O. eversi likely provides more space for
the (typically larger) egg cluster, whereas the closer proximity to
the genital papilla and urogenital pore ensures an optimal posi-
tion for the egg cluster to be covered by the elongated pelvic fins.
Pelvic fins are also thickened in pelvic brooding ricefishes and we
assume that they are crucial in protecting the eggs from mechanic
damage, and hypothesize that they even improve swimming per-
formance of the female during brooding (Spanke et al. 2021).
Interestingly, the distance between pelvic fins and the pelvic fin
length is not correlated in the two tested species and their crosses
(Supporting information Fig. S10). While the distance between
the fins gets larger, the length remains constant. Possibly, they
reach an optimum at some length in O. eversi as well as O. nigri-
mas, but the distance can be further widened without a negative
impact in both species.

POTENTIAL PLASTICITY IN PAPILLA TRAITS

The genital papilla is clearly different between the parental
species (Fig. 1C): single-lobed and heavily pigmented in O. ev-
ersi and bilobed and much less or unpigmented in O. nigrimas.
The function of the genital papilla with respect to brooding in
ricefishes is, however, not well-understood and personal observa-
tions of O. eversi gave the impression that pigmentation and size
of the papilla change, potentially over lifetime and depending on
hormonal status of the female. In line with this, analyses of gene
expression during pelvic brooding in O. eversi showed that gene
expression in the papilla tissue differs between females that are
currently carrying eggs compared to those that do not (Hilgers
et al. 2021). However, the variance in the O. eversi’s total geni-
tal papilla area, the papilla area, and the pigmented area still was
not larger than in O. nigrimas compared to the mean (Table 2).
We, thus, assume that our measurements did not over- or under-
estimate the variability of the papilla in O. eversi. Additionally,
correlations between different papilla measurements were strong
(=0.88) in O. eversi, which we would not expect if plasticity had
a large impact.

Conclusions

Pelvic brooding is a complex phenotypic trait that entails many
sex-specific morphological adaptations. Its evolution might have
been facilitated by traits controlled by only a few loci which seem
to be additive, leading to correlated and connected traits. In both,
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the transfer brooder and the pelvic brooder, evolutionary modu-
larity may have allowed different body sections to evolve inde-
pendently from others, and presumably facilitated the rapid evo-
lution of pelvic brooding. Future studies using QTL mapping will
test these predictions and provide further insight into the genetic
architecture of pelvic brooding. In conclusion, ricefishes not only
provide a promising model system to study how adaptation of an-
cestral modularity enables complex sex-specific adaptations, but
also bear great potential to address other aspects on the evolution
of complex reproductive strategies in the future.
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Top: 1) dorsal fin ray caudal fin, 2) transition spine-caudal fin, 3) ventral
fin ray caudal fin, 4) posterior anal fin insertion, 5) anterior anal fin
insertion, 6) pelvic fin insertion, 7) gills, 8) jaw, 9) tip_of_snout, 10)
cranial_1, 11) cranial_2, 12) pectoral fin insertion dorsal, 13) pectoral fin
insertion ventral, 14) rib11_vertebra, 15) rib11_tip, 16) rib12_vertebra,
17) rib12_tip, 18) dorsal fin insertion anterior and 19) dorsal fin
insertion posterior.

Left: 1) right pelvic fin inner insertion, 2) right pelvic fin outer insertion,
3) left pelvic fin inner insertion, 4) left pelvic fin outer insertion, 5) anal
pore, 6) genital papilla right boundary, 7) genital papilla left boundary
and 8) anal fin insertion.

Figure S1: Position of landmarks for Principal component analysis of body shape and the
ventral side.
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Figure S2: Standard length distribution of the parental species (OE = O.eversi and ON = O.
nigrimas) and the crosses.
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Figure S3: PCA plot of body shape. PC1 explains 47.0% percent of the variation and PC2

14.0%.
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Figure S4: PCA plot of body shape. PC2 14.0% and PC3 10.8%.
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Figure S5: PCA plot of body shape. PC1 explains 47.0% percent of the variation and PC3
10.8%.
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Figure S6: Canonical variate analysis of body shape. The results are similar to the principal
component analysis, though here even 86.7% of the variation can be explained in the first
canonical axis.
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Figure S8: PCA plot of ventral body shape. PC2 explains 15.3%, PC3 10.3 % and PC4 5.3%.
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Figure S9: Canonical variate analysis of ventral body shape. The results are similar to the
principal component analysis, though here even 81.5 % of the variation can be explained in
the first canonical axis.
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Table S1

Cross / Species Abbreviation Year_of death ID origin

0. eversi OE 2015 OE_2015 1 lab-raised
O. eversi OE 2015 OE_2015 4 lab-raised
O. eversi OE 2015 OE_2015_5 lab-raised
O. eversi OE 2015 OE_2015 8 lab-raised
O. eversi OE 2015 OE_2015 11 lab-raised
0. eversi OE 2015 OE_2015 12 lab-raised
O. eversi OE 2015 OE_2015 14 lab-raised
0. eversi OE 2015 OE_2015_16 lab-raised
0. eversi OE 2015 OE_2015 17 lab-raised
O. eversi OE 2015 OE_2015_20 lab-raised
O. eversi OE 2015 OE_2015_30 lab-raised
0. eversi OE 2015 OE_2015 36 lab-raised
0. eversi OE 2015 OE_2015_38 lab-raised
0. eversi OE 2019 BCPOEf11_3 lab-raised
0. eversi OE 2019 BCPOEf11 4 lab-raised
O. eversi OE 2019 BCPOEf11 5 lab-raised
0. eversi OE 2019 BCPOEf11_7 lab-raised
O. eversi OE 2019 BCPOEf14_25 lab-raised
O. eversi OE 2019 BCPOEf14 26 lab-raised
0. eversi OE 2019 BCPOEf17_14 lab-raised
O. eversi OE 2019 F1POEfT3_3 lab-raised
O. eversi OE 2019 F1POEfT3_4 lab-raised
0. eversi OE 2019 OEfRAD 1 lab-raised
0. eversi OE 2019 OEfRAD_2 lab-raised
O. nigrimas ON 2015 ON_2015 4 lab-raised
O. nigrimas ON 2015 ON_2015 5 lab-raised
O. nigrimas ON 2015 ON_2015_ 11 lab-raised
O. nigrimas ON 2015 ON_2015_18 lab-raised
O. nigrimas ON 2015 ON_2015 19 lab-raised
O. nigrimas ON 2015 ON_2015_ 22 lab-raised
O. nigrimas ON 2015 ON_2015_24 lab-raised
O. nigrimas ON 2015 ON_2015_ 23 lab-raised
O. nigrimas ON 2019 ONfRAD_1 lab-raised
O. nigrimas ON 2019 ONfRAD_2 lab-raised
O. nigrimas ON 2019 ONfRAD_3 lab-raised
O. nigrimas ON 2019 OL19 ON_1 lab-raised
O. nigrimas ON 2019 OL19 ON 2 lab-raised
O. nigrimas ON 2019 OL19 ON 3 lab-raised
O. nigrimas ON 2019 OL19 ON_4 lab-raised
O. nigrimas ON 2019 OL19 ON 5 lab-raised
O. nigrimas ON 2019 OL19 ON_6 lab-raised
O. nigrimas ON 2019 OL19 ON_7 lab-raised
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Table S2

Species Hypothesis CR CR_p Zcr stdZcr

OE H1 1.022125 0.254| -0.6506326 0.0708459
ON H1 1.107771 0.601| 0.2617138| 0.06995404
OE Hl+a 0.9793011 0.077| -1.5295798| 0.05681867
ON Hl+a 1.124128 0.602| 0.3098917| 0.06196888
OE H2 0.8304398 0.004 | -2.8278183| 0.05588397
ON H2 1.010778 0.164| -1.0762044| 0.05877345
OE H2+a 0.857989 0.001| -2.8930741| 0.05968967
ON H2+a 1.064609 0.287| -0.6234781| 0.06136893
OE H3 0.8323193 0.005| -2.6189632 0.1210259
ON H3 0.9865468 0.034| -1.8503426| 0.12722678
OE H3+a 0.8176493 0.001| -3.7745855| 0.10749192
ON H3+a 1.012612 0.029| -1.8787785| 0.10232962
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Repeatability test for landmarks used in the whole body shape analysis and
ventral body shape analysis

Methods:

For both analysis we chose 18 individuals, two of each parental species, two of the F1
generation and three of each F2 cross. They were randomly chosen within their respective
group. We placed the same landmarks as described in the method sections “Geometric
morphometric analysis of body shape” and “Geometric morphometrics of ventral body
shape”. The landmarks were placed twice on each set, with one day (body shape) and two
days (ventral body shape) break in between. As all landmarks in this study, the landmarks
were placed by the same observer (xxx). For the second placement of the landmarks, the order
of the specimen was shuffled.

To test the repeatability, an ANOVA implemented in geomorph was run, with the coordinates
as response variable and the specimen ID as predictor (Fruciano 2016). Using the formula
(Fleiss and Shrout 1977; Sokal and Rohlf 1995; Arnqvist and Martensson 1998)

R = S%/(S% + 5% 1)

S2 is the among-individuals variance and S2, is the within-individuals variance component.
§2 is calculated by

S,Z4 = Msamong — MSyithin / M (2)

§2, is calculated by

Sy = MSyithin ®3)

n is the number of repeated measurements, MS g;,,0n4 is the among-groups ANOVA sum of
squares and MS,,;;nin the within-group ANOVA sum of squares.

Results:

For the body shape landmarks, R is 98.5% (DF = 17, F = 68.592). For the ventral body shape
the repeatability is a bit lower (R = 95.9%, DF = 17, F = 24.944) which still means less than
5% error and therefor high repeatability in both analyses.
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Abstract

Transitions between reproductive strategies are costly and involve major changes in life history,
behaviour and morphology. Nevertheless, in Sulawesi ricefishes, pelvic-brooding evolved from
transfer-brooding in two distantly related lineages within in the genera Adrianichthys and in
Oryzias, respectively. Females of pelvic-brooding species carry their eggs attached to their
belly until the fry hatches. Despite their phylogenetic distance, both pelvic-brooding lineages
share a set of external morphological traits. A recent study found no direct gene-flow between
pelvic-brooding lineages suggesting independent evolution of the derived reproductive
strategy. It could, however, also be more complex. Pre-existing variation in an admixed
population may enable the re-use of genetic variants when subjected to similar external
selection pressure, resulting in similar phenotypes.

We thus used a multi-species coalescent (MSC) model and D-statistics to identify gene-tree —
species-tree incongruencies, to evaluate the evolution of pelvic-brooding with respect to inter-
specific gene-flow not only between pelvic-brooding lineages, but between pelvic-brooding
lineages and other Sulawesi ricefish lineages. We found a general network-like evolution in
Sulawesi ricefishes and as previously reported, no gene-flow between the pelvic-brooding
lineages. Instead, we found hybridization between the ancestor of pelvic-brooding Oryzias and
the common ancestor of the four Oryzias species from Lake Poso, home of the pelvic-brooding
Adrianichthys lineage. Further, indications of introgression were located within two confidence
intervals of quantitative trait loci (QTL) associated with pelvic-brooding in O. eversi. We thus
hypothesize that a mix of de novo mutations and (ancient) standing genetic variation shaped the

evolution of pelvic-brooding.

Keywords: ancient gene flow, convergent evolution, pelvic-brooding, reproductive strategy,

Sulawesi ricefishes



Significance statement

The evolution of pelvic-brooding in Oryzias eversi (Beloniformes:Adrianichthyidae), was
recently described to be independent from another pelvic-brooding ricefish lineage
(Adrianichthys) from Sulawesi. We confirmed these results, and detected no gene flow between
the two distantly related pelvic-brooding lineages. Instead, we found ancient gene flow from
another Orzyias lineage into the pelvic-brooding Oryzias lineage. One of the previously
described QTL for pelvic brooding overlaps with a region of high introgression signal.
Therefore, we assume that not only de novo mutations contributed to the evolution of pelvic-
brooding in Orzyias, but that introduced ancient genetic variation was likely also recruited for

the evolution of this derived brooding strategy.



