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The cichlid fishes of East Africa

Cichlid fishes occur in tropical freshwater lakes and river systems around the world
(Salzburger and Meyer 2004; Salzburger 2009). With ~ 3000 species (Turner et al. 2001;
Turner 2007) they represent the largest family of all ray-finned fishes (Actinopterygii) (~
31,000 species http://www.catalogueoflife.org). Remarkably, almost half of the cichlid
species inhabit the Great Lakes and surrounding rivers of East Africa. Lake Malawi harbors
~ 600 species, Lake Victoria ~ 500 and Lake Tanganyika ~ 180 (Turner 2007). This richness
in species likely evolved within a few million years only (Kocher 2004), and the species flocks
of cichlids represent an outstanding example of adaptive radiations (Seehausen 2006). In
addition to the exceptionally high species number, cichlid fishes in the Great Lakes are
extremely diverse in terms of ecology, morphology and breeding behavior and therefore
represent a major model system in evolutionary biology (Kornfield and Smith 2000; Kocher
2004; Seehausen 2006; Salzburger 2009; Santos and Salzburger 2012).

The phenotypic diversity is reflected in e.g., the trophic morphology, which correlates with
preferred food items (Fryer and lles 1972; Liem 1973; 1980; Muschick et al. 2012). Besides
cichlids that feed on algae, mollusks or fish, there exist species with a highly specialized
diet such as scales, eyes or fins of other fish (Fryer and lles 1972; Muschick et al. 2012).
Cichlids can also be colorful and many species show a distinct sexual color dimorphism
with rather dull females and brightly colored males. One color trait particularly studied are
so-called egg-spots: conspicuous yellow, orange or red ovoid markings with an outer
transparent circle, generally on the anal fin of males, thought to be important for courtship
behavior and intra-sexual communication (Wickler 1962a; b; Fryer and lles 1972; Hert
1989; Goldschmidt 1991; Theis et al. 2012). Egg-spots vary in size, number, intensity, and
position on the fin (Theis et al. unpublished). In addition to these diverse phenotypic traits,
cichlids show distinct types of breeding behaviors: substrate-breeding, shell-breeding and
mouth-breeding, which can be accompanied by different strategies such as cooperative or
parasitic reproductive behavior and paternal/maternal/biparental brood care (as in (Goodwin
et al. 1998; Taborsky 2001; Barlow 2008; Schutz et al. 2010)).



The oldest of the cichlid radiations, the assemblage in Lake Tanganyika, is genetically,
morphologically and behaviorally more diverse than the cichlid communities of the other
lakes (Salzburger et al. 2002; Kocher 2004). In contrast to the other lakes, Lake Tanganyika
harbors more than one lineage, so-called tribe (Salzburger et al. 2002; Salzburger and
Meyer 2004). All the cichlid species in Lake Malawi and Victoria belong to the lineage of
the haplochromines and are derived from Lake Tanganyika tribes (Salzburger et al. 2005;
Sturmbauer et al. 2011). Haplochromines are sexually dimorphic maternal mouthbrooders
and include the ‘modern haplochromines’, which additionally all carry anal fin egg-spots.
(Fryer and lles 1972; Salzburger et al. 2005; Salzburger et al. 2007).

Astatotilapia burtoni (Gunther 1894) is a basal member of this rapidly radiating and especially
species-rich lineage and is a model species in different fields of biology including evolution,
ecology and behavior (Salzburger et al. 2007; Siegel et al. 2007; Theis et al. 2012; Colombo
et al. 2013). It occurs in affluent rivers and close to estuaries in the shore area of Lake
Tanganyika (Fernald and Hirata 1977). With a sequenced genome, A. burtoni offers new
possibilities to address scientific approaches, especially in the study of the genetic basis
underlying specific traits. In my doctoral work, A. burtoni was subject in several studies that
aimed to answer questions regarding egg-spot development (Chapter 1) and expression
patterns of sex-specific genes in adults (Chapter 3) and in developing males (Chapter 4).

Sex determination mechanisms

In general, different strategies for sexual reproduction exist: unisexuality (all-female species),
hermaphroditism (sequential, serial and simultaneous) and gonochorism (two separate
sexes at all life stages). These strategies can be controlled genetically, environmentally or
by a combination thereof (for more details and references see Chapter 2). Mammals, birds,
amphibians and reptiles are gonochorists with the following sex-determining systems:
mammals possess an XX-XY sex-determining system with a male sex-determiner on the
Y-chromosome whereas birds have a ZZ-Z\W sex-determining system with a yet not fully
resolved underlying genetic mechanism (for reviews see (Kashimada and Koopman 2010;
Chue and Smith 2011)). Amphibians display different genetic systems (including a variety
of XX-XY and ZZ-ZW systems) and reptiles additionally exhibit environmental (temperature
dependent) sex determination (for a review see (Sarre et al. 2011)).

In gonochoristic fish, all of the above-mentioned types and even more complex sex
determination mechanisms exist (Chapter 2). For example the platyfish has three types of



sex chromosomes (X, Y and W) and depending on the combination, it is either a male (XY
or YY) or a female (XX, XW, YW) (Schultheis et al. 2006). The zebrafish is likely to have a
polygenic sex determination system, which is governed by strain-specific sex-associated
loci and influenced by differential sensitivity to environmental factors (Shang et al. 2006;
Bradley et al. 2011; Anderson et al. 2012). Various salmonid species share the same
male sex-determiner (Yano et al. 2012; Yano et al. 2013). Surprisingly, this locus maps on
different linkage groups between and sometimes even within species, supposedly due to
transposition events (Phillips 2013). In addition to gonochorism, the other strategies for
sexual reproduction, unisexuality and hermaphroditism, are also seen in fish (Chapter 2). A
famous example for a sex-changing fish is the clownfish (Amphiprion percula), a protandrous
species, living in social groups with one dominant female, one dominant male and up to
four subordinate males. Once the female dies or disappears, the dominant male undergoes
sex change and becomes a female; and one of the subordinate males then takes over the

role of the dominant male (Buston 2004).

Sex determination in cichlids

Most of the studies on sex determination and differentiation in cichlids have been conducted
in one of the more basal species, the Nile tilapia (Oreochromis niloticus). This species is
widely distributed in African lakes and rivers and has a huge commercial impact as a food
fish. Males grow faster and are therefore more marketable (Baroiller and Jalabert 1989).
The Nile tilapia possesses an XX-XY sex determination system, which can substantially
be influenced by environmental factors, i.e., temperature changes during specific time
windows. At the same time the Nile tilapia, and other fish, can be sex-reversed by
exogenous hormones (Baroiller et al. 2009). This sensitivity enables the establishment of
all-male broods either by treatment with androgens directly or by making use of YY-males
that only produce male offspring. These super-males are descendants of estrogen-induced
sex-reversed males (morphological females with an XY genotype) and normal males (XY)
(Baroiller and Jalabert 1989; Scott et al. 1989). Other cichlid species investigated with
regard to sex determination are the mbuna cichlids from Lake Malawi. A new female sex-
determiner on a potential W-chromosome invaded the genomes of theses cichlids with
an ancestral XX-XY system, likely resolving a sexual conflict over coloration (Roberts et
al. 2009; Ser et al. 2010; Parnell and Streelman 2012). Another studied species is a Lake
Victoria cichlid, in which sex determination is substantially influenced by B-chromosomes
(Yoshida et al. 2011). These are small supernumerary chromosomes that exist in more than

2000 eukaryotic species additional to the standard A-chromosomes (autosomes and sex



chromosomes) (Camacho 2005).

These examples illustrate that sex determination mechanisms are diverse in cichlids and
at the same time they highlight the complexity thereof. For a better understanding | would
like to define the following terms: In agreement with (Uller and Helantera 2011) we do not
make a clear distinction between sex determination and sex differentiation, but rather see
these processes as a continuum of sexual development. The classical division between
the two terms might be too strict for most of the fish species because of the observed
plasticity in sexual development of fish, i.e., the sex of an individual can be determined
genetically (sex determination) but formation of gonads (sex differentiation) does not follow
its fate due to influences of environmental factors. In addition, sex in fish can be functionally
reversed even in adult stages (Paul-Prasanth et al. 2013). As master sex-determining gene
(master regulator, sex determination gene) we refer to a gene that is sufficient to initiate
sexual development of a male or a female with no other genetic or environmental factors
changing the phenotypic pathway (in accordance with (Yano et al. 2012)). Note, that fish
with polygenic sex determination (Bradley et al. 2011; Anderson et al. 2012; Parnell and
Streelman 2012) do not have a master sex determination gene in this sense.

Outline of my PhD thesis

Chapter 1

In this paper, we studied the development of anal fin egg-spots in Astatotilapia burtoni.
Differential group and individual set-ups were used to investigate the morphological
development of this putative evolutionary key-innovation with the help of picture series.
Based on the photographs of one male, we defined four stages of egg-spot formation.
Variable raising conditions (different densities in the group and different ages in the individual
set-up) led to differential growth rates and thereby slightly altered timing of the four stages.
Standard body length was found to be a better predictor for the development of egg-spots

than age under the given circumstances of differential raising conditions.

The staging of egg-spot formation was only possible because we kept fish individually,
which allowed us to sex fish retrospectively. Six out of the 13 individual fish were males. A
possibility to identify males before the experiment i.e., with the help of sex-specific markers,
would have allowed us to increase sample size. In addition, a molecular investigation of the

formation of egg-spots using gene expression analysis always contains female individuals



as long as fish cannot be sexed morphologically.

These limitations awakened my interest to identify genetic differences between male and
female A. burtoni and therefore led me to investigate sexual development in cichlids, the
main topic of my PhD thesis.

Chapter 2

In this review we summarize and discuss the different kinds of sex determination mechanisms
reported in gonochoristic teleost fishes. We first provide a brief overview on environmental
sex determination systems with a focus on temperature dependent sex determination. We
then review the diversity of genetic sex determination mechanisms. In fish, these involve
sex chromosomes, the action of monogenic or polygenic regulators and the influence of
B-chromosomes. Sex chromosomal systems include simple male and female heterogamety
(XX-XY and ZZ-ZW) and more complex mechanisms (with more than one pair or more than
two types of sex chromosomes). In particular, we discuss the five master sex determination
genes discovered in fish and how sexual development cascades might have evolved.

Chapter 3

In this paper we investigated a set of sexual development candidate genes for patterns of
sequence evolution and gene expression in a representative subset of East African cichlids.
Expression of all candidate genes was measured in brain and gonad tissue of adult male
and female cichlid fishes. The most astonishing result was the shift in expression of the two
copies of the aromatase cyp19aTl. Instead of the presumably conserved ovary- and brain-
specific expression of the A- and B-copy, respectively, we found tribe-specific expression
shifts towards testis. The A-copy was expressed in testis in the lineage of the Ectodini and
the B-copy was highly expressed in the testis of the Haplochromini (Haplochromines, see

above).