Introduction

The evolutionary as well as the genetic basis for the repeatability of evolution
exemplified by convergent traits intrigued biologists since the early days (Darwin 1859). Here,
similar selective regimes are predicted to result in similar adaptive phenotypes (Schluter &
Nagel 1995; Elmer & Meyer 2011). In Sulawesi ricefishes (Beloniformes; Adrianichthyidae),
a group of freshwater fishes endemic to the island of Sulawesi, Indonesia, an exceptional
reproductive strategy evolved in two distantly related lineages (>15 my divergence time,
Hilgers & Schwarzer, 2019; Mokodongan & Yamabhira, 2015): This so called “pelvic-brooding”
evolved in the genus Adrianichthys and in two closely related Oryzias species: O. eversi and O.
sarasinorum (Kottelat, 1990; Mokodongan & Yamahira, 2015; Parenti, 2008, Fig. 1). Females
of pelvic-brooding ricefish species carry a cluster of eggs attached to their gonoduct for up to
three weeks, until the fry hatches (Kottelat 1990). They have elongated pelvic fins and shorter
ribs, forming a concavity where the egg cluster is situated (Spanke et al. 2021; Kottelat 1990).
In contrast, in the more common and ancestral brooding strategy transfer-brooding (Parenti
2008), females deposit the eggs after several hours (Yamamoto 1975; Wootton & Smith 2014).
Changing reproductive strategies entails severe changes in life-history, but also morphological
adaptations which in this case are related to prolonged carrying of eggs (Spanke et al. 2021;
Parenti 2008; Herder et al. 2012). How such major transitions of reproductive strategies evolve,

also on a molecular level, remains unclear.
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Fig 1: Dated phylogenetic tree adapted from Mokodongan & Yamahira (2015) on the left, pelvic-
brooders are marked with blue dots. Map on the right with the distribution of pelvic-brooding (left, male
and female showing the pronounced sexual dimorphism) and transfer-brooding species (right, only
males). Each clade defined by Mokodongan & Yamahira 2015 for Sulawesi ricefishes, is represented by

at least one species. Photos taken by Jan Mohring, Hans Evers and Andreas Wagnitz.

One genetic possibility how the transition from transfer- to pelvic-brooding could be
realized are de novo mutations. However, they go to fixation rather slowly (Hermisson &
Pennings 2005; Barrett & Schluter 2008) and are rarely beneficial (Ohta 1992). Alternatively,
the evolution of similar phenotypic traits in different species can also be due to introgression or
repeated sorting of shared standing genetic variation. Introgressed variation from one into
another population or even species may facilitate the implementation of adaptive variants which
are identical by descent (Waters & McCulloch 2021). This so-called adaptive introgression
provides fast access to additional genetic variation, if species boundaries are weak (Mallet
2005; Whitney et al. 2006; Arnold 2007; Baack & Rieseberg 2007; Castric et al. 2008;
Rieseberg 2009; The Heliconius Genome Consortium et al. 2012; Seehausen 2004). It was
proposed that a high level of introgression led to the rapid radiation of Heliconius butterflies
(Edelman et al. 2019), similar to Darwin’s finches (Lamichhaney et al. 2015) and African

Cichlids (Meier et al. 2017). Convergent evolution by repeated sorting (Waters & McCulloch



2021) involves alleles identical by descent, regardless of the potential source of variation, which
may be recent (Colosimo et al. 2005; Terekhanova et al. 2014) or rather ancient (Nelson &
Cresko 2018; Van Belleghem et al. 2018; van der Valk et al. 2021; Veale & Russello 2017;
Brawand et al. 2014).

In the present study, we contrast a convergent evolution scenario of pelvic-brooding
with the introgression of genetic variants, by using a phylogenomic approach. A recent study
suggested no direct gene-flow between the two pelvic-brooding lineages (Montenegro et al.
2022). However, similar phenotypes may result from recombining pre-existing variation in an
admixed population, where diverging species were exposed to similar external selection
pressures and genetic variants were re-used (Schluter & Nagel 1995). Gene flow is abundant in
Sulawesi ricefishes and has also been detected between pelvic-brooding Oryzias species (O.
sarasinorum and O. eversi) (Horoiwa et al. 2021), within Lake Poso Oryzias (O. nigrimas, O.
nebulosus, O. orthognathus and O. soerotoi) (Sutra et al. 2019) and the Malili Lake Oryzias
(0. matanensis, O. marmoratus and O. profundicola) (Mandagi et al. 2021) which form the
sister clades to the pelvic-brooding Oryzias (Fig. 1). Thus, gene flow from other sources into
the pelvic-brooding lineages harbours the potential to increase genetic variation impacting the
evolution of pelvic-brooding. We reconstructed 1907 gene-trees based on single-copy protein-
coding orthologous genes of ten Sulawesi ricefishes, five mainland ricefishes and four outgroup
species (two poeciliid and two killifish species each). We used these gene-trees as basis for a
multi-species coalescence analysis to investigate gene-tree — species-tree incongruencies and
to reconstruct a phylogenetic network. We further evaluated introgression on a genome-wide

level on published genomes of 17 Sulawesi ricefishes and two mainland ricefish species.



Results

Filtering of single-copy orthologous genes

From the 8552 single-copy protein-coding genes derived from the orthologous gene set
of Actinopterygii (ID 7898) from OrthoDB, 7331 genes were retained after removal of genes
with identified outlier sequences. Randomly similar aligned sections were identified in 1806
genes, hence we masked them (16.5% of all base pairs). According to the TreeShrink analysis,
507 gene trees showed suspiciously long branches and we discarded them from the data set.
Phylotreepruner, another method that uses a phylogenetic approach to identify potential
wrongly identified orthologs returned no suspicious genes. For final analyses, we kept 1907
orthologous genes (2.415.561 bp) present in all 16 ricefish and four outgroup species.
Gene-tree — species-tree incongruencies and one moderately supported node in the ML tree

The topology found in the species tree resulting from Astral (Fig. 2A) is highly
congruent with the one pulished by Mokodongan and Yamabhira (2015) (Fig. 1). In our tree,
however, O. nigrimas and O. nebulosus formed the sister clade to a clade comprising O. eversi,
O. sarasinorum and O. dopingdopingensis. Matching this inconsistency, we found that these
clades had many gene-tree — species-tree incongruencies (Fig. 2B). Even though the posterior
support values were “1” in each branching event in the species tree from Astral (Fig.S1), quartet
scores imply a high degree of uncertainty (Fig. 2C). We observed almost equal quartet
frequencies for three splits (split 3, 4 and 7, Fig. 2C in red). At split 3, which indicates the
pelvic-brooding Oryzias are sister to O. dopingdopingensis, one third of all gene trees supported
a sistergroup relationship of the pelvic-brooding Oryzias lineage with the Lake Poso Oryzias
and about one fifth supported that O. dopingdopingensis is most closely related to the Lake
Poso Oryrzias.

In split 4 — which was not inferred in the ML tree (Fig. 3), Lake Poso ricefishes were
sistergroup to the Malili lake system ricefishes in one third of all gene trees and in one third the
Malili lake system ricefishes were sistergroup to the pelvic-brooding species O. eversi and O.
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sarasinorum and the transfer brooder O. dopingdopingensis. Regarding split 7, in one fourth of
all gene trees O. woworae is sister to the other Sulawesi Oryzias instead of O. celebensis, and
in another fourth of the gene trees, O. woworae and O. celebensis were sistergroups and the
other Sulawesi Oryzias are sister to the rest of the ricefishes. In split 13, comprising also non-
Sulawesi Oryzias, alternative quartetts occur with about one fourth of all gene trees supporting
O. latipes and O. mekongensis as sistergroup to the Sulawesi ricefishes and one fifth O. latipes
and O. mekongensis are sistergroup to a clade comprising O. javanicus, O. melastigma and O.
dancena.

In the ML tree based on the concatenated supermatrix of 1907 orthologous genes, we
found a third possible topology (Fig. 3). Here, O. marmoratus and O. matanensis are sistergroup
to O. eversi, O. sarasinorum and O. dopingdopingensis. All splits obtained maximal bootstrap
support, except for the sistergroup relationship between O. marmoratus, O. matanensis and O.
eversi, O. sarasinorum and O. dopingdopingensis, which was only moderately supported. The
ancestral state reconstruction supported that pelvic-brooding evolved convergently in Oryzias

and Adrianichthys (Fig. 3).
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Detected introgression events in the younger Oryzias clades

We found no introgression among the pelvic-brooding species A. oophorus, O. eversi
and O. sarasinorum (Fig. 4), but between O. marmoratus from Mahalona and O. matanensis
from Lake Matano (Fig. 4). Furthermore, we found a signal of hybridization between O.
sarasinorum and Lake Poso species O. nebulosus, O. nigrimas, O. orthognathus and O. soerotoi
as well as between O. eversi and the same Lake Poso species (Fig. 4). The strongest signals of
introgression were located on chromosomes 9, 12 20 13 and 21 (on average >1 window with
a fa and fuv belonging to the highgest 5% within 30 windows) of the O. celebensis reference
genome (OCchr) (Fig. S4). Moderatley high signal of introgression was found on OCchr 11, 16
and 24 (on agerage 1 window with a f; and fav belonging to the highgest 5% within 40
windows). For the confidence interval for QConl on OCchr 1 17 19 (Tab. S11), a locus
associated with the concavity, in 1.46% for fz and 0.41% for fuu of the permutations, an equal
or higher number of top 1% D-values was found. For the confidence interal of QEgg1, in 9.52%
for f7 of the permutations a equal or more negative D-value was found. For QFin on OCchr 24,
a proposed QTL was 16 windows away from a window with high introgression single (top 1%).
A top 1% fu value within a range of 15 windows from the proposed location of the QTL was
found in 2.73% of the permutations. The other QTLs were on chromosomes with low
introgression signal and could not be associated with a high introgression signal (Fig. S4, Tab.
S11). The results of gene tree analyses with SNaQ were congruent with results of the D-statistic:
all indicated introgression between the Lake Poso Oryzias and the pelvic brooders O. eversi
and O. sarasinorum (Fig. 4, Fig. S2). Further, we observed a hybrid edge between the ancestor
of O. matanensis and O. cf. profundicola. This was in line with the ambiguous node 4 in the
quartet tree of Astral (Fig. 2) and the moderately supported node in the ML tree (Fig. 3). We
also observed a hybrid edge between O. dancena and the ancestor of O. celebensis and the
younger Oryzias lineages. However, the amount of similarity was rather low with 0.46% (Fig.

4). The genes with the highest D-values were found on OCchr 1 17 19, 8 and 24.
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Using TreeMix (Fig. S3), we identified two introgression events supported with a light
migration weight between A. oophorus and O. melastigma and O. javanicus and the most
recent common ancestor of the pelvic-brooding Oryzias and the Malili Lake system Oryzias.
With 2 edges (two introgression events), a migration event between the ancestor of the Poso
ricefishes and the ancestor of the two Oryzias pelvic brooders was suggested, and also had a
high migration weight (red arrow). With four edges, the migration event between O.
matanensis and O. marmoratus “Mahalona” was observed. With a fifth edge, another event

within the Lake Malili system Oryzias was hypothesized.
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Discussion

No Hybridization between Adrianichthys and Oryzias, but abundant gene-flow within Oryzias
from Sulawesi

After analyzing 1907 single-copy protein-coding genes and ~ 38 mio genomic SNPs,
we did not detect any sign of direct gene-flow between the pelvic-brooding lineages, which is
in line with previously published results (Montenegro et al. 2022). Slightly different phenotypic
expression of pelvic-brooding traits and a differing extent of sexual dimorphism between
species of the two pelvic-brooding lineages, Adrianichthys and Oryzias (Spanke et al. 2021)
provide additional support for an independent origin of pelvic-brooding in each lineage. We
found, however, gene flow from Lake Poso Oryzias into the pelvic-brooding Oryzias lineage.
Several ancient and recent gene flow events occurred, e.g., locally within lake systems as was
shown in the Malili lake system including O. marmoratus, O. matanensis and O. profundicola
(Mandagi et al. 2021). Gene flow over large spatial distances was observed in O. sarasinorum
and O. eversi which nowadays occur 190km apart from each other (Horoiwa et al. 2021). Gene
flow over both, large spatial as well as phylogenetic distance, was detected between O. soerotoi
in Lake Tiu and the ancestor of O. nebulosus and O. orthognathus in Lake Poso (Horoiwa et
al. 2021). All this evidence indicates that ricefish evolution is better described in a network-like
evolutionary structure (Fig. 2), rather than by a simple bifurcating tree.
The quasi-independent origin of a complex reproductive strategy

The QTLs of two traits associated with pelvic-brooding (QCon1 and QFin; Montenegro
et al. 2022) lie within regions with high D-values, suggesting that introduced genetic variants
from the Lake Poso Oryzias might have played a role in the evolution of pelvic-brooding (Fig.
S4). However, for two other QTLs the underlying genetic region seemed to have a different
genotype compared to the Lake Poso ricefishes and O. dopingdopingensis (Qcon2 and QEggl,
expressed by highly negative D-values) and likely evolved de novo in the pelvic-brooding
Oryzias. The introgression event occurred after the splitting of O. dopingdopingensis and the
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pelvic-brooding Oryzias (~1.4—1.8 mya based on Ansai et al., 2021; Mokodongan & Yamahira,
2015). Hence, a potential gene flow event between the Lake Poso and pelvic-brooding stem
lineage dates around the origin of Lake Poso, which is assumed to be not older than 1-2 mya
(Rintelen et al. 2004; von Rintelen & Glaubrecht 2006). Intriguingly, all Adrianichthys species
are endemic to Lake Poso, which would allow an indirect transmission of pelvic-brooding
alleles into the stem lineage of the pelvic-brooding Oryzias. This assumption is contradicted by
the lack of gene flow detected between Adrianichthys and any of the Oryzias species, though
old hybridization events might be hard to detect. Based on our data, we found that a small
percentage (0.46%; Fig.S1) of the O. dancena genome has introgressed into the ancestor of O.
celebensis and the younger Oryzias lineages hinting towards that older hybridization events
occurred between different ricefish lineages. Ancient hybridization events have the potential to
serve as resource for adaptive genetic variation. Available ecological niche space allows
selection to act upon genetic diversity originating from differently combined old alleles,
generating adapted and divergent phenotypes (Seehausen 2013, 2004). For example, in the
apple maggot Rhagoletis pomonella, introgressed genetic regions were found, deriving from an
ancient hybridization with Mexican Altiplano highland fruit flies about 1.6 million years ago.
However, the emergence of new species using this old variation to adapt to new hosts happened
more recently (Feder et al. 2003). Under this combinatorial view, reassembling old variants into
new combinations promotes rapid speciation and adaptive radiation (reviewed in Marques et
al. 2019). To further disentangle the genomic background of pelvic-brooding in the two
distantly related ricefish lineages, in-depth comparative genomic studies are needed.
Habitat dependence — why did pelvic-brooding evolve twice?

Irrespective of the genetic background, strong selective pressures must have shaped the
evolution from ancestral transfer-brooding to the extended care (of pelvic-brooding), which is
presumably costly in terms of increased predation risk and increased energetic costs of the care-

giver (Wootton & Smith 2014; Cooke et al. 2006). Especially when assuming convergent
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evolution the role of the environment was proven to be strong for the adaptive value of
replicated trait differentiation (Losos et al. 1998; Gompel & Prud’homme 2009; Arendt &
Reznick 2008). Present day macro-habitats of pelvic-brooding ricefishes range from lakes to
small karst-ponds (reviewed in Parenti, 2008; e.g. Herder et al., 2012; Mandagi, Mokodongan,
Tanaka, & Yamabhira, 2018); in Lake Poso, pelvic-brooding Adrianichthys mainly occupy open-
water habitats, leading to the hypothesis that it evolved in adaptation to the absence of suitable
spawning substrates in pelagic habitats (Herder et al. 2012). Oryzias eversi, however, was
described from a small karst pond where potential spawning substrates are abundant (Herder et
al. 2012). Thus, present day habitats make it rather complicated to define a general selective
regime that might have favoured the evolution of pelvic-brooding. Furthermore, the
paleogeographical history of Sulawesis water bodies is barely known and complicated (Wilson
& Moss 1999; Hall 2001), leaving plenty of room for speculations, like presumable ancient
connections between waterbodies or the existence of a paleolake in central Sulawesi (Utama et
al. 2022). Thus, even an ancestral syntopic distribution of 4. oophorus, the ancestor of O. eversi
and O. sarasinorum and ancestors of the lake Poso Oryzias seems possible. Given the costs and
direct fitness effects of switching reproductive strategies and the rather fast convergent
evolution of pelvic-brooding in two distinct lineages it appears likely that similar environmental
and selection pressures in combination with gene flow fueled its evolution.

Conclusions

Several gene flow events within Sulawesi ricefishes indicate that the Sulawesi ricefish
radiation did not follow a tree-like evolution. In this study, we found no introgression between
the two distantly related pelvic-brooding lineages, but detected gene flow into the stem lineage
of pelvic-brooding Oryzias from Lake Poso Oryzias. The presence of elevated D-values within
the confidence intervals of QTLs for pelvic fin length and the ventral concavity raise the
possibility that genetic variants were recruited for the evolution of pelvic-brooding via
hybridziation with a closely related species.
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Material & Methods

Taxon sampling

Fish were collected in Sulawesi between 2011 and 2013 and some species were bred in
the aquarium until they were sacrificed (for details see supplementary Tab. S1). We sequenced
the transcriptomes of twelve ricefish species (Adrianichthys oophorus, Oryzias mekongensis,
O. dancena, O. cf. profundicola, O. nebulosus, O. javanicus, O. sarasinorum, O. eversi, O.
nigrimas, O. woworae, O. celebensis, O. matanensis) and the genome of O. dopingdopingensis.
Furthermore, a published genome of O. javanicus (GenBank Bioproject: PRINAS505405,
Biosample: SAMN10417210) and the official gene sets (OGS, used reference genomes in Tab.
S6) of two ricefish species (O. latipes and O. melastigma) and four outgroup species (Poecilia
formosa, Xiphophorus maculatus, Nothobranchius furzeri and Austrofundulus limaneus)
derived from the orthologous gene sets of Actinopterygii (TaxID 7898) from OrthoDB (Tab.
S1) were included in our analyses.

Sequencing and orthology prediction

We extracted RNA from complete fish and prepared non-stranded Truseq mRNA
libraries which were sequenced on an Illumina Hiseq2000 at the CCG in Cologne (we provide
a shortened version of material and methods here, details about all used methods are in the
supplement). We used the Qiagen DNeasy Blood &Tissue Kit to extract DNA of O.
dopingdopingensis. A genomic short read TruSeq DNA PCR free library was prepared by
Macrogen sequencing company; finally 15,698,917,340 bases and 103,966,340 reads were
sequenced.

The raw transcriptomic reads were quality-filtered using trim-fast.pl from the
PoPoolation pipeline (Kofler et al. 2011) and assembled using Trinity v2.8.4. (Grabherr et al.
2011; Haas et al. 2013). A de novo whole-genome assembly of O. dopingdopingensis short
reads was generated according to Bohne et al. (2019) and Malmstrem, Matschiner, Torresen,
Jakobsen, & Jentoft (2017) and annotated using gene predictions of O. latipes and O.
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melastigma, a protein set from O. javanicus and a set of orthologous genes generated in this
study. Busco completeness scores of the transcriptomes ranged from 60.7% to 80.9%
(Actinopterygii Odb9) (Tab. S3) and the annotated genome assembly had 97% complete Busco
completeness score.

We created the reference ortholog set using the orthologous gene set of Actinopterygii
(TaxID 7898) downloaded from OrthoDB (Waterhouse et al. 2013). We used Orthograph
v0.7.1 (Petersen et al. 2017) to find orthologous genes in our transcriptome assemblies and the
genome assembly. The orthologous genes were aligned using MAFFT v7.221 with the L-INS-
I algorithm (Katoh & Standley 2013) on the amino-acid level and outliers in genes were
identified and the respective genes removed according to Misof et al. (2014). We created
nucleotide alignments with the amino acid alignments as a control with a modified version of
Pal2Nal v14 (Suyama et al. 2006; Misof et al. 2014) and masked ambiguously aligned regions
(maximum number of pairwise sequence comparisons for each MSA (option -r), and the -e
option for gap-rich data sets, leaving remaining settings to defaults) and subsequently removed
all MSA sections, which were indicated as randomly similar aligned with ALISCORE v2.0 and
ALICUT v2.3 (Misof & Misof 2009; Kiick et al. 2010; Misof et al. 2014).

Phylogenomic analyses

We used IQ-TREE v1.6.12 to create trees for every gene separately (Nguyen et al. 2014)
(for details on the methods described in this paragraph, see supplement). For each gene, a
substitution model was estimated (Tab. S9). We used Astral v5.7.3 to run a multi-species
coalescent model (Zhang et al. 2018). The gene trees were tested with Pyhlotreepruner (Kocot
et al. 2013) and TreeShrink (Mai & Mirarab 2018). Phylotreepruner checks for paralogous
sequences and TreeShrink for extremely long branches. The results of Astral were displayed
using DiscoVista (Sayyari et al. 2018). The gene trees were made ultrametric using the function
“chronos” in R v4.1.2 (package “ape” v5.6-2 (Paradis & Schliep 2019) to use them for

Densitree2.01 (Bouckaert & Heled 2014).
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The genes were ordered according to their position on the reference genome of O. latipes
(RefSeq GCF_002234675.1, Bioprject PRINA325079) and in this order concatenated using
FASconCAT-G (Kiick & Longo 2014). The resulting supermatrix was partitioned and for each
partition a suitable model was searched in IQ-TREE, taking codon position into account. We
ran 20 single tree searches and 50 non-parametric, slow bootstrap replicates.

Finally, we did an ancestral state reconstruction in RASP4.2 (Yu et al. 2020). We assigned a
state of pelvic-brooding to O. eversi, O. sarasinorum and A. oophorus, a state of transfer
brooding to the other ricefishes and a state of live-bearing to the outgroup poecilia formosa.
We used the ML tree as a basis and ran the S-DIVA model.