Chapter 4

This chapter describes a main project of my PhD thesis. The search for a sex-specific
marker in Astatotilapia burtoni led from the candidate gene approach in adult cichlids
(described in Chapter 3) to an extension of these results to a series of gene expression
profiling during development. The aim was to characterize expression patterns of the
same set of candidate genes during early male and female development with the help
of all-male and all-female broods. In a first step, we treated young fish with hormones
in order to sex-reverse them. This was successful for the estrogen treatment only and
resulted in all fish growing to morphological females in this experimental part. Subsequent
crossing experiments provided evidence for an XX-XY sex-determining system in A. burtoni



and revealed a putative YY-male that only produced male offspring. This super-male was
crossed to untreated XX-females in order to obtain all-males broods, which were then
used to profile gene expression of the candidate genes in heads and trunks (as proxies
for brain and gonad tissue) during male development. We described genes presumably
involved in early and late testis, as well as in brain formation. Two of the genes showing a
peak early in development and in the trunks only were investigated in more detail because
their expression profile suggested a position at, or at least close to, the top of the sexual
development cascade. Genomic sequence analysis excluded these genes as the master
sex-determiner in A. burtoni. Nonetheless, with a putative transcription factor binding site
analysis, we identified possible regulators acting upstream of those early testis genes and
thus representing promising candidates for the sex determination gene in this species.
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A series of Astatotilapia burtoni photographs were used to investigate the ontogenetic development
of male egg-spots, a putative evolutionary key innovation of haplochromine cichlids. Four stages
of egg-spot development were defined and all males had developed true egg-spots (stage 4) before
reaching a standard length of 25 mm. Raising condition only slightly influenced the timing of the
first appearance of true egg-spots. © 2011 The Authors
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The species flocks of cichlid fishes in the East African Great Lakes Victoria, Malawi
and Tanganyika represent the most species-rich and eco-morphologically diverse ani-
mal adaptive radiations (Seehausen, 2006; Salzburger, 2009). At least 1500 cichlid
species have evolved in East Africa in only the last few thousands to several millions
of years (Salzburger, 2009). The species differ greatly in ecologically relevant, i.e.
naturally selected, structures such as body morphology, jaw and tooth shape, and also
in sexually selected traits such as colouration (Salzburger, 2009). The vast majority
of East Africa’s lacustrine and riverine cichlids and all species of the species flocks
of Lakes Victoria and Malawi belong to a single ‘tribe’ of cichlids, the Haplochro-
mini (Salzburger et al., 2005). Haplochromine cichlids are characterized by a slight
modification of the pharyngeal jaw apparatus, pronounced sexual colour dimorphism,
derived maternal mouth-brooding behaviour and, in most species, anal fin egg-spots
(Fryer & Iles, 1972; Greenwood, 1979; Salzburger et al., 2005). Their reproduc-
tive system involving polychromatism, female mouth-brooding and egg-spots has
been suggested to be one of the evolutionary key innovations responsible for the
haplochromines’ propensity for explosive speciation (Salzburger et al., 2005, 2007).

Egg-spots or ‘egg-dummies’ are conspicuous orange, yellow or red spots with an
outer transparent circle, which appear on the anal fin of most males of the derived
‘modern haplochromines’ (Wickler, 1962a; Fryer & lIles, 1972; Salzburger et al.,
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2005). Note that egg-spots may also occur on females’ anal fins, but in a less
perceptible manner. Egg-spots are involved in the modern haplochromines’ courtship
behaviour. Usually, a male initiates courtship by displaying his nuptial colouration
(and egg-spots) while quivering in order to attract the female. The female lays a batch
of eggs in the pit, which was created by the male in his territory. She then swims
a circle and picks the eggs up in her mouth. Seemingly attracted by the colourful
egg-spots on the male anal fin, she approaches the male’s genital opening where she
attempts to take up these putative ‘egg-dummies’. In this moment the male releases
the sperm, which fertilizes the eggs in the female’s buccal cavity (Wickler, 1962a, b).
The female then carries the larvae until fry are fully developed (which may last for
several weeks). This leads to fewer but larger eggs that are well protected in the
buccal cavity of the mouth-brooding female. Despite the importance of this trait in
cichlid evolution (Salzburger et al., 2007), little is known about the developmental
basis of egg-spot formation.

In this study, the ontogenetic development of egg-spots was investigated in Bur-
ton’s haplo Astatotilapia burtoni (Giinther 1894), a cichlid species living in Lake
Tanganyika and its surrounding affluent rivers. It belongs to the modern haplo-
chromines and is, hence, a maternal mouth-brooder (Salzburger et al., 2005). Asta-
totilapia burtoni has been established as a model system to study questions from
various fields of biology such as behaviour, ecology, genetics, genomics and devel-
opment (Salzburger et al., 2008). Most importantly, its genome is one of the five
cichlid genomes that are currently being sequenced.

Almost 50 years ago, Wickler observed that egg-spots in A. burtoni occur only
later in ontogeny (Wickler, 1962b) and that, in the beginning, the anal fin is trans-
parent. Egg-spot formation starts with a yellowish pattern covering the fin, which
then forms blotches that finally become surrounded by an outer transparent circle.
The present study focused on the ontogenetic development of egg-spots in A. burtoni
raised under different conditions. Of main interest were (1) the timing of egg-spot
formation with respect to age, body size and mass and (2) the influence of raising
condition on egg-spot development.

In order to answer these questions, egg-spot formation was investigated in two
main set-ups: a group set-up and an individual series. For the group set-up, c. 30 fry
of an inbred laboratory strain were taken out of a female’s mouth and kept in a net
measuring 16-5 x 13 x 13 cm that was placed in a small tank (group 1). In addition,
c. 30 fish were kept in a small tank measuring 40 x 25 x 25 cm (group 2). They
were already 2 months old when starting the experiment. The fish in both tanks
were fed with a similar amount of regular flake food. The following procedure
was performed every 2—3 days during a period of 12 and 8 weeks, respectively:
Six random individuals of each group were anaesthetized with 130 mg 1=! MS222
(Sigma-Aldrich; www.sigmaaldrich.com) for 1 min, weighed with a scale (KERN
440-3A, Kern & Sohn Gmbh; www.Kern-Sohn.com) and photographed with a Nikon
D40 (www.nikon.com), using a macro lens (Tokina AT-X MACRO 90 mm 1:2.5;
www.tokinalens.com) in a specially designed photo-cuvette. This cuvette made it
possible to take photographs of the fish in water, so the fish were less stressed. In
addition, the fins were well spread in these cuvettes. Usually the photographs were
taken in the morning and then used to measure the standard length (Lg) (using the
TPSDIG software from Rohlf, 2006) (n = 158) and to define the timing of egg-
spot development (n = 1500). Data were displayed with R (R Developmental Core
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Team; www.r-project.org). For the individual series, 14 fish of age 18 dpf (days post
fertilization) were kept isolated in nets measuring 16-5 x 13 x 13 cm that were all
placed in the same tank. All individuals were photographed and weighed twice a
week for a period of 14 weeks (series A) following the above-mentioned procedure.
As seven individuals escaped, six fish of about the same size but of a different age
(90 dpf) were added in week 7 (series B). These individual fish were also fed with
about the same amount of regular flake food. A total of 2854 photographs were taken
from the fish of the individual series to define the timing of egg-spot formation; 121
of these were used to measure Lg in males. Additionally, a movie file was created
from individual images showing the ontogeny of one male (18—113 dpf) (Movie S1,
Supporting information).

The analysis of the group set-up revealed differences in growth rate between
group 1 and group 2 [Fig. 1(a)]. The same was true for series A and series B of
the individual series [Fig. 1(a)]. The individual series was used to define stages
of egg-spot development in A. burtoni males, because here fish could be sexed
retrospectively. Therefore, only males were used for further analyses. Of the 13
fish raised individually, six were males. The ontogenetic development of egg-spots
in one male over 3 months (first 24 photographs) and one additional photograph
after a year are shown in Fig. 2. The photographs were inspected by eye and four
stages were defined, which are highlighted in different colours. The first stage (green
border strip in Fig. 2) was categorized by a transparent anal fin with some yellow
pigments only, particularly at the first three fin rays. The second stage (orange) was
characterized by the occurrence of orange pigments (arrowhead in Fig. 2). In the
third stage (blue) the orange pigments accumulated into amorphic spots. Only in
the fourth stage (red), fully developed egg-spots with an outer transparent circle
became visible. In all cases, also in the group treatment, there was an initial number

15
(b)
1-0 4
c) :
2 )
E «
0-5
0-0 -
20 40 60 80 100 120 140 10 15 20 25 30 35 40
Age (dpf) L, (mm)

FiG. 1. Ontogenetic development of egg-spots in Astatotilapia burtoni, plotted as mass (a) at age in days post
fertilization (dpf) and (b) at standard length (Lg). «, group set-up stages 1-3; ., group set-up stage 4;
, individual series stage 1; o, individual series stage 2; o, individual series stage 3; o, individual series
stage 4. The outlines indicate the different set-ups. , group 1; , group 2; _____ , individual series
A; ____, individual series B.

© 2011 The Authors
Journal of Fish Biology © 2011 The Fisheries Society of the British Isles, Journal of Fish Biology 2011, 78, 1588—1593

15



16

EGG-SPOT DEVELOPMENT IN ASTATOTILAPIA BURTONI 1591

of three egg-spots. Only later in development did this number increase. Females
developed egg-spot-like structures that were less conspicuous and occurred much
later.

The remaining photographs of the individual series were then inspected by eye
and classified into one of the four stages defined above. The same procedure was
performed with photographs of the group set-up, although here the main focus was
on the identification of the age, size and mass at which true egg-spots in males
appeared (i.e. stage 4). Note that the classification into stages 1-3 was more prob-
lematic in the group set-up, as unlike in the individual series, fish could not be sexed
retrospectively. As mentioned above, the distinct egg-spot morphology of females
could bias the classification. The data from the group set-up and the individual series
were then jointly plotted (Fig. 1). The correlation between age and mass [Fig. 1(a)]
was confounded by treatment effects in the different set-ups of groups 1 and 2 and
series A and B, whereas treatment did not have an apparent effect on the correla-
tion between Lg and mass [Fig. 1(b)]. As a consequence, Lg was used to describe
egg-spot appearance.

This study showed that, in A. burtoni, growth rate and the appearance of egg-
spots do not depend on age, but rather on the condition in which the fish had been
raised. For example, in group 1, where density was higher compared to group 2,
fish were smaller at the same age [Fig. 1(a)]. Also, in the individual series, fish of
series B were smaller at the same age compared to series A. Note that fish of series
B were added 3 months after starting the experiment, but had been raised before
in a small tank at higher density than the isolated fish from series A. In the group
set-up, growth differences between the groups had an effect on pigmentation, as the
orange pigmentation (stage 2) was detectable at a smaller size in group 1 compared
to group 2. In contrast, in the individual series, the first detectable orange pigments
appeared at the same Lg, but at a much younger age in the fish from series A com-
pared to those of series B. This variation in the timing of the occurrence of the
orange pigmentation might be explained by differences in food uptake. Egg-spots
are a costly trait, as the orange colour comes from carotenoids imbedded in chro-
matophores. It is these carotenoids that cannot be synthesized by fishes, so they have
to be taken up with nutrition (Endler, 1983; Kodric-Brown, 1985). As the isolated
fish did not have to compete for food, they probably had more nutrition available.
This would explain why the fish that had been isolated for their whole life (series A)
were able to develop their egg-spots at a younger age than those of series B. Alter-
natively, isolation as such and light condition (it was darker in the small nets than in
glass aquaria) might have had an effect on pigmentation. For example, Goldschmidt
(1991) has shown that light intensity influenced egg-spot size in Lake Victoria
cichlids.

Taken together, four stages of egg-spot formation were defined in A. burtoni
(Fig. 2). True egg-spots (stage 4) were first observed in an individual male at Lg =
19-2 mm in the individual series. Although egg-spots appeared at slightly smaller Lg
in the individual series, all males showed egg-spots at 25 mm Lg [Fig. 1(b)]. Any
fish >25 mm and without egg-spots [black dots in Fig. 1(b)] was most certainly
a female. On the basis of the observed differences in pigmentation between group
set-up and individual series, it is suggested that individually marked fish are raised
in group tanks to rule out condition effects (e.g. isolation and light). Future studies
on egg-spot development should include other haplochromine species.

© 2011 The Authors
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18 dpf 89mm  26dpf 104mm 33 dpf 11-6mm 36 dpf 123mm 39 dpf 126 mm

42 dpf 132mm  46dpf 133mm 49 dpf 14 mm 53 dpf 147 mm

60 dpf 159mm 63 dpf 16 mm 67 dpf 16 mm 69 dpf 16:5mm 74 dpf 172 mm

78 dpf 179mm 82 dpf 183mm 85 dpf 188mm 88 dpf 194mm 91 dpf 19-5 mm

99 dpf 21-1mm 105 dpf 218mm 109 dpf 225mm 113 dpf 226mm 376 dpf 447 mm

FI1G. 2. Pictures series showing the anal fin of an individual male of Astatotilapia burtoni. The age (in days
post fertilization, dpf) and the standard length, Lg, at every measurement are given below each photo-
graph; scale bars represent 1 mm. Colours indicate the four stages of egg-spot development. =>, orange
pigments.
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SUPPORTING INFORMATION

Additional Supporting Information may be found in the online version of this
article:

Movie S1. Egg-spot development in Astatotilapia burtoni.