Analyses of gene-flow pattern based on genome-wide SNPs and orthologous genes

We downloaded whole genome data from GenBank of 26 individuals of 19 ricefish
species including four specimen of O. marmoratus, three O. wolasi specimen, and four O.
woworae specimen from different localities (Bioproject PRIDB10385), O. javanicus
(Bioproject PRINAS505405, accession number SRR8467745) and O. melastigma (Bioproject
PRINAS556761, accession number SRR12442554) and mapped them on the O. celebensis
reference genome from Genbank (GCA_014656515.1, Bioproject PRIDB10371, Ansai et al.,
2021) (methods used in this paragraph are described in detail in the supplement). Filtering
resulted in 38183142 SNPs and we created a vcf file which we used for Dsuite v0.4r41, a
program to calculate D-statistics based on a vcf file (Malinsky et al. 2021). To locate regions
of elevated D-values, we used Dlnvestigate, a follow-up analysis included in Dsuite. It
calculates different D-statistics for windows across the genome. We left window size and steps
at default. We used fz and fav, two statistics specifically designed to detect introgressed loci.
Where f; is distributed on the interval [- Infinity, 1] (Martin et al. 2015), fais distributed on
the inveral [-1,1] under the null hypothesis of no introgression is symmetrically distributed
around zero (Malinsky et al. 2015). To track down chromosomes with the strongest signal of

introgression, windows with top 5% (Fig. S4) values for genome-wide f; and fis were counted
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and corrected for chromosome length. Additionally, we checked whether windows with the top
5% and top 1% of genome-wide f7 and fays values fall within the confidence intervals of QTLs
associated with pelvic-brooding (Fig. S5). To test if D-values were significantly higher (if
positive) or lower (if negative) than expected by chance in the QTL intervals, we distributed
the windows with highest D-values (top 1%) randomly over the whole genome 10’000 times
and checked, how often we find the same or higher D-values compared to the real QTL
intervals. Further we used Treemix v1.13, a graph-model based program, to asses hybrid edges
based on the SNP dataset with all missing data removed (Pickrell & Pritchard 2012). To check
for signatures of hybridization within the orthologous genes, we used SNaQ which additionally
takes different evolutionary rates of branches into account (Solis-Lemus et al. 2017; Solis-
Lemus & Ané 2016). We used HybridCheck to find elevated D-values in our orthologous gene
set (Ward & van Oosterhout 2016). The regions of elevated D-values were compared to the
quantitative trait loci (QTLs) associated with pelvic fin length, the extent of the concavity and

duration of egg carrying found in (Montenegro et al. 2022).
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Table S2: Genbank accession numbers of used transcriptomic and genomic sequences.

Sample name Species fcigg;:ij;:;t chic(:):s:ilc?rie
Adrianichthys
SN7640252 21073 A8 oophorus PRINA827986 SAMN27626413
SN7640151 8336 Oeversi Oryzias eversi PRINAS27986 SAMN27626414
SN7640151 8337 Onigrimas  Oryzias nigrimas PRINAB27986 SAMN27626415
SN7640151 8339 Owoworae  Oryzias woworae PRINAB27986 SAMN27626416
SN7640151 8340 Ocelebensis Oryzias celebensis PRINAS27986 SAMN27626417
SN7640151 8341 Omatanensis Oryzias matanensis PRINAB27986 SAMN27626418
SN7640176 9758 Omeko Oryzias mekongensis PRJNA827986 SAMN27626419
SN7640252 21070 Ospecl1 Oryzias sp. PRINA827986 SAMN27626420
SN7640252 21071 Oneb50 Oryzias nebulosus PRINA827986 SAMN27626421
SN7640252 21075 Ocelebl21 Oryzias javanicus PRINAS27986 SAMN27626422
SN7640252 21076 _Ospecl6 Oryzias sarasinorum  PRJNA827986 SAMN27626423
SN7640252 21077 Odanl1 Oryzias dancena PRINAB27986 SAMN27626424
Oryzias
O dop M JS19 2 dopingdopingensis PRINAS38810 SAMN28464198

Table S3: Busco scores for transcriptomic and genomic assemblies used in Orthograph.

Sample C S D F M n

A8 74.6% 72.0% 2.6% 10.3% 15.1% 4584
O _celebensis 77.1% 74.8% 2.3% 8.6% 14.3% 4584
O danll 80.9% 78.1% 2.8% 8.5% 10.6% 4584
O _eversi 72.0% 69.9% 2.1% 12.1% 15.9% 4584
O celebl21 60.7% 59.1% 1.6% 14.5% 24.8% 4584
O_matanensis 76.3% 73.8% 2.5% 10.5% 13.2% 4584
O_meko 80.3% 77.6% 2.7% 10.1% 9.6% 4584
O neb50 74.7% 72.3% 2.4% 11.9% 13.4% 4584
O_nigrimas 76.7% 74.6% 2.1% 9.1% 14.2% 4584
O specll 70.5% 68.5% 2.0% 8.8% 20.7% 4584
O specl6 63.1% 61.1% 2.0% 13.6% 23.3% 4584
O _woworae 73.3% 70.5% 2.8% 11.7% 15.0% 4584
O_dopingdopingensis

* 90.5% 89.7% 0.8% 3.7% 5.8% 3640

*genome assembly



Table S4: Statistics by Quast about O. dopingdopingensis genome assembly done in Celera.

N50: 87692 bp
total length: 613401338 bp
number of contigs: 17142
largest contig: 789960 bp

Table S7: Orthograph statistics about found orthologous sequences within the transcriptomic
or genomic assemblies.

Total Numbe averag min
Number number of rof e median max  lengt

Sample of hits aa stop N50  length length  length h

A8 6151 2669391 21 539 433 360 3372 29
O _celebl21 5903 2125137 11 437 360 312 2638 21
O_celebensis 6095 2731016 15 561 448 367 3218 10
O_dan 6544 3041487 14 578 464 372 4639 30
O_eversi 6055 2644670 17 549 436 355 3449 30
O_javanicus_JAPAN cds 6587 3333663 5 612 506 413 5079 31
O_matanensis 6315 2790909 28 550 441 361 2929 29
O_meko 6422 2906866 11 557 452 372 4640 30
O_neb50 6304 2721169 23 535 431 357 3148 6
O_nigrimas 6102 2686015 22 549 440 364 2898 30
O _specll 5652 2307383 23 504 408 340 4640 12
O_specl6 5984 2180109 27 443 364 323 2664 15
O_woworae 6124 2655760 23 542 433 352 2999 30
O_dopingdopingensis CDS 6874 3027352 13 529 440 361.5 4232 30




Table S11: results from comparison of DInvestigate results within QTL intervals
(Montenegro et al. 2022) and 10°000 permutations of randomly distributed top 1% of D-
values (n=162) on whole genome, to see if pattern could be observed by chance. No neg.
values means that there were no high negative D-values (top 1% of most positive and most
negative D-values) in the real interval, no pos. values means that there were no high positive
(top 1%) D-values in the real interval. Percentages say how many percent of the permutations
had the same or a higher amount of high D-values within the QTL intervals. For QFin, we
tested in how many percent of the permutations we observe a high D-value within the £15

windows interval, what was observed in the real interval.

criteria f d (red) f dM (blue)
QConl chr1 17 19 top 1% positive D-value 1.46% 0.41%

top 1% negative D-value no neg. values  no neg. values
QCon2 chr 6 23 top 1% positive D-value 77.42% 79.94%

top 1% negative D-value 40.77%  no neg. values
QCon3 chr 13 top 1% positive D-value 93.12% 100.00%

top 1% negative D-value

no neg. values

no neg. values

QEggl chr 8 top 1% positive D-value no pos. values  no pos. values
top 1% negative D-value 9.52% 29.64%
QEgg2 chr 15 top 1% positive D-value 73.53% 76.23%
top 1% negative D-value no neg. values  no neg. values
QFinl chr 24 top 1% positive D-value 48.42% 82.70%
top 1% negative D-value no neg. values  no neg. values
QFinl chr 24 top 1% positive D-value 2.73% 23.62%

(within +/- 15 windows
interval from QTL)

top 1% negative D-value

no neg. values

no neg. values
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Fig S3: Results from TreeMix: same introgression events were found as in the Dsuite

analysis, 1) between the Oryzias pelvic brooders and the Oryzias Lake Poso and 2) between

O. matanensis and O. marmoratus Mahalona.
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Fig S4: Results from DInvestigate: On the y-axis are the D-values for the sliding-windows
(size 50 kbp, red top 5% values of f, blue top 5% values of fuys). On the x-axis are the
positions on the respective O. celebensis reference genome, naming follows the synteny with
the O. latipes reference genom (how positions refer to base pairs can be read in Table S11).
Grey boxes mark the confidence intervals of the QTLs found in Montenegro et al., 2022,
black stars the QTLs (QConl-3, QEggl-2, QFin). Pink stars mark the position of the genes

with elevated D-values found in HybridCheck.
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Fig S5: same figure as S4, but with only top 1% of D-values in red and blue. Sliding-windows
have a size of 50 kbp, in red top 1% values of fz, in blue top 1% values of fi7). On the x-axis
are the positions on the respective O. celebensis reference genome, naming follows the
synteny with the O. latipes reference genome (how positions refer to base pairs can be read in
Table S11). Grey boxes mark the confidence intervals of the QTLs found in Montenegro et al.,
2022, black stars the QTLs (QConl1-3, QEggl-2, QFin). Pink stars mark the position of the

genes with elevated D-values found in HybridCheck.
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Material and Methods
RNA extraction and library preparation

The dead fish was put into a plastic tube and 1ml TRIzol per 100mg of tissue was added.
A polytron was used to homogenize the fish thoroughly and the lyzed tissue was incubated at
room temperature for 5 minutes. An aliquot of 1ml was transferred to a new tube and the
remaining sample was put in the -80°C freezer. To the Iml aliquot, we added 200ul of
chloroform. The tube was shaken by hand for 15 seconds and incubated for 3 minutes at room
temperature before centrifuging for 15 minutes at 12000g at 2-8°C. The aqueous phase was
transferred to a new tube. Isopropanol (half the volume of originally added TRIzol) was added,
mixed and incubated at room temperature for 15 minutes. The tube was placed into the
centrifuge for 10 minutes at 12000g at 2-8°C. The RNA formed a gel like precipitate. The
supernatant was removed and the pellet washed with 1 ml 70% EtOH. After a short mix the
tube was put into the centrifuge for 5 minutes at 7500g at 2-8°C. The pellet was air-dried and
diluted in RNAse free water (400ul) and stored at -20°C.
Post isolation cleanup of crude RNA extract

An equal volume of LiCL (5M) was added to the crude RNA extract, mixed and
incubated for one hour at -20°C. The tube was centrifuged for 30 minutes at 16000g. The
supernatant was removed and the pellet was washed with 70% EtOH until it appeared white
and brittle. The tube was again centrifuged to collect particles and the EtOH was carefully
removed. This wash step was repeated. After the pellet was air-dried and 455 ul of water and 5
ul of RNAse inhibitor was added. 10 pl of EDTA 0.5 M were added, mixed and incubated for
15 minutes at 65°C. The solution was loaded on a microcon spin column and centrifuged at
14000g until all liquid has passed. The spin column was refilled with 300ul of RNAse free
water, mixed using a filtered tip and centrifuged again. The last step was repeated. RNA was
eluted in 200 pl of water and RNAse inhibitor was added.

DNA extraction and library preparation
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DNA was extracted from a tissue sample of O. dopingdopingensis using the Qiagen
DNeasy Blood & Tissue kit. Libraries were prepared using TruSeq DNA PCR free (350) at
macrogen sequencing company and sequenced on an Illumina Hiseq2000.

Transcriptome sequencing, trimming and assembly

The Truseq mRNA libraries were prepared at the CCG in Cologne and sequenced on
[llumina Hiseq2000. Raw data was trimmed and quality-filtered using trim-fast.pl from the
PoPoolation pipeline with default options (Kofler et al. 2011). Transcriptomes of all species
were assembled de novo using Trinity v2.8.4 (Grabherr et al. 2011; Haas et al. 2013). We ran
Trinity in standard (not strand-specific) mode with in silico read normalization (max. read
coverage = 50), two-fold minimal kmer coverage and a minimal contig length of 250 bp.
BUSCO v3.0.2 (Simdo et al. 2015) was used to generate estimates of transcriptome
completeness, redundancy and fragmentation by searching for 4,584 Actinopterygii single copy
orthologs (0db9).

Short read sequencing, assembly and contamination check

A genomic short read TruSeq DNA PCR free library was prepared by Macrogen
sequencing company. De novo whole-genome assemblies were generated from the Illumina
raw sequencing data following the approach described in Béhne et al. (Bohne et al. 2019) and
Malmstrem et al. (Malmstrem et al. 2017) using CeleraAssembler v.8.3 (Myers et al. 2000) and
FLAShv.1.2.11 (Magoc & Salzberg 2011). Assembly quality and read coverage were evaluated
with QUAST v.502 (Gurevich et al. 2013) (Table S4). The completeness of the assemblies was
assessed with BUSCO v.406 (Manni et al. 2021) using the BUSCO test library of 3640
conserved actinopterygian genes.

Annotation of genome assembly

Identification and masking of repetitive elements in the genome sequence of O.

dopingdopingensis was performed with the following bioinformatic tool case. Nucleotides were

masked using the DUST algorithm with dustmasker (version 1.0.0, part of blast+ 2.9.0
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(Altschul et al. 1990; Camacho et al. 2009) (Kuzio et al., unpublished but described in Morgulis,
Gertz, Schéffer, & Agarwala, 2006). Tandem Repeats were identified with Tandem Repeat
Finder (trf version 4.09) (Benson 1999). A species-specific de novo repeat library was built
with RepeatModeler v1.0.11 (http://www.repeatmasker.org/RepeatModeler/). Repeat Elements
were located in the genome sequence using RepeatMasker (version 4.1.0)
(http://www.repeatmasker.org) with the de novo and Danio rerio libraries. The information
from all four repeat analyses was merged and the genome was softmasked with bedtools
(2.29.2) (Quinlan & Hall 2010) PMID: 20110278; PMCID: PMC2832824.]. All steps of
masking repetitive regions were performed with scripts provided by the sigenae platform,
following the workflow from (Feron et al. 2020).

For the identification of genes the masked genome was annotated with funannotate
(Palmer & Stajich 2019). The sequences were sorted by length with the ‘funannotate sort’
function, followed by a gene prediction with ‘funannotate predict’. No training based on RNA-
Seq data was performed since it was not available for this species. Additional external evidence
from transcripts and proteins was added. As transcript evidence, gene predictions from Oryzias
latipes (NCBI Bioproject:PRINA183868; Assembly: GCF_002234675.1) (Kasahara et al.
2007) and Oryzias melastigma (NCBI Bioproject: PRINA401159 ; Assembly: ASM292280v2)
(Kim et al. 2018) were used. As protein evidence, a protein set from Oryzias javanicus (NCBI
Bioprject : PRINAS505405 ; Assembly: GCA 003999625.1) (Lee et al. 2020), manually
annotated reference sequences from UniProt Knowledgebase (UniProtKB) (Release 2020 02
(22-Apr-2020) UniProtKB/Swiss-Prot with 562,253 entries ) (Apweiler et al. 2004) and a set
of orthologous sequences generated in this study. Furthermore, the de novo gene predictors
were trained with the Busco dataset of actinopterygii_odb10. Gene prediction resulted in a total
of 56658 genes.

Ortholog set
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We generated a reference set consisting of 8552 single-copy protein-coding genes
derived from OrthoDB v.9.1 (Waterhouse et al. 2013) available for the following species:
Austrofundulus limnaeus, Centrocoris variegatus, Fundulus heteroclitus, Kryptolebias
marmoratus, Nothobranchius furzeri, Oryzias latipes, O. melastigma, Poecilia formosa, P.
latipinna ,P. mexicana, P. reticulata and Xiphophorus maculatus (NCBI Accession numbers in
Table S6). The hierarchical split was set to Actinopterygii (ID 7898). We used the script “make-
ogs-corresponding.pl” to check for inconsistencies between the amino acid sequences and the
corresponding nucleotide sequences and removed 50 problematic genes (Tab. S5).
Identification of orthologs for transcripts and genome and alignment of single-copy genes

Ortholog identification among 16 ricefish species and four outgroups (table) was carried
out with Orthograph v0.7.1 (Petersen et al. 2017). Forward search for candidate transcript was
left at default. Best reciprocal hit: Ortholog candidate genes needed at least one hit in either O.
latipes or O. melastigma and we allowed concatenation of hits if they met the criteria and did
not overlap. Max-blast-searches were set to 50, blast-max-hits were also set to 50. “U” in the
amino acid sequences was changed to “X” to avoid issues in downstream analysis. The results
of the orthology prediction were summarized for all species using a custom perl script coming
with the orthograph package. Sequences of only those orthologs with all species present were
aligned using MAFFT v7.221 with the L-INS-I algorithm on amino acid level (Katoh &
Standley 2013). Outliers were identified according to Misof et al. 2014 and we subsequently
removed all orthologs with identified outlier sequences from further analysis. We used the
amino-acid alignments as blue print to generate corresponding nucleotide alignments with a
modified version of Pal2Nal v14 (Suyama et al. 2006; Misof et al. 2014). To check each amino
acid alignment for ambiguously aligned regions, we ran ALISCORE v2.0 with the maximal
number of possible sequence selected pairs to analyze (-r) (Misof & Misof 2009; Kiick et al.

2010; Misof et al. 2014). Sites which needed masking were cut out using ALICUT v2.3 (Kiick
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2009) from the amino acid alignments and correspondingly also from the nucleotide
alignments. For further analyses we only proceeded with the data set on nucleotide level
Multispecies coalescent tree

For the masked data set a substitution model was estimated for each gene alignment on
nucleotide level using IQ-TREE v1.6.12 with all available nt models (Nguyen et al. 2014;
Kalyaanamoorthy et al. 2017). Using the most appropriate evolutionary model, we calculated
ten trees with random seed for each gene alignment and chose the best-scoring tree according
to AICc (corrected Akaike Information Criterion). In addition, for each gene, branch support
was estimated using the fast mode with IQ-TREE from 3000 BS replicates and plotted onto the
best scoring gene tree. We collapsed splits with a bootstrap support below 10%. Each tree was
rooted with the outgroup taxa using Newick utilities (Junier & Zdobnov 2010). Using ASTRAL
v5.7.3, we calculated a species tree from the gene trees under the multi-species coalescent
model (-t 8 printing alternative quartet support, -t 3 printing local posterior probabilites (Zhang
etal. 2018). We scanned the gene trees for paralogous sequences using PhyloTreePruner (Kocot
et al. 2013). The analysis resulted in no suspicious genes. Further, we ran TreeShrink, to find
gene trees with extremely long branches (Mai & Mirarab 2018). We found 492 gene trees with
suspiciously long branches which we therefore removed from further analyses.
Discovista

To visualize phylogenetic discordance we used the software package DiscoVista
(Sayyari et al. 2018). Each species was assigned as one clade and the four outgroup species as
the base. Documentation on how to run the program can be found on

https://github.com/esayyari/DiscoVista. Here we used the gene trees with all splits with a BS

below 10% collapsed.
Densitree
We collapsed splits with lower than 30% bootstraps support using Newick Utilities. The

trees needed to be ultrametric, which was done in R v4.1.2 using the package “ape” v5.6-2
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(Paradis & Schliep 2019) and the function “chronos”. All ultrametric trees were added to one
file and imported into DensiTree2.01 (Bouckaert & Heled 2014).
Ordering genes according to the Oryzias latipes reference genome

To take linkage into account we assigned genes identified as single copy orthologs to
Oryzias latipes linkage groups based on the O. latipes reference (GCF_002234675.1,
Bioproject PRINA325079) using blast+ vs 2.9.0 with evalue=0.00001, -outfmt 7, -
max_target seqs 10. Alignments were then concatenated according to linkage group
information into a supermatrix (from LG 1 in ascending order) using FASconCAT-G (Kiick &
Longo 2014).

Phylogenetic reconstruction using maximum likelihood

We used the concatenated supermatrix to run FastTree v2.1.11 (Price et al. 2009) with
the generalized time-reversible model with the neighbour-joining option and 3000 “fast-global”
bootstraps (Fig. S5). For the ML tree reconstruction the same supermatrix and its partition
scheme based on the substitution models found analysing single gene trees were used. We ran
20 single tree searches, 10 with a randomized starting tree, 10 with a parsimony starting tree
using IQ-TREE v1.6.12 (Nguyen et al. 2014). Statistical support was derived from 50 non-
parametric, slow bootstrap replicates which was subsequently mapped on the tree with the best
log-likelihood score. The number of unique tree topologies were checked with Uniquetree
version 1.9 (Wong, available upon request).

We checked for the convergence of bootstrap replicates a posteriori with RAxML
version 8.2.11 (options: -autoMRE -B 0.01 --bootstop-perms=10000) starting with random
seeds (Pattengale et al. 2010) 10 times independently. Bootstrap replicates converged always
after 50 replicates. We checked the data for rogue taxa using RogueNaRok version 1.0 (Aberer
et al. 2013) providing for each data set the best ML tree and otherwise default settings. Our data
set was found to be free from rogue taxa.

Introgression analysis
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We wused published shortreads from Genbank of O. javanicus (Bioproject
PRINAS505405, accession number SRR8467745) (Takehana et al. 2020), O. melastigma
(Bioproject PRINAS556761, accession number SRR12442554) and 26 other Adrianichthyidae
(Bioproject PRIDB10385) (Ansai et al. 2021) to assess introgression on a genomic level. The
short reads were mapped on the O. celebensis reference genome (DRA010635 on DDBJ)
(Ansai et al. 2021) using bowtie2 v2.3.5.1 (Langmead & Salzberg 2012) and sorted using
samtools/1.10 (Li 2011). Further, we used the functions fixmate and markdup of samtools to
eliminate PCR duplicates. SNPs were called using mpileup from bcftools/1.10.2 (Li 2011) and
the vcf file was checked using the R package vefR (Knaus & Griinwald 2017) and filtered using
beftools (QUAL>25, DP>30, MQ>25, only SNPs). The filtered vcf file was analyzed in Dsuite
(Malinsky et al. 2021) using the function Dtrios which automatically tests all possible
combinations. All comparisons with D-values above 0.15 were considered to be realistic
introgression events. We used O. javanicus as outgroup. A shortened version of the same vcf
file used in Dsuite was used as input for DInvestigate containing the following species: Oryzias
eversi and O. sarasinorum were marked as one population (pelvic brooders), the Poso Oryzias
(O. nebulosus, O. nigrimas, O. orthognathus, O. soerotoi) were defined as one population and
O. dopingdopingensis as one. Window steps and size were set at default. We used the corrected
D-values f7 (Martin et al. 2015) and fas (Malinsky et al. 2015) for whole genome analysis. We
considered D-values as high if they belonged to the top 5% of detected D-values. To evaluate
which chromosomes have highest introgression signal, the number of high D-values was
divided by number of windows for each chromosome, for both f; and fiu. Further, we sampled
as many random windows from all chromosomes as the number of windows within the
confidence intervals of the QTLs found in (Montenegro et al. 2022), to see if the pattern of D-
values within the confidence intervals cannot be observed by chance. The random sampling
was done 10.000 times per confidence interval, and we looked at the highest D-value and the

sum of D-values in the random sample, also for both f; and fa.

25



With SNaQ we created a phylogenetic network to identify hybridization based on the
gene trees derived from IQ-TREE. SNaQ is part of the PhyloNetworks package (Solis-Lemus
et al. 2017) . We increased the number of hybrid edges until the log likelihood score did not
anymore change significantly.

We prepared four multiple sequence alignments for HybridCheck, with O.
dopingdopingensis as P1, either O. sarasinorum or O. eversi as P2, either O. nebulosus or O.
nigrimas as P3 and A. oophorus as P1. We divided each alignment into 50 steps, where ABBA
and BABA sites were counted and compared. Regions which were significantly deviated in all
four comparisons were used and the gene was located on the O. latipes reference genome.

For the TreeMix (v1.13) (Pickrell & Pritchard 2012) analysis we used the >38 mio SNPs
data set with all missing data removed and we used the Stacks (v2.60) (Catchen et al. 2011)
function --treemix to prepare the input file. We ran TreeMix with k=1000 to account for loci in
linkage. We tested four hypotheses with 1 to 4 introgression events (= edges) (Fig. S2).
Ancestral state reconstruction

We used RASP4.2 (Yu et al. 2020) to infer the ancestral state reconstruction of pelvic-
brooding on the ML-tree. Poecilia formosa had status “A” as live-bearer, transfer brooders had
status “B” and the pelvic brooders 4. oophorus, O. sarasinorum and O. eversi had status “C”.