Please note: Wiley-Blackwell are not responsible for the content or functionality
of any supporting materials supplied by the authors. Any queries (other than missing
material) should be directed to the corresponding author for the article.
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Genetics of Sexual Development: An Evolutionary

Playground for Fish

Corina Heule, Walter Salzburger, and Astrid Bohne'
Zoological Institute, University of Basel, 4051 Basel, Switzerland

ABSTRACT Teleost fishes are the most species-rich clade of vertebrates and feature an overwhelming diversity of sex-determining
mechanisms, classically grouped into environmental and genetic systems. Here, we review the recent findings in the field of sex
determination in fish. In the past few years, several new master regulators of sex determination and other factors involved in sexual
development have been discovered in teleosts. These data point toward a greater genetic plasticity in generating the male and female
sex than previously appreciated and implicate novel gene pathways in the initial regulation of the sexual fate. Overall, it seems that sex
determination in fish does not resort to a single genetic cascade but is rather regulated along a continuum of environmental and

heritable factors.

N contrast to mammals and birds, cold-blooded verte-

brates, and among them teleost fishes in particular, show
a variety of strategies for sexual reproduction (Figure 1),
ranging from unisexuality (all-female species) to hermaph-
roditism (sequential, serial, and simultaneous, including
outcrossing and selfing species) to gonochorism (two sep-
arate sexes at all life stages). The underlying phenotypes are
regulated by a variety of sex determination (SD) mechanisms
that have classically been divided into two main categories:
genetic sex determination (GSD) and environmental sex de-
termination (ESD) (Figure 2).

Environmental factors impacting sex determination in fish
are water pH, oxygen concentration, growth rate, density,
social state, and, most commonly, temperature (for a detailed
review on ESD see, e.g., Baroiller et al. 2009b and Stelkens
and Wedekind 2010). As indicated in Figure 2, GSD systems
in fish compose a variety of different mechanisms and have
been reviewed in detail elsewhere (e.g., Devlin and Nagahama
2002; Volff et al. 2007).

The GSD systems that have received the most scientific
attention so far are those involving sex chromosomes, which
either may be distinguishable cytologically (heteromorphic)
or appear identical (homomorphic). In both cases, one sex is
heterogametic (possessing two different sex chromosomes
and hence producing two types of gametes) and the other

Copyright © 2014 by the Genetics Society of America

doi: 10.1534/genetics.114.161158
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one homogametic (a genotype with two copies of the same
sex chromosome, producing only one type of gamete). A
male-heterogametic system is called an XX-XY system, and
female-heterogametic systems are denoted as ZZ-ZW. Both
types of heterogamety exist in teleosts and are even found
side by side in closely related species [e.g., tilapias (Cnaani
et al. 2008), ricefishes (Takehana et al. 2008), or stickle-
backs (Ross et al. 2009)]; for more details on the phyloge-
netic distribution of GSD mechanisms in teleost fish, see
Mank et al. (2006). Note that sex chromosomes in fish are
mostly homomorphic and not differentiated (Ohno 1974),
which is in contrast to the degenerated Y and W chromo-
somes in mammals (Graves 2006) and birds (Takagi and
Sasaki 1974), respectively. This is one possible explanation
for the viable combination of different sex chromosomal
systems within a single species or population of fish (Parnell
and Streelman 2013) and could be a mechanistic reason
why sex chromosome turnovers occur easily and frequently
in this group (Mank and Avise 2009). Additionally, fish can
have more complex sex chromosomal systems involving
more than one chromosome pair (see Figure 2). Even within
a single fish species, more than two sex chromosomes may
occur at the same time, or more than two types of sex chro-
mosomes may co-exist in the same species (Schultheis et al.
2006; Cioffi et al. 2013), which can sometimes be due to
chromosome fusions (Kitano and Peichel 2012).

Detailed insights on the gene level for GSD/sex chromo-
somal systems are currently available for only a limited
number of fish species, and all but one of these cases involve

Genetics, Vol. 196, 579-591 March 2014 579
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Reproductive strategies in fish
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Figure 1 Reproductive strategies in fish. Fish can be grouped according
to their reproductive strategy into unisexuals, hermaphrodites, and gono-
chorists. Further subdivisions of these three categories are shown with
pictures of species exemplifying the strategies. Fish images: Amphiprion
clarkii courtesy of Sara Mae Stieb; Hypoplectrus nigricans courtesy of
Oscar Puebla; Scarus ferrugineus courtesy of Moritz Muschick; Astatoti-
lapia burtoni courtesy of Anya Theis; Poecilia formosa and Kryptolebias
marmoratus courtesy of Manfred Schartl; Trimma sp. courtesy of Rick
Winterbottom [serial hermaphroditism has been described in several spe-
cies of the genus Trimma (Kuwamura and Nakashima 1998; Sakurai et al.
2009; and references therein)].

Astatotilapia burtoni

a rather simple genetic system with male heterogamety and
one major sex determiner (see below). The only exception
is the widely used model species zebrafish (Danio rerio),
which has a polyfactorial SD system implicating four dif-
ferent chromosomes (chromosomes 3, 4, 5, and 16) (Bradley
et al. 2011; Anderson et al. 2012) and also environmental cues
(Shang et al. 2006).
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In this review, we focus on newly described genetic sex-
determining systems and possible mechanisms allowing their
emergence in fishes, which are the most successful group of
vertebrates with ~30,000 species.

Genetic Basis of Sex Determination
Classic view on sexual development

The conventional definition of GSD states that the sex of an
individual is fixed upon fertilization by inherited genetic
factors. The establishment of the corresponding sexual phe-
notype is subsequently achieved through sexual development.
The process of sexual development has classically been
divided into sex determination and sex differentiation.
Determination is understood as the “master” switch (initial
inherited factor) that causes the first steps of the SD cascade,
which then activate further downstream genes of sexual dif-
ferentiation, which themselves regulate steroid hormone pro-
duction, eventually leading to one functional gonad type with
the corresponding sexual phenotype (Figure 3, top). In this
scenario, the master switch functions as a presence-absence
signal, in which the presence initiates the cascade to actively
produce one sex, whereas the absence causes the other sexual
differentiation program, which has long been considered as
the default sex. However, this view has recently been chal-
lenged in, for example, mammals, where female development
also needs active gene regulation and feedback loops (Munger
and Capel 2012).

In the classic view, the SD cascade is considered to have
evolved stepwise, in a retrograde fashion, with the down-
stream genetic network evolving first (and remaining con-
served over time and between species), and new genes
subsequently and independently added to the top of the
hierarchy in different species/lineages (bottom-up theory)
(Wilkins 1995, 2005) (Figure 3, top). That major changes
occur frequently at the top of the cascade are substantiated
by the observation that even closely related fish species (e.g.,
of the same genus/family) do not share the same master SD
gene (e.g., the ricefishes, genus Oryzias) (Kondo et al. 2004).

However, the hypothesis of the existence of a conserved
genetic cascade of SD common to all vertebrates governed
by different lineage or species-specific genes [“masters
change, slaves remain (Graham et al. 2003)] is largely based
on sequence conservation in the downstream genes and
conserved expression patterns for a handful of genes such
as the testis-specific dmrtl (Smith et al. 1999).

Sex as a threshold phenotype based on a
sex-determining network

More and more data reveal that, especially in teleost fishes,
sex seems to be a rather plastic phenotype with natural and
inducible sex reversal even after the genetic fixation of one
sex at fertilization (Paul-Prasanth et al. 2013). These results
thus question the scenario of a stepwise, hierarchical cas-
cade with a fixed outcome. Instead, it has been suggested
that sex should be interpreted as a threshold trait with
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Figure 2 Sex-determining mechanisms
in fish. Sex-determining systems in fish
have been broadly classified into environ-
mental and genetic sex determination.
For both classes, the currently described
subsystems are shown.
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triggers (genetic, parental, or environmental) acting on
a “parliament of interacting gene networks” (Crews and Bull
2009) and hormones (Uller and Helanterd 2011; Schwanz
et al. 2013), resulting in a rather complex interplay between
different signals (Figure 3, bottom). Importantly, gene net-
works are not necessarily hierarchical but rather modular
(for review and further extension of this idea, see Salazar-
Ciudad 2009 and Barabasi and Oltvai 2004). Assuming an
interconnected network of genes and other factors impact-
ing sex, the emergence of new sex determiners should be
viewed from a developmental perspective (Figure 3, bottom),
which allows for the emergence of major effect loci at dif-
ferent levels/nodes of the network.

In the next section, we present the current models for the
evolution of such major-effect loci and our extension of these
to a network concept of sex determination.

Suggested Mechanisms for the Emergence of New
Master Sex Determination Genes

Based on the view of sex determination as a hierarchical
cascade, the model of Schartl (2004) suggests that a new
master SD gene can arise via a combination of gene dupli-
cation, sequence change (coding or regulatory), and (up-)
recruitment [Figure 4, scenario 1 after (Schartl 2004)].
However, similar mechanisms of genetic changes, based
mainly on duplication and subsequent mutation and espe-
cially without the loss of one of the duplicates, could also
work with sex determination relying on a network of genes
and must not necessarily occur only at the top of a cascade
(Figure 4, scenario 2). These two ideas are rather mecha-
nistic. More generally, the observation that similar/related
genes, which are implicated in sexual development in several

species, are recruited as master regulators (mainly dm-domain
and HMG-domain transcription factors) led Marshall Graves
and Peichel (2010) to put forward the “limited options”
hypothesis. They suggested that a pool of genes/chromo-
somes “good at doing the job” might exist and be preferen-
tially reused repeatedly in the vertebrate lineage (although in
different combinations) rather than that “any” gene could be
recruited as a master SD gene. As indicated in Figure 2,
teleost fish are a particularly attractive system to study these
models for the evolution of SD networks and their master
genes.

Currently, detailed genetic information on male SD genes
is available for six teleost species that we will discuss in
detail in the next paragraph.