Each species could only have one status. We ran the S-DIVA model.
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Abstract

In contrast to mammals and birds, fishes show a large variation in genetic sex determination.
Why this flexibility in sex determination exists and how it contributes to adaptation and
speciation remains elusive. The ricefishes from Sulawesi serve as the perfect system to study
the connection between the evolution of different sex determining genetic architectures and
adaptive traits: first, so far seven sex determination turnovers were documented in this family
and second, a pronounced sexual dimorphism related to a derived brooding strategy in females
can be observed. We hypothesize that the derived brooding strategy evolved together with a
new genetic architecture of sex determination. We crossed a pelvic-brooding (O. eversi) with a
transfer-brooding species (O. nigrimas) to map sex in their F2 generation (intercrosses and
backcrosses with both parental species). We found a significant QTL for sex in the intercrosses
and the O. eversi backcrosses on a linkage group corresponding to O. latipes chromosome 24
(OLchr 24). For the O. nigrimas backcrosses, we found three potential QTL on OLchr 4, OLchr
20 and OLchr 24, indicating a polygenic sex determining genetic architecture in the transfer
brooding species. Our results add to previous studies, where a sex determining region for O.
eversi was found on OLchr 4, that sex determination might as well be polygenic/polymorphic

in the pelvic-brooding species. Nonetheless, the genetic architectures differ between the two



species, leading to the conclusion that the variation in sex determination might have aided the

evolution of an adaptive brooding strategy.
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Introduction

The conspicuous dimorphism between males and females of many species is relevant to many
fields of biology and the genetic architecture of sex receives a lot of attention by evolutionary
biologists (e.g. Marin and Baker 1998; Graves 2006; Mank 2009; Bachtrog et al. 2014). Animals
go through two steps to develop into sexually mature individuals: The first is referred to as sex
determination, the second sexual differentiation (Lillie, 1939). However, this clear distinction
has been diluted because the process should rather be understood as a continuum of several
factors influencing each other (Uller & Helantera, 2011; Heule et al., 2014). Sex determination
begins with a set of genes that act as a “master switch” (Heule et al., 2014) and initiate the
development of either testis or ovaries (primary sexual characters) (Ford et al., 1959). Sex
determining genetic factors may be located on deeply conserved and degenerated sex
chromosomes in some lineages such as mammals, insects and birds where sex determining
genes maintain their function over long evolutionary times (Bachtrog et al., 2014). On the other

hand, a rapid evolutionary turnover of the genetic basis of sex determination has been reported



for fishes (Myosho et al., 2015; El Taher et al., 2021), amphibians (Jeffries et al., 2018), reptiles
(Pokorna & Kratochvil, 2009; Gamble et al., 2015), insects (Blackmon & Demuth, 2014; Vicoso
& Bachtrog, 2015) and plants (Balounova et al., 2019; Martin et al., 2019) in which the initial
sex determining factors may differ among closely related species. Sex determining genes
activate downstream genes regulating for example the hormonal secretions of the gonads
(Allen, 1932; Young, 1961) and finally the formation of the sexually dimorphic phenotype by
expressing for instance a different body size, ornamentation or color (Paciulli & Cromer, 2018).
Most sexually dimorphic traits are the result of sexual selection, and in the Descent of Man
Darwin (1871) hypothesized that the exaggerated male ornaments he observed in all ranges
from insects to mammals are not enhancing survival but are meant to attract females. Sexual
selection has also led to the evolution of secondary sexual characters in females, although they
have received much less attention (Clutton-Brock, 2007). A conspicuous example are
pipefishes. Here, sex-roles are reversed and in some species, females evolved a striking
ornamentation, probably due to sexual selection (Jones & Avise, 1997). Ecological adaptation
can also drive sexual dimorphism. Examples from dwarf chameleons (Stuart-Fox & Moussali,
2007), hummingbirds (Temeles et al, 2000), damselflies (Cooper, 2010), seabirds
(Weimerskirch et al., 2009) and sailfin silversides (Wasiljew et al., 2021) show that males and
females can express sexual dimorphism associated with different food resources, habitat
preferences or parental care. Therefore, sexually dimorphic characteristics evolve in response
to different selection forces that modify parts of the genetic cascade of sexual differentiation
in both males and females. Especially in lineages that typically lack well differentiated sex
chromosomes, both the key sex determining genes and the initiation of the genetic cascade
that follows must change every time the genetic architecture of sex turns over (Heule et al.,,

2014). Accordingly, the genetic basis for the development of diverged sexual phenotypes may



be evolutionarily stable or subject to frequent evolutionary change in different lineages of
animals (reviewed in Palmer et al. 2019).

Knowledge about the genetic processes that are involved in generating phenotypic diversity
and evolutionary transitions related to sexual dimorphism is still incomplete. It is conceivable
that novel female secondary sexual traits may develop in response to ,,downstream genes” that
are part of a conserved genetic cascade or, alternatively, that changes in the genetic master
switch and changes in the genetic cascade could have a direct impact on the downstream genes
in lineages where the genetic architecture of sex determination shows rapid evolutionary
turnover. To study the roles of key sex determining factors or downstream genes in the
evolution of sexually dimorphic traits, it is necessary to identify the suite of genes that are
involved in the development of secondary sexual traits. Progress in this field requires study
systems in which the evolution of secondary sexual traits can be reconstructed and that are
accessible for genetic analysis.

Novel sexually dimorphic traits exaggerated in females and most likely connected with a unique
reproductive strategy have been documented for endemic ricefishes in Sulawesi, Indonesia
(Kottelat, 1990; Spanke et al., 2021). They occur in two genera, Oryzias and Adrianichthys that
form a monophyletic group and have colonized the island about 16 million years ago
(Mokodongan & Yamahira, 2015). The ancestral mode of reproduction involves that eggs are
laid and fixed to the urogenital pore for some time before the female deposits them at a
suitable substrate and leaves them to themselves (Parenti, 2008). Interestingly, Adrianichthys
oophorus and the sistertaxa Oryzias eversi and Oryzias sarasinorum evolved sexually dimorphic
adaptations connected with a reproductive strategy called “pelvic-brooding” (Kottelat, 1990).
In contrast to transfer-brooding species, the eggs of pelvic-brooding species are fixated in the

oviduct of females by attaching filaments originating from the egg surface (lwamatsu et al.,



2008) until the fry hatch. The females’ ribs are shortened to form a ventral concavity and their
pelvic fins are elongated compared to conspecific males and transfer brooding species (Spanke
et al., 2021), potentially to protect the eggs from physical impact, or to improve hydrodynamics
of the mother (Spanke et al, in prep). The Oryzias system offers the opportunity to study the
evolution of sexual dimorphism in closely related species in which a transition from transfer- to
pelvic-brooding and associated morphological changes in the female occurred. In contrast to
pelvic-brooding Oryzias and Adrianichthys that have evolved independently from one another
after their initial divergence (Montenegro et al., 2022), transfer-brooding and pelvic-brooding
species of the genus Oryzias apparently share a history of hybridization and introgression (O.
eversi and Oryzias nigrimas, see Flury et al., 2022) which might have affected their evolution.
Moreover, in contrast to mammals and birds, where sex determination is deeply conserved,
even closely related fishes may display alternative sex determination mechanisms (e.g.
Schultheis et al. 2009; Myosho et al. 2015; El Taher et al. 2021). Ansai and colleagues (2022)
have demonstrated that this is true for the ricefishes from Sulawesi and identified candidate
regions that are likely involved in the development of key female reproductive traits for O.
eversi, like the pelvic fin length, the form of the concavity and duration of egg carrying. An
analysis of the evolutionary changes associated with a novel reproductive strategy in pelvic-
brooding ricefishes requires that 1) the functional context of novel female traits is known
(compare to chapter 2, Spanke et al. 2021) and 2) that changes to the genetic architecture
associated with novel female traits are identified. This study focusses on the second aspect and
adds to the recent studies by Ansai et al. (2022) and Montenegro et al. (2022) to investigate
the sex determining genetic architecture between closely related species which underwent a

major transition from substrate brooding to pelvic-brooding.



Ansai et al. (2022) used an intraspecific genome-wide association study to identify a new sex
determining region for the pelvic-brooding O. eversi. The region corresponds to O. latipes
chromosome 4 (OLchr 4). For the sister species O. sarasinorum, two loci seem to be involved,
one corresponding to OlLchr 16 and one on Olchr 22. This contrasts with the majority of
ricefishes from Sulawesi that share an ancestral sex determining locus that corresponds to
OLchr 24 (present in O. asinua, O. wolasi, O. woworae, O. celebensis, O. dopingdopingensis, O.
matanensis, O. hadiatyae (Myosho et al., 2015; Ansai et al., 2022)). While particularly relevant
due to their possible gene flow with the lineage that gave rise to O. eversi and O. sarasinorum
in the past, the sex determining locus of O. nigrimas and other Oryzias from lake Poso could
not yet be determined. Montenegro et al. (2022) have presented a detailed QTL analysis of
interspecies crosses between O. eversi and O. dopingdopingensis that provides a first inventory
of key loci potentially involved in the evolution of pelvic-brooding. They suggest candidate loci
that are associated with the development of female traits, one of which localizes on the same
chromosome as the ancestral sex determining chromosome 24. Flury et al. (2022) showed that
said QTL on chromosome 24 overlaps with a region of high introgression signal from the
ancestor of the Lake Poso Oryzias. Besides, the chromosome holds a high number of the top
5% of D-values observed genome-wide, even though the overall introgression signal is low on
this chromosome. This could imply that selection was strong on this chromosome, maybe due
to its sex determining function connected to an adaptive complex trait.

In this study, we perform a QTL analysis to identify sex determining factors in an alternative
interspecies cross between O. eversi and O. nigrimas. Our results partially contrast and
complement the findings presented by previous authors. We focus on O. eversi and O. nigrimas
because of their genetic exchange in the past and hypothesize (1) that the study species have

two different genetic architectures underlying the sex determination and (2) that the sexually



dimorphic traits in the pelvic-brooding species may have evolved together with a new sex
determining genetic architecture. We used a customized Genotyping-in-Thousands by
sequencing (GT-seq) method (Campbell et al., 2015) resulting in 101-115 genotyped markers
in three different second generation cross types (n=567) between O. eversi and O. nigrimas to

create a linkage map and locate genetic regions associated with sex.

Material & Methods

Breeding of fish

Oryzias eversi and Oryzias nigrimas individuals were collected from their respective type
localities in Sulawesi, Indonesia in 2010 (comp. Herder et al., 2012). Stocks were bred in aquaria
at the Max-Planck-Institute for Evolutionary Biology in Plén and the Carl-von-Ossietzky
University Oldenburg since 2011. Groups of fish were kept in aquaria decorated with plants at
water temperatures between 23°C (O. eversi) and 28°C (0. nigrimas) and fed with a mixed diet
of commercial fish food, Artemia nauplii and frozen invertebrates. Juveniles of O. eversi were
obtained by transferring egg carrying females to separate aquaria filled with plants while eggs
of O. nigrimas were collected from bundles of synthetic wool into which the females had
deposited the eggs. To generate experimental crosses, O. eversi males were crossed with O.
nigrimas females. Three mapping populations were obtained by crossing F1 males with O.
eversiand O. nigrimas females respectively (referred to as O. eversi backcrosses and O. nigrimas
backcrosses). F2 crosses were bred by crossing F1 males with F1 females (referred to as
intercrosses here). We noted, that the eggs of F1 females were not deposited to the substrate
but also did not attach firmly to the female urogenital pore as in pure O. eversi. Accordingly,
eggs were lost in the breeding tank unless the eggs were carefully withdrawn from egg carrying

females and transferred to glass dishes where they hatched. Juvenile fish were raised until



sexual maturity was reached, sacrificed with an overdose of MS222 and preserved in 70%
ethanol for further analysis.