New master sex-determining genes in teleosts:
dmY and gsdf in the Oryzias genus:

The best-studied SD gene in fish is the second vertebrate
master SD gene that was described after the discovery of the
mammalian Sry gene, namely dmrt1by/dmy, DM-domain gene
on the Y chromosome, which acts as the master sex determiner
in two species of the genus Oryzias [the medaka, Oryzias
latipes, and the Malabar ricefish, O. curvinotus (Matsuda
et al. 2002; Nanda et al. 2002)]. Dmy is not present in any
other fish species studied so far, not even in the closely related
Oryzias species (Kondo et al. 2003). Dmy arose in the com-
mon ancestor of O. latipes and its sister species O. curvinotus
and O. luzonensis between 10 *= 2 and 18 * 2 million years
ago through a segmental duplication of a small autosomal
region containing its precursor gene dmrtl [a gene with
a well-described function in testis in vertebrates (Matson
and Zarkower 2012) and some neighboring genes (Kondo
et al. 2004) (see Figure 5A for illustration)]. This was
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Figure 3 Two views on the sex-
determining cascade. Classic view
on the sex-determining cascade:
The prevailing view on sexual de-
velopment is the one of an initial
trigger (environmental or genetic,
mostly a presence/absence signal)
initiating the sex determination
cascade that activates sex differ-
entiation, finally causing the es-
tablishment of one gonad type
and the corresponding sexual
phenotype. In this scenario, the
presence of the initial trigger
(here exemplified for a male
master determiner) activates one
cascade, whereas its absence
leads to the other sex. Based on
this cascade assumption, genes
are added stepwise to the exisit-
ing cascade. The cascade thus
evolves in a retrograde fashion.
The last (i.e., the most down-
stream) step is the first one to
be selected for. This evolution
leads to the genetic network of
sexual development divided into
two steps: sex determination and
differentiation (Wilkins 1995, 2005).
Sex determination with male and
female state as threshold pheno-
type: Based on a developmental
perspective (Crews and Bull 2009;
Uller and Helanterd 2011), sexual
development is not split into deter-
mination and differentiation but
rather controlled by a combination
of different heritable and external
factors influencing cell proliferation
and hormone levels with a male
and female threshold. Determining
regulators evolve via canalization
toward major-effect loci influenc-
ing the maleffemale threshold.
Note that under this model without
a strict hierarchical cascade, major-
effect loci could emerge at all levels
and are not imposed at the very
top of the cascade.

followed by the insertion of the duplicated region on the for controlling sex determination. The mechanism of its evo-
proto-Y chromosome, directly creating a region of suppressed  lution as a master SD gene likely followed the one described

recombination. Outside of the relatively small sex-determining  in Figure 4B.

region (258 kb), in which dmy remained the only functional In a closely related Oryzias species, O. luzonensis, which
gene, recombination is not suppressed between the medaka has lost dmY, Myosho et al. (2012) identified a derived
X and Y chromosomes (Brunner et al. 2001; Kondo et al.  version of the gonadal soma derived growth factor (gsdf) as
2006). Dmy is often cited as a typical example of an up- the male master sex determiner. The gene has a Y- and
recruited SD gene, as is DM-W in the frog Xenopus laevis  X-chromosome-specific allele, called gsdf¥ and gsdf*. Gene
and possibly dmrt1 in birds. It is derived from a gene that  expression experiments revealed an overexpression of gsdf¥
has already been implicated in testis formation and male de-  during the time period of sex determination, whereas expres-
velopment, dmrt1, agreeing with the idea of limited options  sion levels of both alleles were similar later in development.
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Changes at the top of the cascade: scenarios for the emergence of new master sex determinants

1. Evolution by duplication, deletion, mutation and recruitment of new genes after Schartl (2004)
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[ D | [ D | [ D |
LI C L] C L]
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ancestral species

Figure 4 Models for the emergence of new genetic master sex determiners. Three mechanisms mainly influencing the evolution of master SD genes are
shown. (1) Based on the classic cascade view, new genes formed by gene duplication or mutation in existing genes can be up-recruited to the top of the
cascade (Schartl 2004). (2) Based on the view of SD as a genetic network, gene duplication and/or mutation of a member of the network could create
potential material for the evolution of a new master gene without the loss of the ancestral gene. (3) The limited options theory after Marshall Graves and
Peichel (2010) proposes that a pool of genes or entire chromosomes are reused in different species to become master determiners. Note that, as shown

here, this model does not rely on a hierarchical cascade view of SD.

gsdfY and gsdfX vary by 12 nucleotide substitutions, but all
are silent. The male expression is thus likely caused by a
mutation in a cis-regulatory region of gsdfY. Myosho et al.
(2012) speculate that this mutation could involve a change
in a putative binding site for steroidogenic factor 1 (Sf1),
causing a loss of the binding site in gsdfY but not in gsdf¥X.
This change could lead to the observed higher expression
during an earlier stage of sexual development compared to its
ancestral counterpart. Transgenic transformation with gsdfY
constructs led to XX males in O. luzonenis (as well as in its
sister species O. latipes with a different SD gene), confirming
a master sex-determining role for this gene. In O. luzonensis,
gsdfY thus seems to have functionally replaced dmY. Note
that the O. luzonensis genome harbors a pseudogenized copy
of dmrtl called Oludmrtlp, in addition to the autosomal
dmrtl gene (Oludmrtl). However, this pseudogene is lo-
cated on a chromosome that is not syntenic to the Y chro-
mosome of O. latipes. It is therefore likely that O. luzonensis
has lost dmY from its genome and that Oludmrtlp is an
independent pseudogene copy of dmrtl (Kondo et al. 2004;
Tanaka et al. 2007).

In contrast to dmY, gsdf is not a transcription factor but
a member of the TGF-B superfamily and specific to fish [it is
present in all available teleost genomes and in the sarcop-

terygian Latimeria but not in tetrapods (Forconi et al
2013)]. In O. latipes males, gsdf is transcribed at 6 days post
fertilization in the primodial gonad and colocalized with
dmy in the somatic cells (Sertoli cells) of the adult male
gonad (Shibata et al. 2010). This suggests that gsdf acts
rather early [indeed, it is expressed earlier than dmrtl]
(Kobayashi et al. 2004)], which possibly facilitated its re-
cruitment as a master SD gene. Functional data for gsdf
are still limited, but it has been implicated with the prolif-
eration of primordial germ cells (PGCs) and spermatogonia
in the rainbow trout (Sawatari et al. 2007) and it possibly
acts during female-to-male sex change, promoting prolifer-
ation of spermatogonia and spermatogenesis in the wrasse
Halichoeres trimaculatus (Horiguchi et al. 2013). Further-
more, gsdf turns out to be a good candidate for the sex-
determining locus in a member of another fish genus, the
sablefish Anoplopoma fimbria (Rondeau et al. 2013), sug-
gesting a central role for this gene in SD in fish and calling
for further studies. The model of Uller and Helanterad (2011)
(see Figure 3) suggests that factors important in the network
of sex determination (and possibly driving the threshold to-
ward one sex) are those influencing timing, rate, and duration
of cell proliferation. With the information available for gsdf,
this gene might be one such factor, and this could explain
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Possible scenarios for the evolution of fish master SD genes

A dmrt1bYldmy in Oryzias latipes and curvinotus, examplifies models 2. and 3. in Figure 4
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Figure 5 Possible scenarios for the evolution of fish SD genes. The figure illustrates possible evolutionary paths for the currently known master SD genes
in teleost fish: (A) dmrt1bY/dmy, (B) gsdf*, (C) amhY, (D) amhr2, and (E) sdY. Horizontal arrows indicate gene duplications; color change of boxes to
orange indicates acquisition of master-determining function via mutation (coding or regulatory). Green boxes in E indicate that the genetic network that
irf9 belongs to was not related to sex determination before the emergence of sdY.

why a gene that is not a transcription factor has been
recruited as a master SD gene and could, at least in fish,
represent support for the limited options hypothesis.

amhY and amhr2: Two other newly described sex deter-
miners, amhy and amhr2, also belong to the TGF-B super-
family. amhy is a gene duplicate of amh (anti-Miillerian
hormone) found on the Y chromosome of the Patagonian
pejerrey, Odontesthes hatcheri. This gene has a 557-bp long
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insertion in the third intron and 92.2% sequence identity on
the amino acid level compared to the autosomal copy (amha
for amh autosomal) (Hattori et al. 2012). Hattori et al.
(2012) showed that amhy is expressed during gonadal for-
mation starting at 6 days after fertilization whereas amha is
expressed later (12 weeks after fertilization). amhy tran-
scripts are located in somatic cells (likely Sertoli cells) sur-
rounding germ cells in the developing male gonad, a typical
expression pattern for SD genes. Knockdown of amhy in XY



embryos led to an up-regulation of female factors and, con-
sequently, to the development of ovaries (Hattori et al. 2012).

The amhr2 (amh receptor 2) gene has been identified as
possible third nontranscription factor master SD gene in the
tiger pufferfish, Takifugu rubripes (Kamiya et al. 2012).
Here, a single nucleotide polymorphism (SNP) in the kinase
domain of amhr2 has been associated with sex, with males
being heterozygous and females homozygous. This sex-specific
SNP, which changes an amino acid (His384 to Asp384), is also
associated with sex in two other Takifugu species (T. pardalis
and T. poecilonotus), which diverged around 5 million years
ago from T. rubripes. The authors suggest that sex in the tiger
pufferfish is determined by a combination of the two amhr2
alleles, with the Y allele being dominant.

AMH is a secreted glycoprotein of the TGF-B superfamily
best studied in tetrapods, where it is produced by the Sertoli
cells and causes regression of Miillerian ducts during male
sexual development (Josso et al. 2001; Rey et al. 2003; Johnson
et al. 2008). AMH signaling functions through its primary
receptor, AMHR2, which, upon AMH-binding, induces the as-
sembly of a receptor complex eventually, activating expression
of target genes (Josso et al. 2001) (see Figure 6 for details).

Although fish possess amh and amhr2, they lack Miille-
rian ducts. In fish, the AMH-signaling pathway has been
implicated in PGC proliferation and spermatogenesis, simi-
lar to the function proposed for Gsdf (Morinaga et al. 2007).
In general, AMH signaling in fish could decrease the number
of germ cells (Morinaga et al. 2007; Lee et al. 2009), which
in some species, such as the medaka or zebrafish, are
crucial for gonadal fate determination (Kurokawa et al.
2007; Siegfried and Niisslein-Volhard 2008) with more
germ cells leading to a female gonad. However, this seems
not to be a general mechanism in fish (Fujimoto et al. 2010;
Goto et al. 2012). Another proposed mechanism of action for
AMH/AMHR?2 in fish is through the activation of the aroma-
tase enzyme that synthesizes estrogens from androgens as has
been described in mammals (Di Clemente et al. 1992). Higher
estrogen levels result in ovary differentiation in fish (Devlin
and Nagahama 2002). A suppression of the estrogen produc-
tion by AMH/AMHR?2 signaling on the aromatase could thus
decrease estrogen levels and so promote testis formation.

amhy, like dmY, exemplifies the mechanism of gene du-
plication for the formation of new master SD genes. Based
on the limited data available, members of the TGF-§ super-
family (gsdf, amh, and amhr2) could be part of the limited
options for master SD genes, at least in fish. However, the
options for the evolution of new SD genes in fish could be
less limited as the next example suggests.

sdY in the salmonid family: The fourth newly discovered sex
regulator in fish is sdY (sexually dimorphic on the Y chromosome)
in the rainbow trout, Oncorhynchus myskiss (Yano et al. 2012).
This gene is the first example of a SD gene not related to a gene
that was already implicated with sexual development and,
hence, could be an example for functional de novo evolution
(Yano et al. 2012). sdY shows sequence similarity to irf9 (in-

terferon regulatory factor 9), a transcription factor that acts in
the immune system (Yano et al. 2012). The presence of sdY was
confirmed in 15 salmonid species, and male sex linkage was
found for 13 of these (Yano et al. 2013). Interestingly, the
Y chromosomes in the investigated salmonid species are not
syntenic, and hence the SD locus is located on different chro-
mosomes. Before the discovery of sdY, the idea of a (likely small)
conserved but mobile SD locus had been put forward for the
salmonid family as a possible explanation for the fact that dif-
ferent chromosomes showed sex linkage in different species
(Davidson et al. 2009) and even within species (Moghadam
et al. 2007; Kiittner et al. 2011; Eisbrenner et al. 2013).

To conclude this section, support for the limited-options
theory comes certainly from dmy [duplication of dmrtl, a
gene involved in development of testis in vertebrates and
retention of dmrtl at its ancestral position (Kondo et al
2006)], and possibly also amhy [duplication of amh, a gene
that is responsible for the degeneration of the Miillerian
ducts in male mammals (Klattig and Englert 2007) and re-
tention of its ancestor amhal, gsdf¥ [derived from gsdf, a
gene involved in the proliferation and differentiation of
germ cells in fish (Gautier et al. 2011a)], and amhr2 [a re-
ceptor involved in the AMH pathway in vertebrates (Klattig
and Englert 2007)]. By contrast, irf9, the next most closely
related gene to the salmonid SD gene sdY, has not been
implicated in SD before and so could have been added on
top of a conserved genetic network at a later stage.

Further Flexibility in the Network: Variation in
Downstream Gene Usage

Until recently, the steps following the initiation of sex
determination were thought to follow a rather well-orchestrated
and conserved cascade of genes (some of them candidates
for the limited options) controlling sexual development
mainly via the action of steroid hormones (Lange et al
2002; Nakamura 2010; Angelopoulou et al. 2012; Moroha-
shi et al. 2013). Among the most prominent examples of
apparently conserved genes of sexual development are
dmrtl (Matson and Zarkower 2012) and sox9 (Morrish
and Sinclair 2002; Kobayashi et al. 2005) for testis forma-
tion and wnt4 (Smith et al. 2008) and the aromatase
cypl9al (Valenzuela et al. 2003; Diotel et al. 2010) for
ovary development. However, recent data from various fish
species suggest that, in addition to the flexibility at the top
of the cascade, even these key elements are not as conserved
as previously assumed. This is evidenced by varying and
species-specific expression patterns between sexes and
throughout development (see, e.g., Vizziano et al. 2007; Ljiri
et al. 2008; Hale et al. 2011; Herpin et al. 2013; and Table 1).
For example, sox9 and the aromatase cypl9al show expres-
sion patterns in East African cichlid fishes that are not con-
sistent with conserved testis and ovary functions, respectively
(Bohne et al. 2013).

The case of the aromatase cyp19al is particularly strik-
ing. As already mentioned, this enzyme converts androgens
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Figure 6 AMH/AMHR2-signaling pathway. Sertoli cells secrete a precursor form of AMH. After cleavage, an AMH dimer binds to AMHR2, which
activates a type | receptor (currently not characterized; mechanism derived from comparisons with other receptors of the TGF-8 superfamily). The ligand-
receptor complex phosphorylates SMAD proteins, which then form a complex by incorporating Co-SMADs. This complex translocates into the nucleus
and regulates gene expression together with transcription factors and cofactors. Figure modified after Fan et al. (2012) and Kikuchi and Hamaguchi

(2013) and references therein.

into estrogens and was thought to control the female and
male pathway by its presence or absence in expression, re-
spectively (Guiguen et al. 2010). After the teleost-specific
genome duplication, teleost fish retained two copies of this
gene (cypl9alA and cypl19alB), which are active in ovary
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and brain tissue, respectively. Some derived East African
cichlid species express the otherwise ovary-specific gene
cyp19alA in testis (Bohne et al. 2013). This finding asks
for a critical revision of the hormonal control of sexual
differentiation.



Table 1 Variation in gene expression profiles of sexual development genes in major teleost model species

Nile tilapia Medaka Patagonian pejerrey Rainbow trout Zebrafish Burton’s haplo
Gene (O. niloticus) (O. latipes) (O. hatcheri) (0. mykiss) (D. rerio) (A. burtoni)
amh e} Q/c J (first amhy, then amha) e} g i
cypl9alA Q Q Q Q Q Q
cypl19alB Q Q NA d (o4 o]
dmrt1 g g /T [} g d
gsdf g g NA e} (e74%] Q
sf-1 first @, then & Q (e/4°] e e ]
SOx9A d Q NA e} ¢} g
sox9B g g NA e Q Q

Data: Oreochromis niloticus (Kobayashi et al. 2008; ljiri et al. 2008; Baroiller et al. 2009a; Poonlaphdecha et al. 2011, 2013; Tao et al. 2013; http:/Awww.uniprot.org/uniprot/
E9RGV?7), Oryzias latipes (Suzuki et al. 2004; Kltver et al. 2005; Nakamoto et al. 2007; Shibata et al. 2010; Siegfried 2010; Okubo et al. 2011; Nakamura et al. 2012),
Odontesthes hatcheri (Hattori et al. 2013), Oncorhynchus mykiss (Baron et al. 2005; Sawatari et al. 2007; Gohin et al. 2011; Vizziano-Cantonnet et al. 2011), D. rerio (Chiang
etal. 2001; Guo et al. 2005; Von Hofsten and Olsson 2005; Kallivretaki et al. 2007; Siegfried 2010; Gautier et al. 2011b; Nakamura et al. 2012), Astatotilapia burtoni (Bohne
et al. 2013; A. Bohne and W. Salzburger, unpublished results). &, male specific or overexpressed; @, female specific or overexpressed; NA, not tested.

Interlinking GSD and ESD

Interestingly, steroid hormones, or the regulation of their
production, are a putative link between ESD and GSD
(Nakamura 2010; Angelopoulou et al. 2012), with cyp19al
being a prime candidate (Valenzuela et al. 2013). Navarro-
Martin et al. (2011) have recently investigated the methyl-
ation levels of the aromatase (cypI19alA) promoter in the
European sea bass, Dicentrarchus labrax, a species with
a polygenic SD system influenced by temperature (Vandeputte
et al. 2007). They found that the cyp19alA promoter in males
features twice as many methylated sites compared to females,
leading to an under-expression of this gene in males. The
methylation rate is positively correlated with water tempera-
ture, and temperature-masculinized fish (i.e., sex-reversed ge-
netic females) have a higher methylation rate and lower levels
of cyp19alA expression.

In some species thought to have GSD, temperature has
been shown to impact sex ratios (e.g., the Nile tilapia) (Baroiller
et al. 2009a). Furthermore, some species previously thought to
have ESD were later found to have genetic mechanisms of sex
determination (Ospina-Alvarez and Piferrer 2008). This has led
to a controversial discussion about the occurrence of true or
obligate temperature-dependent sex determination (TSD) in
fish. A critical evaluation of the available data on the prevalence
of TSD in fish (Ospina-Alvarez and Piferrer 2008) suggested
two prerequisites to a true TSD system: (1) there must be the
absence of sex chromosomes and (2) the temperature shifts
influencing sex ratios must occur during decisive developmental
steps. Based on these assumptions, TSD in fish appears to be
much less widespread than previously thought with many ob-
served cases involving (extreme) temperatures that lie outside
the naturally occurring range (Ospina-Alvarez and Piferrer
2008). However, the two assumptions seem rather strict, given
the fact that sex in fish is often not stable but can change
even after juvenile stages. Baroiller et al. (2009b) sug-
gested, in a less strict way, the classification of TSD fish
species into three categories: (1) species with strong GSD
and an absence of, or weak sensitivity to, temperature; (2)
species that are highly sensitive to temperature or other
environmental factors; and (3) species that are sensitive

to several environmental cues. This definition seems to
better reflect the empirical data and offers another part
of the framework toward a new understanding of the
mechanisms driving sex determination systems and their
evolution.

Conclusion

Considering the recent findings of a substantial flexibility in
expression and timing in the downstream network of sexual
differentiation, the diversity of master SD genes found in
fish and the co-influence of genetic and environmental
factors, we think that it is time to redefine our understand-
ing of the SD cascade. An attempt into this direction has
recently been made by proposing that one should not strictly
distinguish between sex determination and sex differentia-
tion (Uller and Helanterd 2011). Instead, the entire process
should be seen as a continuum in which all factors (genetic,
maternal, and environmental) work together in a nonhierar-
chical network to ultimately form a male or female pheno-
type. This process would be canalized toward the male or
female fate above a certain sex-specific threshold of genetic
and environmental interactions influencing cell proliferation
and hormonal levels (Figure 3, top). An extreme canaliza-
tion of this process can result in the evolution of one or more
major-effect locus/loci, such as the master SD genes de-
scribed earlier. However, this does not have to happen, as
reflected by the polygenic SD system in the zebrafish.
Interestingly, this view also offers a developmental expla-
nation for how factors that, at the first glance, seemed unlikely
master regulators, such as the members of the TGF-B family
gsdf, amh, and amhr2, could become important in sex de-
termination. The evolution of the TGF-B family members as
master SD genes, although not acting as transcription fac-
tors, might simply reflect their previous involvement in the
regulation of timing, rate, and duration of cell proliferation
(in the developing gonad) and interaction with steroidogen-
esis, as described for their ancestral genes (Teixeira et al.
1999; Yamamoto et al. 2002; Sawatari et al. 2007; Shiraishi
et al. 2008). For example, amha and amhy are spatially colo-
calized but not temporally (Hattori et al. 2012), providing
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one example of how a change in timing of expression could
lead to the up-recruitment of a seemingly downstream factor.

To understand the evolution of sex-determining networks—
and possibly there is not only one cascade of SD but rather
several network modules that are slightly rewired to ever-
new combinations—we have to understand the different
steps of sexual development and their interconnections (see
Table 1 for a first approach to understanding shifts in gene
expression in fish). In this context, the network modules
could also be considered as limited options; however, we
are far away from understanding where the limits really
are, especially in fish.

We suggest a critical rethinking of the current models for
the evolution of sex-determining genes with a stronger focus
on the interactions further downstream in the network. All
currently proposed models aim to explain switches in the
master control genes without considering the dynamics of the
subsequent networks. Hence, much effort has been put toward
the identification of new “masters,” especially in fish. Why SD
systems are so extremely divergent and why turnovers of sex-
determining systems are so seemingly frequent in fish remains
to be answered. We propose regarding the SD pathway as
a whole and not considering only its master switches as an
isolated phenomenon when investigating these systems.
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Abstract

Sex determination mechanisms are highly variable across teleost fishes and sexual development is often plastic.
Nevertheless, downstream factors establishing the two sexes are presumably conserved. Here, we study sequence evolution
and gene expression of core genes of sexual development in a prime model system in evolutionary biology, the East African
cichlid fishes. Using the available five cichlid genomes, we test for signs of positive selection in 28 genes including duplicates
from the teleost whole-genome duplication, and examine the expression of these candidate genes in three cichlid species.
We then focus on a particularly striking case, the A- and B-copies of the aromatase cyp19a1, and detect different evolu-
tionary trajectories: cyp19a1A evolved under strong positive selection, whereas cyp19a1B remained conserved at the
protein level, yet is subject to regulatory changes at its transcription start sites. Importantly, we find shifts in gene
expression in both copies. Cyp19a1 is considered the most conserved ovary-factor in vertebrates, and in all teleosts
investigated so far, cyp19a1A and cyp19a1B are expressed in ovaries and the brain, respectively. This is not the case in
cichlids, where we find new expression patterns in two derived lineages: the A-copy gained a novel testis-function in the
Ectodine lineage, whereas the B-copy is overexpressed in the testis of the speciest-richest cichlid group, the Haplochromini.
This suggests that even key factors of sexual development, including the sex steroid pathway, are not conserved in fish,
supporting the idea that flexibility in sexual determination and differentiation may be a driving force of speciation.

Key words: sex determination, adaptive evolution, cichlid fishes, aromatase, developmental system drift, gene duplication.

Introduction

Sexual development in animals involves the steps of sex
determination, the initial decision to develop either ovaries
or testes, and sex differentiation, the subsequent develop-
mental program establishing the male and female phenotype
through the action of steroid hormones. Interestingly, the
master regulatory triggers of sex determination are not con-
served throughout the animal kingdom, and sex differentia-
tion can be rather plastic (Cutting et al. 2013). This is
particularly exemplified by teleost fishes, in which all sorts
of natural hermaphroditism occur and sex changes can be
induced through a variety of external factors (Godwin 2010,
and references therein).