DNA extraction and mapping data set

Two different kits were used to extract the DNA from fin clips. The DNeasy 96 Blood & Tissue
kit of Qiagen, following the manufacturer’s protocol and the 5-Prime kit of ArchievePure DNA
Purification were used following the manufacturer’s protocols. For the purpose of mapping the
genetic basis of sex, we obtained four pure O. eversi and four pure O. nigrimas (two of each
sex) as reference samples. 174 O. eversi backcrosses, 127 O. nigrimas backcrosses and 266 F2-
intercrosses (F1 x F1) were included for genotyping. The sex of each individual in the dataset
was determined by examination of the external morphology of the reproductive fish. This
included dorsal and anal fin length (long with extended filaments vs. short with straight edges),
coloration (black vs. silvery) and body shape (rounded vs. slender) to identify individuals with
clearly assignable sexes for genetic mapping.

Primer Design

We ran the Genotyping-in-Thousands protocol (Campbell et al., 2015) to obtain a marker panel
for cost efficient genotyping of QTL mapping families. The method amplifies targeted markers
in a multiplex PCR for hundreds or thousands of individuals that are jointly sequenced in an
lllumina amplicon sequencing run. In a first PCR step, all loci in the panel are amplified for each
individual sample in a multiplex PCR reaction. In a second PCR step, unique barcode pairs that
assign all reads to individual samples and sequences required for the next generation
sequencing procedure were attached to PCR products from step one. Finally, all PCR Products
were pooled to obtain a library that is ready for next generation sequencing. We designed 240
primer pairs for loci that carry a SNP distinguishing O. eversiand O. nigrimas. Loci were selected

such that they matched an O. /atipes annotated gene and that they were distributed evenly



over the 24 O. latipes chromosomes (~10 per chromosome). To find the respective SNPs, de
novo transcriptome assemblies of O. nigrimas and O. eversi were mapped on the O. latipes
genome available on NCBI (Bioproject PRINA325079, GenBank accession number:
GCA_002234675.1) using NextGenMap (Sedlazeck et al., 2013). SNP calling was performed
using samtools mpileup (Handsaker et al., 2009; Li, 2011). BCFtools and VCFtools were used to
transform and filter files (Handsaker et al., 2009; Danecek et al., 2011). To ensure medaka
genes were also present in O. eversi and O. nigrimas, the annotated medaka genes were blasted
against both the O. eversiand O. nigrimas de novo transcriptome assemblies (raw data available
on NCBI, Bioproject PRINA827986, assemblies will be published on Dryad after acceptance)
using blastn (Zhang et al., 2000). To get evenly spaced markers, the chromosome length was
divided by 30 (the targeted number of markers, a surplus of the final number of markers
chosen) and markers in the calculated distance where highlighted. The highlighted markers’
SNP calling output were checked for indicative SNPs and 250 nucleotides before and after were
checked for ambiguous positions to avoid designing a primer sequence targeting such regions.
Using the mapped genome and transcriptome assemblies the coverage around the chosen
SNPs was checked. If the coverage dropped within 1000 bp in both directions, the marker was
dropped. All markers that passed these filtering steps were used for primer design with Primer3
(Untergasser et al., 2012). The designed primers were checked for possible primer-dimer
formation in FastPCR 6.6 (Kalendar et al., 2011). Moreover, primer sequences were mapped
against the de novo genome assemblies using NextGenMap to see whether they bind to
repetitive elements. One primer pair was discarded, because it mapped more than once.
Finally, locus specific primer pairs were modified by adding sequence at the 5’-end to allow for

the GT seq protocol (Campbell et al. 2015) which involves two PCR steps and adds index



sequences and sequences required for the sequencing procedure (see Table S1 for primers
used in this study). Primer Oligos were ordered from Metabion.

Multiplex PCR |

In this step, the selected markers were amplified in a multiplex PCR for each individual DNA
sample. The Qiagen Multiplex PCR kit was used with 178 self-designed Primer pairs (Table S1)
and 576 samples (Table S2). Per sample 5 ul 2x QIAGEN Multiplex PCR Master Mix, 1 pl 5x Q-
Solution, 2 ul H20, 1ul of Primer Mix with a concentration of 200 nmol/L per Primer and 1 pl
template DNA with a concentration between 20 and 100 ng/ul. In the thermal cycler, initial
heat activation took 15 minutes at 95°C, followed by 6 cycles with 30 seconds 94°C for
denaturation, 3 minutes at 60° for annealing and 15 seconds at 72° for extension. Next, we ran
25 cycles using 30 seconds at 94°C for denaturation, 3 minutes at 68°C for annealing and 30
seconds at 72°C for extension. We added a final extension for 10 minutes at 72°C.

Clean-up

The multiplex PCR product was cleaned-up using ExoSAP-IT. ExoSAP-IT is used to degrade
remaining primers and nucleotides. We added 4ul of ExoSAP-IT to each post-PCR sample for 30
minutes at 37°C. To inactivate ExoSAP-IT, the plate was placed in a thermal cycler at 80°C for
15 minutes and stored at -20°C until further usage. After the ExoSAP-IT treatment, each sample
had a volume of 12 ul. Performance of the protocol turned out to be best when PCR Products
were further cleaned using Ampure magnetic Beads. 1.6x volumes of magnetic beads were
added to each sample. Reagent and sample were mixed by pipetting up and down for at least
10 times and the samples were incubated for 5 minutes at room temperature. The plate was
placed on a Agencourt SPRIPlate 96 Super Magnet Plate for 2 minutes to separate the beads
from the solution. The supernatant was aspirated from the reaction plate and discarded

without drawing out beads. While still on the magnetic plate, 150ul of fresh 70% ethanol was
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added to each well. After 30 seconds, the ethanol was carefully removed and the wash step
was repeated. After removing all ethanol, the beads were left to dry. When dry, the plate was
removed from the magnetic rack and 40ul of H20 molecular grade was added and mixed by
pipetting up and down for at least 10 times. After incubation of 2 minutes at room temperature,
the plate was put back on the magnetic rack and left for 1 minute for the beads to separate
from the solution. Finally, the 40ul eluate was removed and transferred to a new 96 plate.
Indexing PCR Il

In this step, the barcodes labelling individual PCR Products and sequences required for next
generation sequencing were attached to the amplified marker fragments. For each PCR
reaction (step Il), we used 1 pl of 1:10 diluted PCR | product, 5 pl 2x QIAGEN Multiplex PCR
Master Mix, 1 pl of i7 Primer (2 uM/L), 1 ul of i5 primer (2 uM/L), 1 ul 5x Q-Solution and 1pl
H20. In the thermal cycler, initial heat activation was done for 15 minutes at 95°C, followed by
6 cycles with 30 seconds at 94°C for denaturation, 3 minutes at 60° for annealing and 15
seconds at 72° for extension. In contrast to the first PCR, only 15 cycles were run for the second
step, using 30 seconds at 94°C for denaturation, 3 minutes at 68°C for annealing and 30 seconds
at 72°C for extension. After a final extension for 10 minutes at 72°C samples were cooled and
frozen before further steps.

PCR product cleanup from agarose - Crush and Soak

The target PCR products were extracted from agarose to reduce the amount of PCR artefacts
carried over into the Illlumina sequencing procedure. PCR Il products sere separated in a 4%
Phor Agaraose Gel that is efficient in separating fragments of low size (<200 bp) for one hour
at 147V. DNA was excised from the gel at the desired length and the resulting gel pieces were
put into 2ml tubes and the gel was crushed using a metal spatula. 600 pl of TE low (10mM Tris

+ 0.1 mM EDTA) were added to each tube and incubated at room temperature while rotating
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slowly on a rotator for 24 hours. After incubation for 24 hours the samples were centrifuged at
20,000 g for one minute. 350 pl of the supernatant was transferred to a new 2ml tube. A second
volume of 350 ul TE low was added to the crushed gel and the tube was vortexed. The tubes
were again centrifuged at 20,000 g and another 350 ul of supernatant was withdrawn to obtain
a final volume of 700 ul supernatant. PCR products were precipitated using 70 ul 3 mol pH 5.5
sodium acetate, 1 pl glycogen and 770 ul of isopropanol. The samples were mixed well,
incubated at room temperature for 15 minutes and then centrifuged for ten minutes at 20,000
g at 4°C. The supernatant was removed carefully, pellets were air-dried and resuspended in 20
il molecular grade H,0. At the end, all samples were pooled and represent a ready-to-use
library that was sent off for [llumina sequencing.

SNP calling

The library was run on two lanes to reach a higher coverage (lllumina platform NovaSeq 6000).
Reads were demultiplexed by the sequencing center based on the list of index sequences used
by us. All reads were quality filtered using fastq_quality_filter from FASTX-Toolkit v 0.0.14
(Assaf & Hannon, 2010) (minimal quality of 10 in 100% or reads and minimal quality of 30 in
95% of the reads) and trimmed using Trimmomatic 0.36 (Bolger et al., 2014). After trimming,
the reads were mapped on a de novo genome assembly of O. eversi (will be submitted to Dryad
after acceptance) using NextGenMap v 0.5.5. The Stacks pipeline using ref_map.pl was used to
call the genotypes and VCFtools v 0.1.15 was used to filter the SNPs for only keeping variants
successfully genotyped in >80% of the individuals, with a minimal quality score of 15 and
minimum depth of 20. After this filtering, individuals with more than 20% missing data were
removed. To prepare the VCF file for JoinMap 4.1, BCFtools v 1.6 was used to only keep variants

that were different and homozygous in reference samples of O. eversi and O.nigrimas. We
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prepared separate VCF files for each cross (backcrosses and intercrosses) and the parental
species containing the genotypes at each locus.

Linkage map construction

For the construction of the linkage map in JoinMap 4.1 (Van Ooijen, 2006), SNPs with signs for
extreme segregation distortion were removed (p-value < 0.001). Identical loci and individuals
were also removed. The linkage map of the intercrosses was based on 266 individuals (71
females, 192 males), O. eversi backcrosses 174 (71 females, 103 males), O. nigrimas
backcrosses 127 (25 females, 102 males). To build the linkage maps, the Kosambi mapping
function was used (LOD threshold 1.0, recombination threshold 0.4, goodness-of-fit threshold
5.0, no fixed order).

QTL mapping of sex

The R-package “R/qtl” (Broman et al., 2003) was used for the QTL mapping. We used the
calc.genoprob function with a fixed step-size of 1 cM and assumed genotyping error of 0.01 to
calculate conditional genotypes. We tested both, maximum likelihood via the EM algorithm
(Lander & Botstein, 1989) and the Haley-Knott regression (Haley & Knott, 1992). To get a
genome-wide LOD significance threshold, we used a 1000 permutation test for the Haley-Knott
regression using a 0.05 alpha value (Broman & Sen, 2009).

Synteny with O. latipes and assessment of map quality

Assuming a well-conserved synteny among all ricefishes with the model species O. latipes, we
based our marker development on known genetic distances from O. latipes and used the
available high-quality genome of that species to assess the quality of the genetic maps we have
reconstructed. Unambiguous positions of the markers used in this study on the medaka
genome were identified using searches with blast+ 2.9.0 (Camacho et al., 2009). SNP markers

for the genetic mapping panel were chosen only if they have a known position on the O. latipes
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reference genome and alleles were species-specific for O. eversi and O. nigrimas. Moreover,
markers were chosen to be evenly spaced across the genome. This marker panel permitted a
direct comparison among the maps generated here with the high-quality reference genome to
assess the quality of our maps and infer synteny relationships. We used Circos v0.69 (Krzywinski

et al., 2009) to visualize maps and conservation of synteny.

Results

Mapping population and sex ratios

Juveniles from all types of crosses developed into clearly discernible males and females, but
sex ratios were biased conspicuously towards males. This bias became more pronounced as
the overall genetic background in the crosses shifted from mostly O. eversitowards O. nigrimas.
In O. eversi backcrosses (overall 75% O. eversi ancestry) the sex ration was 1,6 males: 1 female
(total offspring n 185), in intercrosses (50% O. eversi ancestry) it was 3,9: 1 (n 189) and in O.
nigrimas backcrosses (25% O. eversi ancestry) it was 7,3: 1 (n 259). The small number of
available females in the latter cross limited the genetic mapping analysis.

Sex determination

We mapped a sex QTL in the intercrosses and in the O. eversi backcrosses (LOD IC 5.5, LOD BCE
16.9) (Fig. 1). In both crosses, the sex determination was found on a linkage group
corresponding to the O. latipes chromosome 24. In the intercrosses an additional peak below
significance level was found at O. latipes chromosome 21. None of the peaks in the O. nigrimas
backcrosses reached statistical significance, but three clearly visible peaks below significance

were found at O. latipes chromosomes 4, 20 and 24.
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Linkage maps

The linkage map of the intercrosses was based on 110 markers from 74 females and 192 males.
It has a length of 756.86 cM and an average marker distance of 6.88 cM (Fig. 2). The O. eversi
backcrosses’ linkage map had a length of 777.84 cM with an average marker distance of 6.76
cM and was based on 115 markers from 71 females and 103 males. The shortest map was the
O. nigrimas backcrosses” map with 616.89 CM and an average marker distance of 6.10 cM
based on 101 markers from 25 females and 102 males (Fig. 3, Table 1). In the intercrosses an
LOD =4 was most suitable. It resulted in 21 groups, one group only contained one marker and
in one containing three markers no linkage was found. In the O. eversi backcrosses also an LOD
=4 was used, what resulted in 22 groups, 2 with only 1 locus. In the O. nigrimas backcrosses an
LOD =5 was most reasonable, resulting in 22 groups, with 6 groups having only 1 marker. High
density linkage maps of O. latipes and O. melastigma have 1354.5 cM respectively 1783.97 cM
while having both 24 chromosomes (Naruse et al., 2000; Lee et al., 2019).

Synteny with O. latipes and comparison to other Sulawesi ricefish linkage maps

As the linkage map of the intercrosses was based on the largest number of individuals and
recombination events, we compared their map to the O. latipes map (Naruse et al., 2000) (Fig.
4). As the preparation of the markers aimed to represent loci on the medaka chromosomes,
we could reconstruct 19 out of 24 chromosomes in our linkage map, and 4 of the found LGs
contained loci from more than one medaka chromosome. LG13 also contained a marker from
medaka chromosome 22. LG19 contained markers from medaka chromosomes 17 and 2. LG20
contained markers from medaka chromosome 12 and 11, and LG23 also contained markers
from medaka chromosome 6. Only medaka chromosome 3 was not represented, as markers
corresponding to it had only insufficient linkage. Comparing the linkage map from this study

(Fig. 2) to the linkage maps based on F2 intercrosses between O. eversi and O.
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dopingdopingensis (Montenegro et al., 2022) and on F2 intercrosses between O. celebensis and
O. woworae (Ansai et al., 2021), we find that OLchr 6 and 23 are always fused. Chromosomes
17 and 19 are also fused, in our study additionally a marker mapping on chromosome 2 is part
of this linkage group. In Ansai et al. (2021), chromosome 17 and 19 are fused with chromosome
1. Chromosome 20 is fused with different other chromosomes in all studies: In crosses between
0. eversi and O. dopingdopingensis chromosome 20 is fused with 12, in crosses between O.
eversi and O. nigrimas with chromosomes 11 and 12, in crosses between O. celebensis and O.
woworage with 12 and 13. A marker mapped on chromosome 22 is further linked with

chromosome 13 in this study, in Ansai et al. (2021) chromosome 22 is fused with chromosome

Discussion

Based on linkage maps that are highly congruent with published maps of Sulawesi ricefishes
(Ansai et al., 2021; Montenegro et al., 2022), as well as the medaka genome (Kasahara et al.,
2007), we analysed the genetic architecture of sex determination in crosses between pelvic-
brooding O. eversi and transfer-brooding O. nigrimas. Our study differs from, but not
necessarily contradicts, published results, and add first data on candidate regions that
determine sexes in O. nigrimas. We found a single significant QTL for sex in the O. eversi
backcrosses and the intercrosses on a linkage group corresponding to chromosome 24 in O.
latipes which differs from the study by Ansai et al. (2022), who identified OLchr 4 as single major
factor determining sex in O. eversi. In the O. nigrimas backcrosses, we found three potential QT
loci on chromosomes 4, 20 and 24, however below significance threshold. This parallels the
study of Ansai et al. (2022) who did not detect a significant region associated with sex for pure

O. nigrimas. Nevertheless, we found conspicuous peaks that, if confirmed, may suggest the
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action of multiple loci. This would also contribute to the difficulties to map strong genetic
factors in a comparatively smaller number of females than in the other cross types. These
results support that the master switch determining sexes must have changed together with the
evolution of a new reproductive strategy and novel secondary sexually dimorphic traits in O.
eversi.

A role of O. latipes chr 24 in sex determination in O. eversi?

We found the same sex determining locus in the O. eversi backcrosses and in the intercrosses
on a linkage group corresponding to O. latipes chromosome 24. This locus is the sex
determination locus of seven other Sulawesi ricefishes (Myosho et al., 2015; Ansai et al., 2022)
(Fig. 1) and was recently associated with a QTL of pelvic fin length. However, the QTL was not
located within the genomic region showing a high male-female divergence (Ansai et al., 2022;
Montenegro et al., 2022). Intriguingly, we found evidence that O. latipes chromosome 24 could
be subject to ancient gene flow among the Lake Poso Oryzias and the lineage that gave rise to
O. eversi (Flury et al., 2022). Our QTL analysis does not map candidate loci finely enough to
draw conclusions about introgression at the causative loci, but we did note a signal of
introgression in the likely candidate genes sox7, pgm3/PGM and hsdl1 detected by Ansai et al.
(2022) (see Flury et al., 2022, positions 16016-16075 on CHR24). Hence our analysis together
with the results presented in Flury et al. (2022) add evidence that introgression might have
affected the evolution of the sex determining genetic architectures between O. eversi and O.
nigrimas, which warrants further study.

On the other hand, there is a suggested sex determining locus of O. eversi on the linkage group
corresponding to chromosome 4 (Ansai et al., 2022) close to a candidate sex determination
gene amh. It encodes anti-Mullerian hormone which is involved in gonad formation

maintenance in both sexes in medaka fishes (Kliver et al., 2007), and it has also been
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documented as sex determination locus in other teleost fishes (Hattori et al., 2012; Pan et al.,,
2019; Peichel et al., 2020; Song et al., 2021). In our study, we did not observe a signal for this
locus in the O. eversi backcrosses or the intercrosses, but in the O. nigrimas backcrosses this
locus on O. latipes chromosome 4 had a peak (Fig. 1). The presence of two different sex
determining loci in the two studies could be explained by effects of hybridization in the present
study. As a sex determination locus on chromosome 24 has been known for several other
Sulawesi ricefishes (Myosho et al., 2015; Ansai et al., 2022) it could be that the functionality of
the potential new master switch on chromosome 4 was impeded due to dysfunction of the
respective alleles in the hybrid genetic background, leading to the reactivation of the ancestral
sex determining locus. However, this is not very likely, as we obtained a particularly strong and
clear signal for a QTL in the O. eversi backcrosses with a mostly O. eversi genetic background in
which no signs for the action of a locus on OLchr 4 could be detected. We note that, based on
the comparison of our linkage maps (Fig. 2, Fig. 3) and linkage maps of other studies (Ansai et
al.,, 2021; Montenegro et al., 2022), we did not observe chromosomal rearrangements involving
chromosome 4 or 24 within the Oryzias from Sulawesi, which could affect patterns of
segregation or have other effects in hybrid crosses. A second possibility is the evolution of new
sex determining loci in the aquarium, as was already observed in zebrafish (Liew et al., 2012;
Wilson et al., 2014) or that a polymorphic/polygenic sex determination already occurs in
natural populations. The type locality of O. eversi in Tana Toraja, Central Sulawesi, is highly
threatened by anthropogenic disturbance and the number of adults was already low at the
time of discovery and capture of our aquarium stocks. Therefore, probably only a few
individuals were caught for breeding in the aquarium for both studies and our strain of O. eversi
has been kept in captivity since the species was discovered and described (Herder et al., 2012).

Accordingly, our strain or the strain used by Ansai et al. (2022) would have diverged in their
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genetic architecture in isolated and genetically limited aquarium populations. This might have
been facilitated by a polymorphic/polygenic sex determination in the wild population that could
have been differentially sampled in the two studies. To identify all loci involved in sex
determination in O. eversi, a broader sample from the wild would be necessary.

Potentially polygenic sex determination in O. nigrimas

We found three potential QTLs for sex in the O. nigrimas backcrosses. Due to shifted sex ratios
in the hybrid crosses, we did not have a large number of females available in this cross type (1
female to 10 males) which might have led to lower statistical power. Adding on the results of
Ansai et al. (2022), where no locus was clearly identified, we assume that sex determination in
O. nigrimas might be polygenic. Polygenic sex determination was thought to be unstable and
evolutionarily transitory, however it has been documented for several species (Moore &
Roberts, 2013; Alexander et al., 2015), including fishes (Kosswig, 1964; Volff & Schartl, 2001;
Vandeputte et al., 2007; Roberts et al., 2016), that it can very well be a stable evolutionary
strategy. However, the maintenance of polygenic sex determination is poorly understood.
Future studies should include a larger number of samples from the wild, to better cover the

variation in sex determination and be able to detect QTLs of smaller effect in O. nigrimas.

Conclusion

We do not think that the study of Ansai et al. (2022) or the analysis we present here are
necessarily conflicting. The study of Ansai et al. (2022) is convincing, because they used pure
0. eversi and O. nigrimas samples which excludes possible effects of interspecific hybridization.
However, the strength of this study is that we included several different hybrid crosses, from a
75% O. eversi genetic background to 75% O. nigrimas genetic background and found congruent

and strong results for the sex determining region of O. eversi in the O. eversi backcrosses, and
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the same locus was detected in the intercrosses with 50% O. eversi genetic background. We
consider it more likely that all three studies (including Montenegro et al., 2022) identified
components of the sex determining architecture, albeit with the limitation that it remains
unclear if a single genetic architecture exist or if O.eversi (and O.nigrimas) may be
polymorphic/polygenic. Sadly, the population of O. eversi in the Tilanga pool (type locality) is
highly threatened by habitat destruction and pollution caused by humans (IUCN, 2019), and it
is likely that the population already underwent severe bottlenecks. Therefore, the influence of
genetic drift on their genetic sex determination might have overridden the influence of natural
selection, which would make it difficult to draw conclusions on the context of the evolution of
pelvic-brooding and their genetic architecture of sex determination. However, future studies
might shed light on the connection between sex determination and pelvic-brooding traits in O.

eversi by mapping them in the same crosses simultaneously.
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Fig. 1: Three LOD scores plots for loci associated with sex. In the intercrosses (A), a locus on chromosome 24
reached significance level, but also a locus on chromosome 21 has a high LOD score. In the O. eversi

backcrosses (B), an extremely high LOD score for a locus on chromosome 24 was found and in O. nigrimas
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Table 1: Information about linkage map of intercrosses, containing group ID for mapping plots,
number of markers per linkage group, length of linkage group and number of corresponding O.
latipes chromosome.

Linkage group number of markers

length (in cM)

Chromosome O. latipes

OE-ON1
OE-ON2
OE-ON3
OE-ON4
OE-ON5
OE-ONG6
OE-ON7
OE-ON8
OE-ONS
OE-ON10
OE-ON11
OE-ON12
OE-ON13
OE-ON14
OE-ON15
OE-ON16
OE-ON17
OE-ON18

OE-ON19

5
2

15
12

22
10

49.989
34.791
43.08

27.551
42.397
36.753
40.034
19.43

48.448
41.839
34.383
3571

50.833
49.999
36.869
52.061
37.588
29.799

45.301

1
2

10
13,22

14

15

16

18

2,17, 19
11, 12, 20
21

22

6,23

24

33
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