Contrary to the observed variation in the initial triggers of
sex determination, the downstream genetic factors of sexual
development are thought to be conserved between species
because they are part of complex genetic networks with often
pleiotropic effects. Their modifications presumably have
deleterious effects, whereas changes “at the top of the hier-
archies” are apparently better tolerated (Marin and Baker
1998). Previous studies have thus mainly focused on sex
differentiation and the ubiquitous downstream genes
(Valenzuela et al. 2013). Of particular interest here are the
presumably conserved genetic and enzymatic network regu-
lating the production of sex steroid hormones in vertebrates,
where estrogens mediate ovarian development and

androgens testis differentiation. For example, the action of
cyp19a1, which aromatizes androgens into estrogens, is con-
sidered a general feature of ovarian development in fish, am-
phibians, reptiles, and mammals (for a review see Nakamura
2010), whereas sox9 appears to be its major counterpart in
testis development (Valenzuela et al. 2013).
Sex-determining systems in teleosts, the taxonomically
largest group of vertebrates, changed frequently during evo-
lution and vary even between closely related species (Mank
et al. 2006). So far, five male master sex-determining genes
(i.e, equivalents to the mammalian sry) have been identified:
DMY/dmrt1bY in medaka (Oryzias latipes) and its sister spe-
cies O. curvinotus (Matsuda et al. 2002, 2003; Nanda et al.
2002); Gsdf", a member of the transforming growth factor-
beta superfamily, in O. luzonensis (Myosho et al. 2012); sdY in
the rainbow trout (Yano et al. 2012); amhy, (Y-chromosomal
copy of the anti-Miillerian hormone) in the Patagonian pejer-
rey (Odontesthes hatcheri) (Hattori et al. 2012); and in three
Takifugu species (T. rubripes, T. pardalis, and T. poecilonotus)
an association between male sex and a (proto-)Y-chromo-
somal single nucleotide polymorphism in the amh receptor
type Il (amhr2) was found (Kamiya et al. 2012). Four of these
genes, DMY/dmrt1bY, Gsdf', amhy and amhr2, exemplify the
scenario that genes already implicated downstream in a net-
work (such as the genetic cascade of sex determination) are
more readily uprecruited to the top of the hierarchy than
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nonimplicated genes—a hypothesis originally proposed by
Wilkins (1995). Sex determination and differentiation have
also been studied in various other model fish species including
zebrafish (Anderson et al. 2012), the poeciliid fishes guppy
(Tripathi et al. 2009) and platyfish (Bohne et al. 2009), with a
main focus on understanding and characterizing the genetic
control over the establishment of the two sexes. Also, the
downstream factors or particular genetic pathways of, for
example, gonad development have been studied in several
species (for review see Nakamura 2010; Angelopoulou et al.
2012). Another field of research that has received much
attention is sex change in fish and, particularly, the identifi-
cation of hormones and chemical components (including
pollutants) that influence it (for review see Scholz and
Kliiver 2009). Thus, a considerable body of literature on sex
determination and differentiation in fish is available, including
data on many candidate genes.

Cichlid fishes of the East African Great Lakes Malawi (LM),
Victoria (LV), and Tanganyika (LT) are a prime model system
in evolutionary biology and provide an exceptional opportu-
nity to study organismal diversification (Kocher 2004). Each of
the Great Lakes harbors cichlid species assemblages counting
hundreds of endemic species, which evolved within a few
millions of years (LT; Salzburger et al. 2002), to less than
150,000 years (LV; Verheyen et al. 2003) only. This opens up
a unique possibility for comparative studies at different evo-
lutionary time scales, involving repeated patterns of diversifi-
cation. As for the majority of fish species, the triggers of sex
determination in cichlids are largely unknown. Yet, it
becomes clear that also in this group various mechanisms
exist, including genetic systems and environmental triggers
such as water pH and temperature (Baroiller 2009; Reddon
and Hurd 2013). The known genetic factors in cichlids in-
clude, for example, sex determination via B-chromosomes
(small  supernumerary/accessory chromosomes, Yoshida
et al. 2011) and male and female heterogametic sex chromo-
some systems, with the possibility of both systems co-existing
within a single species (Roberts et al. 2009). The best-studied
cichlid species with respect to sexual development is the Nile
tilapia (Oreochromis niloticus), a member of a more basal
lineage, widely distributed in rivers and lakes of Africa. The
Nile tilapia has an XX-XY sex-determining system, which can
substantially be influenced by temperature (Baroiller 2009).
For this species, expression profiles of key genes of sexual
development are available (ljiri et al. 2008), which is not the
case for other cichlid species such as the radiating lineages in
East Africa. The only exception to some extent is the LT
cichlid Astatotilapia burtoni, in which the relation between
hormones and behavior has been examined (Renn et al.
2012). To the best of our knowledge, sex determination
mechanisms and sex differentiation have not been studied
in a phylogenetically representative set of East African lake
cichlids. To this end, it is particularly important to focus on
the cichlid assemblage of LT, which is the oldest of the three
lakes and, hence, home to the genetically, morphologically
and ecologically most diverse cichlid species flock
(Salzburger et al. 2002). LT's 250 mostly endemic species
(Snoeks 2001) are currently classified into 12 to 16 lineages,

so-called tribes (Muschick et al. 2012). The taxonomic situa-
tion is quite different in LM and LV, where the adaptive ra-
diations consist of only one of these tribes, the Haplochromini
(Salzburger et al. 2002).

Genes involved in sex determination (including its master
regulators), differentiation, and reproduction often evolve
under a positive selection regime (Sorhannus and
Kosakovsky Pond 2006; Hasselmann et al. 2008, Morgan
et al. 2010; Sobrinho and de Brito 2010). This has been ex-
plained by selection for reproductive isolation (which may
ultimately lead to speciation, Vacquier and Swanson 2011),
intersexual (genomic) conflict (Rice and Holland 1997), sperm
competition (Pizzari and Birkhead 2002), and/or male-female
coevolution (Swanson et al. 2003). This general trend seems
to hold true also for cichlids, in which previous scans for
positive selection uncovered three genes with putative roles
in sexual development and reproduction: an aromatase gene
(cyp19a1A, Gerrard and Meyer 2007), a gene with a gonad-
specific expression profile (SPP120, Gerrard and Meyer 2007),
and a meiotic maturation factor (20-beta-hydroxysteroid de-
hydrogenase, Baldo et al. 2011).

Here, we investigate 28 candidate genes in detail in cichlids.
The genes were recovered from a thorough literature survey
focusing on genes involved in sex determination and differ-
entiation in vertebrates, and, especially in teleosts (see sup-
plementary table S1 for details, Supplementary Material
online). These candidates include gene copies that have
emerged in the course of the fish-specific whole-genome du-
plication (FSGD; Meyer and Schartl 1999). To our knowledge,
this has not been done before for genes involved in sexual
development, although it seems crucial as gene duplications
open the routes to partitioning gene functions and to neo-
functionalization. We first investigate the candidate genes for
sequence evolution using the available cichlid genomes (in-
cluding species from all three lakes) and study their expression
in ovary, testis and brain tissue in three species from LT
(A. burtoni, Ophthalmotilapia ventralis, and Neolamprologus
pulcher), which were chosen with respect to available genetic
and genomic resources (Baldo et al. 2011 and BROAD; www.
broadinstitute.org/models/tilapia, last accessed July 23, 2013).
Sequence data analysis of key genes are then extended to a
phylogenetically representative set of 32 species belonging to
13 different tribes and the expression analysis is extended
to nine East African cichlid species, representing four tribes,
including species from all three lakes.

Results

Sequence Evolution of Candidate Genes: Signs of
Positive Selection in East African Cichlids

To test for signs of positive selection in our set of 28 candidate
genes, we used the annotated sequences of the Nile tilapia
genome as reference to recover full-length coding sequences
from all available cichlid genomes (A. burtoni and N. brichardi
from LT, Metriaclima zebra from LM, and Pundamilia nyererei
from LV; BROAD institute, see supplementary table S2 for
details, Supplementary Material online). Using tilapia as out-
group, we tested for signs of positive selection specific to the
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East African cichlid radiations. We calculated mean gene wide
Ka/Ks (nonsynonymous to synonymous substitution rates;
see supplementary table S3 [Supplementary Material
online] and Material and Methods for details) for all pairwise
comparisons. The two genes with the highest gene-wide Ka/
Ks values were cyp19aTA, as also detected by Gerrard and
Meyer in an expressed sequence tag (EST) wide screen
(Gerrard and Meyer 2007; discussed earlier), and nanosi1A,
which has not been studied in this context in cichlids so
far. Note that a role for a nanos family member in germ cell
differentiation has been proposed in tilapia (Kobayashi 2010).

One drawback with gene-wide Ka/Ks analyses is that they
might miss signals of adaptive sequence evolution that are
restricted to certain parts of a gene only; it is generally unlikely
that all positions of a given gene experience positive selection
at the same time, and many cases are known where positive
selection is restricted to particular domains of a gene
(Salzburger et al. 2007). To account for this, we analyzed
our gene set using Selecton (Doron-Faigenboim et al. 2005;
Stern et al. 2007) to test for site-wise selection, again using Nile
tilapia as reference. We detected positively selected sites in
the following genes: cyp19aTA (in 60 amino acid positions out
of 511), foxI2B (9 of 268), sox9A (1 of 500), sox9B (7 of 484),
tdrd1 (96 of 1,164), and wnt4A (2 of 352). The results for
cyp19alA and tdrd1 remained significant after comparison
with the alternative hypotheses (i.e, no positive selection, see
supplementary fig. ST [Supplementary Material online] for
details).

Sequence Evolution of Cyp19aT in Cichlids

As the initial analyses based on the five cichlid genomes
pointed out new patterns of sequence evolution for
cyp19a1A, whereas we could not detect a single site under
positive selection in the B-copy (cyp19a1B; supplementary
fig. 51, Supplementary Material online), we decided to further
study these two genes in East African cichlids. Overall,
cyp19a1B is more conserved among the five cichlid genomes:
Cyp19a1A differs in 12.2% (average over all pairwise compar-
isons to tilapia, done with KaKs_calculator, Zhang et al. 2006)
of all amino acid sites (3% synonymous changes and 9.2%
nonsynonymous changes), whereas Cyp19a1B varies in 9.8%
of all amino acid sites (4.8% synonymous changes and
5% nonsynonymous changes). Especially, nonsynonymous
substitutions occur more often in Cyp19a1A compared to
Cyp19a1B.

We then extended our analyses to a more representative
set of East African cichlids. To this end, we used lon Torrent
next-generation amplicon sequencing (LifeTechnologies) to
re-sequence a 3.6kb genomic fragment of cyp19a1A in 28
cichlid species belonging to 12 different tribes (see Materials
and Methods and supplementary table S4 [Supplementary
Material online], GENBANK accession numbers KC684559-
KC684586). The cyp19a1A coding sequences of all 28 newly
sequenced species plus the sequences obtained from the cich-
lid genomes (O. niloticus as reference, N. pulcher, A. burtoni,
and P. nyererei) were subjected to tests for positive selection
as described earlier. The overall gene-wide Ka/Ks of 091
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resulting from this analysis was similar to the value obtained
with the limited data set. However, when checking in the
comprehensive data set for site-wise selection with
Selecton, we detected an additional 50 amino acid sites
(adding up to a total of 108 out of 511 sites) under positive
selection. All but three of the sites suggested to have evolved
under positive selection in the initial analysis were confirmed
by this second, more extensive analysis.

Placing the sites under a positive selection regime into the
structural context of the well-studied aromatase protein
(fig. 1) revealed that they do not cluster in a specific region
of the coding sequence but are rather distributed over the
entire protein and also occur in major functional domains.
Additionally, the observed amino acid changes (marked with
arrows above the strongest selected sites, fig. 1) are mostly not
conservative. This suggests that cyp19a1A has experienced
important changes in its functionality in East African cichlids.

To obtain a more detailed understanding of cyp19a1A
sequence evolution in East African cichlids, we investigated
positive selection in the phylogenetic context using
HyPhy (Pond et al. 2005) and Codeml (Yang 2007) (fig. 2
and table 1).

These analyses uncovered several branches in the phylog-
eny with particularly strong adaptive sequence evolution.
One of these branches represents the ancestor of the adaptive
radiation of cichlids in the East African Great lakes (branch
after split from the outgroup O. niloticus; light gray box, fig. 2).
The signal of positive selection gets even stronger when the
basal Tanganyikan tribes Bathybatini, Trematocarini, and
Boulengerochromini are excluded (dark gray box, fig. 2). A
strong signal of positive selection was also found in the lineage
leading to the taxonomically largest cichlid tribe, the
Haplochromini (dark green box, fig. 2, remember that all cich-
lids of LV and LM belong to this group). The so detected
amino acid positions are consistent with the ones shown in
figure 1 and fall into the two first categories of strongest
positive selection of Selecton (fig. 2 and table 1).

Comparative Sequence Analysis of Cyp19a1A and B:
Transcription Start Site Variation and Promoter
Evolution

Using cichlid transcriptome databases (access over BROAD
cichlid genome consortium, assembled RNA-seq data for the
species with sequenced genomes), we investigated the tran-
scription start sites (TSSs) of both cyp19aT gene copies.
Cyp19a1 transcripts were found in transcriptome databases
derived from brain, gonad and mixed embryonic tissue.
Interestingly, there are substantial differences between the
two genes: In cyp19alA, the TSSs of the three presumably
functional transcripts (ie, transcripts comprising the start
codon marked with an orange box in supplementary fig. 52,
Supplementary Material online) found in O. niloticus, A. bur-
toni, and M. zebra are 20 nucleotides apart of each other.
Quite to the contrary, the TSSs of cyp19a1B are located
more than 1,200 bp apart from each other in the transcripts
found for A. burtoni, P. nyererei, and M. zebra. A closer in-
spection revealed two alternative splice forms of cyp19a7B:
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Fic. 1. Placement of site-specific selection on the protein sequence of Cyp19aTA. Selection values shown were calculated on a multispecies alignment
covering the LT cichlid assemblage using Selecton. Structural information on the Cyp19a1A protein was taken from (Graham-Lorence et al. 1995; Chiang
et al. 2007; Castro et al. 2005). Occurring amino acid changes are indicated above the sites under strongest positive selection as detected with Selecton

(category 1).

transcription of cyp19a7B in cichlids can start inside intron 1
or mark the beginning of the untranslated exon 1, in which
caseintron 1is correctly spliced out (see supplementary fig. S2
[Supplementary Material online] for the intron location).
For the two basal species O. niloticus and N. brichardi, we
only detected the splice variant with the TSS inside exon 1.

Regulation of Cyp19a1A and B Expression in

(Cichlid) Fish

The cyp19a1A and B promoter regions have previously been
studied in several teleost species (Callard et al. 2001; Diotel
et al. 2010) just as the promoter of the single copy cyp19a1
gene in tetrapods (Hinshelwood et al. 2000; Nakagawa and
Iwabuchi 2012). In a first step, to characterize general patterns
in the molecular evolution of the cyp19a1 upstream regions in
teleosts, we compared the existing cichlid sequences with all
other available teleost aromatase promoters (fig. 3 and
table 2). Note that cyp19a1B is absent from the available
M. zebra (LM) genome assembly version 1, so that we

excluded this species in further analysis. Using Vista plots of
nucleotide similarity (Mayor et al. 2000; Frazer et al. 2004), we
identified three conserved regions in the upstream sequences
of both gene copies marked green, yellow, and brown in figure
3. Here, we define the upstream region as 5'-sequence be-
tween the start codon of the cyp79aTA and B genes and
their respective adjacent gene. For cyp19a1A, we analyzed
the 3,394 bp until its neighboring gene gliomedinA (gldnA);
for cyp19a1B, we analyzed 2,571bp to gldnB. We inspected
the three conserved regions with regard to common tran-
scription factor binding sites focusing on factors with a
known function/response role in brain/central nervous
system (CNS) and gonads/germ cells, as these are the tissues
in which the aromatase genes are described to be expressed.
Although remarkable differences in the expression patterns of
cyp19a1A and B exist between teleosts, and especially be-
tween cichlids (discussed later), the cyp19a1 promoters still
show conserved regions between all teleosts, underlining their
general functional importance.
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Fic. 2. Ka/Ks rates on a phylogenetic tree of aromatase cyp19a1A

in cichlids. Phylogenetic tree of aromatase cyp19a1A of representatives of the major

East African cichlid lineages showing the Ka/Ks rates reconstructed with HyPhy and branch-site selection as calculated with codeml. Nodes are labeled
with Bayesian posterior probabilities as obtained with MrBayes. Colored boxes denote clades that were tested against all other branches with codeml

(see Materials and Methods for details). Significant obtained Ka/Ks

values (w) are shown next to the boxes in the respective colors. w values denoted in

blue were calculated with Branch-site REL in HyPhy. Table 1 presents the sites that are under positive selection as detected by codeml in the different

clades that show a significant e with a probability (BEB) of more

than 50%. The values obtained with Selecton are given in addition.

Putative transcription factor binding sites inside the
conserved regions and shared between teleosts (underlined
text in table 2) comprise factors belonging to the two inves-
tigated categories (brain/CNS and gonads/germ cells). None
of these categories seems to dominate, however, neither in
cyp19a1A nor in cyp19a1B.
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Putative Transcription Factor Binding Sites in Teleost
Conserved Upstream Regions of Cyp19a1A and B
Using Matlnspector (Genomatix Software GmbH), we iden-
tified putative estrogen response elements (EREs) in the
upstream regions of both cyp19a1 duplicates, which is con-
sistent with previous studies in fish (Diotel et al. 2010). In the
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Table 1. Cyp19a1A Amino Acid Sites under Positive Selection in Different Phylogenetic Clades of East African Cichlids.

Cyp19a1A Amino Category of

BEB of Positive Selection in Clades with Significant ©° as Tested with Codeml

Positive Selection
on Selecton Scale®

Acid Position in
0. niloticus
Reference Protein

1° (Light Gray)

2 (Dark Gray)

3 (Dark Green) 4 (Light Green)

2 1 0.701
22 2

123 1

157 1 0.563
169 1 0.646
191 1 0.998
205 1 0978
257 1 0.858
314 1

362 1 0.816
370 1 0.777
461 1 0.859
471 1 0.979
507 1 0.628

0.712 0.941 0.955
05 0.81 0.852
0.624
0.569
0.998 0.885
098 0.535 0.628
0.772 0.831
0.827 0.621 0.696
0.813
0.659 0.721
0.98 0.944 0.956

Note—BEB, Bayes Empirical Bayes.

1 and 2 represent the two categories of strongest positive selection as detected with Selecton corresponding to Ka/Ks values over 2.7 for category 1

and 1-2.7 for category 2 (fig 1).
P = Ka/Ks.

“The phylogenetic categories (1, light gray; 2, dark gray; 3, dark green; 4, light green) correspond to the ones shown in figure 2.

first teleost-conserved block upstream of cyp19a1A (green
box, fig. 3), we also detected putative Nr5a2 (Pezzi et al.
2004) and Fox-family binding sites (Wang et al. 2010)
shared between teleosts. Here, we also detected partially con-
served sites belonging to the category “brain/CNS transcrip-
tion factors,” such as neuronal factors of the Oct family
including Oct-6 and the transcriptional repressor DREAM.
Oct-6 is known to be expressed in brain and testis, to play
arole in myelination and to act as an RNA polymerase Il distal
enhancer (Hofmann et al. 2010). DREAM plays a role in noci-
ception in the brain and is broadly expressed in testis (Rivas
et al. 2004).

Tilapia, platyfish, and medaka contain, in the first block, a
potential site for Nr1f1, which is important for the develop-
ment of the cerebellum, regulation of (lipid) metabolism,
lymphocyte development, inflammatory responses, and pos-
sibly myogenesis or muscle function (Jetten 2009). Finally, we
detected putative CREB (CAMP response element-binding
protein)-binding sites in a subset of species. CREB can act
as transcriptional activator or repressor and acts in neurogen-
esis, neuronal survival and plasticity (Barco and Marie 2017;
Gruart et al. 2012). Note that CREB binding sites have been
described in the cyp19a1A promoter before (Chang et al.
2005). Finally, we detected shared putative Sox-family binding
sites in the second conserved block (Callard et al. 2001).

Interestingly, all three conserved blocks of the cyp19a1B
teleost promoter contain putative homeobox domain tran-
scription factor binding sites, including sites for members of
the HOX family. Additionally, we detected possible binding
sites for the Fox-gene-family in block one, which is also the
case in the cyp19a1A promoter (blocks 1 and 2). In three
teleost species (platyfish, medaka, and stickleback), we

found conserved putative sites for Hmx3 (involved in speci-
fication of neuronal cell types, required in the hypothalamic-
pituitary axis), RFX1 (transcriptional activator of MHC classl|
genes), and PCE-1 (an element usually found in promoter
regions of photoreceptor genes). However, these sites were
not detected in tilapia or pufferfishes.

A closer inspection of the cichlid sequences only (supple-
mentary fig. S2, Supplementary Material online) revealed that
these contain, in the conserved upstream regions of both
gene copies, putative binding sites for SF-1, several Sox-
family members and several androgen response elements in
addition to the ERE and estrogen receptor (ER)-related sites.
The promoter region of cyp19alA in cichlids contains also
putative binding sites for Nr5a2 and Dmrt1. Furthermore, we
confirmed the existence of putative binding sites for Nkx6-1
in both cyp19aT promoters in cichlids, just as previously de-
scribed for cyp19a1B in tilapia, zebrafish, and medaka (Chang
et al. 2005; Diotel et al. 2010).

Expression Profiling of Cyp19a1A and B and Other
Sexual Development Genes in Cichlids

In a first step, we tested by quantitative real-time polymerase
chain reaction (qRT-PCR), the expression of our set of candi-
date genes in three different species from LT (A. burtoni, O.
ventralis, and N. pulcher, for species choice see Materials and
Methods) belonging to three different cichlid lineages. We
obtained expression profiles in both gonad and brain tissue
for 23 of these candidate genes (see Materials and Methods
for details on our working procedure; the remaining five
genes, amh, arA, arB, dax1b, and tdrd1 could not successfully
be amplified on cDNA from gonadal tissue). Brain tissue was
included in these experiments, because several of the
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Table 2. Putative Transcription Factor Binding Sites in the Teleost Promoter Regions of cyp19a1A and B.

cyp19a1A

Block 1°
Nile tilapia NF1 Nr5a2 ERR Sox5 FoxF2 FACT Oct-F Nr1fi DREAM NGN/NeuroD
Platyfish MEL1 Hmx3 Nr5a2 ERR Nr5a2 ERR Sox5 FoxA1/2 Sry Oct-6 Nr1fl DREAM CREB Myt1l
Medaka SF1 ERR SPZ1 Nr5a2 ERRalpha Sox5 FoxA1/2 FACT Oct-6 Nr1fi DREAM
Stickleback HMGI(Y)
Fugu SPI1 Nr5a2 Sox5 XBP1 Dec-2 ARNT FoxA1/2 ATF2 CREB
Pufferfish Sox5 HRE Dec-2 ARNT FoxF2 ATF2 CREB

Block 2
Nile tilapia Pou5f1 Sox5 AP1
Platyfish Sox5 AP1 Hbox-F*_Fox|1
Medaka Sox5 Hbox-F HRE
Stickleback RFX1 FoxK2
Pufferfish CREB

Block 3
Nile tilapia MEL1 Nanog MyF4 Ascl1
Platyfish PLAG1 Meis1 Evi-1 HBP-1
Stickleback SPI-1 GABP WT1 MEL1 Nr1d1

cyp19a1B

Block 1
Nile tilapia Nkx2-5 RFX1/3 MyT1l HoxC9 FoxF1 Nkx2-5 HoxCO FoxAT/2 Sox9 SPI-1
Platyfish Himx3 MyT1 RFX1 HoxC9 Foxlta HoxC9 SPI-1
Medaka Hmx3 RFX1 Six4 HoxC9 Hmx2 HMGA1/2 Hox-F
Stickleback Hmx3 RFX1 FoxF1 MyFé

Block 2
Nile tilapia Hhex Msx-1/2 Brn-3 Nkx6-1 Nmp4 AP1 Sox2 ERE-F Hbox-F HMGA1/2 PLAG1
Platyfish Sox30 SPZ1 TGIF1 ERE-F Hbox-F PCE-1 SPI-1
Medaka MEL1 Etv4 TGIF1 ERE-F S8 Hbox-F PCE-1 ERR Nr5a2
Stickleback ERE-F Hbox-F HMGA1/2 PCE-1
Pufferfish ERE-F APT Hox9A

Block 3
Nile tilapia E2a Ascl1 Meis1 GSH-2 Phox2a/b SPI-1 Gsh-1 Elf5 HoxC9 Sox-F MyT1l MyT1l
Platyfish TGIF DREAM MEL1
Medaka RFX1 ZIC2 NGN/NeuroD HRE Hbox-F
Stickleback Elfs MyT1l

Blocks correspond to the regions shown in figure 3.

®Binding sites that are shared between at least two species are underlined.
“F indicates that the binding site is predicted to bind several members of the same family. For the sake of space, not all family members are

listed but the family is indicated by —F.

candidate genes are putative members of the hypothalamic-
pituitary—gonadal axis, especially those involved in sex steroid
synthesis, and hence, are expected to be expressed in the brain.
This expectation can also be made for the adult brain because
the fish brain produces sex steroid hormones necessary for
sexual differentiation, plasticity, and reproduction throughout
the entire lifespan of a fish unlike the mammalian brain, which
is irreversibly sexualized during early development.

Table 3 shows a summary of the expression data for the
three tested cichlid species (for box plots and detailed values
of all expression tests and statistics see supplementary mate-
rial S2, Supplementary Material online). Most of the tested
gene candidates show—at least to some extent—expression
patterns as described for other species (e.g, dmrt1 is also a
testis gene in cichlids). The tissue of highest expression level is
most often conserved between the examined species.

However, we also found deviations from described expression
patterns.

We cannot confirm a role for rspoT as an ovary factor in
adult cichlids, where it is mainly expressed in the brain. Rspo1
has been suggested to act as an activator of the wnt/beta-
catenin pathway in the developing ovary (Smith et al. 2008)
and is overexpressed in zebrafish ovaries (Zhang et al. 2011).
Our data do, however, support a role for other members of
this pathway, ctnnb1A and B and wnt4a, in the adult ovary,
whereas wnt4B, just like rspo1, is predominantly expressed in
the brain and testis; furthermore, ctnnb1A seems to also have
experienced a shift in expression toward the brain in adult
cichlids. Therefore, the role of the wnt-pathway in ovary
development seems to be less conserved than previously
thought, and, in addition, to differ between paralogous
gene copies.
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In mammals, Sox9 is indispensable for testis differentiation
(Kanai et al. 2005) and sox9 is the first gene to show male
sex-specific expression in many species (for a review see
Morais da Silva et al. 1996). In fish, both sox9 gene copies
were found to be (highly) expressed in developing and adult
testis (Zhou et al. 2003; Johnsen et al. 2013). In our set of
cichlids, sox9A seems to be important in brain tissue and
s0x9B in ovaries and to some extent in the brain.

The most intriguing expression patterns observed in our
data set involved once more the aromatase gene cyp19al.
Although the brain expression patterns of cyp19a1B in two of
our study species (N. pulcher and O. ventralis) are consistent
with the general trend in teleosts, that is, expression of the
A-copy in ovaries and the B-copy in the brain (Callard et al.
2001; Cao et al. 2012), the member of the derived and excep-
tionally species-rich haplochromine cichlids (A. burtoni)
shows a different pattern. In A. burtoni, cyp19a1B is overex-
pressed in testis and not in the brain, a pattern so far not
described. Also cyp19a1A shows a deviation from the general
trend in teleosts, in this case in the Ectodini O. ventralis, where
we detected a similar expression level in testis and in ovaries
(the other two cichlids show overexpression in ovaries, like
other teleosts).

Because of the observed new expression patterns and the
strong signal for positive selected sites in cyp19a1A, we de-
cided to study both gene copies in more detail and more
species focusing on a phylogenetically representative set of
the East African cichlids. To this end, we performed qRT-PCR
expression analysis in adults of six additional cichlid species: a
representative of an extra cichlid tribe (Perissodus microlepis,
tribe Perissodini) as well as more representatives of the
Ectodini (Enantiopus melanogenys), the Lamprologini (Alto-
lamprologus fasciatus), and, particularly, the Haplochromini
(Ctenochromis horei, Pseudotropheus pulpican, and Haplo-
chromis obliguidens). Thus, we now also included members
of the two major haplochromine adaptive radiations, that of
lakes Victoria (H. obliquidens) and Malawi (P. pulpican). The
results of these experiments are shown in figure 4 (for further
details on values and statistics see supplementary material S3,
Supplementary Material online).

First, we confirmed that the newly detected overexpres-
sion of cyp19a1B in testis of A. burtoni is representative for
haplochromine cichlids in general, indicating that this shift in
gene expression has been acquired in the ancestor of the
most species-rich group of cichlids.

Second, the expression of cyp19a7A in testis in O. ventralis
also seems to be a more general pattern in Ectodini, as evi-
denced by the analysis of a second representative of this tribe,
E. melanogenys. The expression patterns observed in
Lamprologini and Perissodini, however, resemble the presum-
ably ancestral patterns known from other teleosts.

Discussion

In this study, we investigated supposedly conserved candidate
genes implicated in sex determination, sex differentiation, and
reproduction in East African cichlid fishes. We found substan-
tial variation in adult expression patterns for several of these
genes, suggesting that not only the master initial regulators

but also the downstream genetic factors of sex determination
are less conserved than previously thought. We could show
that this variation depends on the species investigated, and
that expression can vary even between closely related species.
Furthermore, variation in sequence evolution and expression
can act on the level of additional gene copies such as the ones
that emerged from the FSGD (e.g, see our data on sox9A and
B and wnt4A and B), opening the path for sub- and neo-
functionalization. This suggests that not only the master reg-
ulatory triggers of sex determination are labile in the animal
kingdom but also that the downstream genetic factors can
experience substantial changes in coding sequence and func-
tion. This adds a further level of plasticity to the processes of
sexual development, at least in teleost fish.

Aromatase Gene Expression in Cichlids

The aromatase cyp19a1 is considered one of the most impor-
tant, if not the key gene in vertebrate sexual development
(Diotel et al. 2010; Valenzuela et al. 2013). Cyp19a1 is the
sensitive gene that reacts to temperature changes and thus
induces sexual development in reptiles (Merchant-Larios and
Diaz-Hernandez 2013), it has been implicated with sex change
in fish (Liu et al. 2009; Nozu et al. 2009) and it is one of the first
genes to show sex differences in expression in developing
tilapia (ljiri et al. 2008). Cyp19a1 is a fundamental component
of the estrogen pathway and it has been suggested that hor-
monal actions, such as the ones of estrogen, are so important
that sex determination relies on them exclusively, regardless
of their initial activation (Angelopoulou et al. 2012; Merchant-
Larios and Diaz-Hernandez 2013).

In adult vertebrates, cyp19a1 typically comes in two fla-
vors, the brain and the ovary aromatase. In tetrapods, this
target specificity is achieved through the generation of alter-
native 5'-UTR transcripts derived from a single gene, medi-
ated by tissue-specific promoters (Toda and Shizuta 1993;
Golovine et al. 2003); an exception is the pig, which has
three copies of cyp19a1 (Graddy et al. 2000). Teleosts, on
the other hand, have two copies of the gene generated by
the FSGD and generally express the A-copy in ovaries and the
B-copy in the brain (an exception are the European and the
Japanese eels that only retained one copy after the FSGD,
which is expressed in both, the brain and gonads, Tzchori
et al. 2004; Jeng et al. 2012). The high expression levels in
the fish brain, especially of cyp19a1B, are explained by its
regulation through a feedback loop of estrogen on EREs in
its promoter (Callard et al. 2001; Diotel et al. 2010, and refer-
ences therein). In general, the functions of cyp19a1A and
cyp19a1B have been suggested to be highly conserved
among teleosts (Callard et al. 2001).

Here, we show that East African cichlid fishes deviate from
this trend. Cyp19a1A, which shows strong signs of positive
selection in cichlids, has experienced a shift in expression from
ovary-specific to testis and ovaries in the Ectodini of LT. This
pattern clearly contradicts the general assumption that an
upregulation of cyp19a7A is needed to initiate and maintain
ovary function in fish, whereas its downregulation induces
testis development (Guiguen et al. 2010). Furthermore, the
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Fic. 4. qRT-PCR expression data for aromatase cyp19a71A and B in different East African cichlid species. qRT-PCR expression data for cyp19a1A and
cyp19a1B are shown as mean normalized expression (MNE, calculated as described in Simon 2003) on a logarithmic scale tested in male and female
brain tissue, testis, and ovary in species representing four major cichlid lineages (Haplochromini, Ectodini, Perissodini, and Lamprologini). Pseudotropheus
pulpican is a species of Lake Malawi and Haplochromis obliquidens of Lake Victoria. All other species are from LT. Sample size is five for each tissue and

sex except for Perissodus microlepis (only four males available and six females)

and Altolamprologus fasciatus (only four males available). For details on

values, raw data, and statistics see supplementary material S3, Supplementary Material online.

protein domains of Cyp19ala could be substantially influ-
enced by the changes occurring in its coding sequence in
East African cichlids and hence its functionality in the estro-
gen pathway remains to be determined in these fish.
Cyp19a1B, on the other hand, shows high sequence con-
servation in the investigated cichlids suggesting that it pre-
served its function in testosterone aromatization to estrogen.
Still, this gene has experienced a shift in expression from brain
to testis in the Haplochromini. It thus appears that in this
most species-rich group of cichlids the main site of adult
estrogen production is the testis and not the brain. The hap-
lochromines are the cichlid lineage displaying the most pro-
nounced sexual color dimorphism, which has often been
implicated with sexual selection via female choice, and they

2278

show the most derived female mouthbrooding behavior
(Salzburger et al. 2005). Whether the unprecedented recruit-
ment of the otherwise brain-specific gene cyp19a1B in testis is
causally linked to some of these features of haplochromine
cichlids would need to be investigated in the future.

Adult ectodine cichlids mainly express cyp19aTA in the
gonads and haplochromine cichlids overexpress cyp19a1B
in the testis. This should lead, at least in the haplochromines,
to high estrogen levels in the testis, whereas the functionality
of Cyp19aTA in estrogen aromatization to testosterone can
be questioned.

High estrogen levels in the haplochromine cichlid A. bur-
toni and in many other vertebrates are linked to aggressive
behavior (Trainor et al. 2006); however, the steroids effecting
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aggressive (but not reproductive) behavior are apparently not
of gonadal origin in A. burtoni (Soma et al. 1996; Huffman
et al. 2013), leaving the function of high aromatase activity in
the testis of this species unexplained. Yet, none of the stud-
ies on estrogen levels in A. burtoni is specific for one of
the two ¢yp19al copies (Huffman et al. 2013).
Pharmacologically blocking aromatase (presumably both
forms), decreases aggressive behavior, whereas reproductive
behavior is not influenced (Huffman et al. 2013, and refer-
ences therein). We suggest further critical investigation of the
usage of such inhibiting substances with respect to the se-
quence changes that we observed in cyp19a1A.

Estrogen production via aromatase in the testis of fish has
been described to be involved in spermatogenesis, where
estrogen is necessary for the renewal of spermatagonial
stem cells and thought to be necessary for germ cell prolifer-
ation and possibly differentiation (Schulz et al. 2010). Ye,
overexpression of aromatase in testis compared with ovary
or brain has not been described in fish before (see table 2 in
Piferrer and Blazquez 2005). Furthermore, an increase of
estrogen levels has been shown to impair testis function in
fish and substantially influence reproduction (Kobayashi et al.
2011), leaving the high expression levels of aromatase, and
especially cyp19a1B in haplochromine cichlids, hard to explain
with the currently available data on estrogen actions on
testis/spermiogenesis.

Considering our analysis of the promoter regions of
cyp19a1A and B in cichlids, we think that the presence of
SF-1and Dmrt-1 binding sites in the cyp19a1A promoter and
the expression of both factors in the testis of cichlids (fig. 3
and table 3) is consistent with a repressive action of these
two transcription factors on cyp19aTA expression in testis.
Conversely, cyp19a1B is overexpressed in testis in haplochro-
mines, suggesting that it may not be suppressed by SF-1 in
testis, though the cichlid cyp19a1B promoter contains a pu-
tative binding site for this factor and sf-1 is overexpressed in
testis. The main expression of nr5a2 in the brain of A. burtoni
contradicts its activating action on cyp19aT1A in gonads,
although there is a conserved potential binding site for it in
the A promoter. Still, Nr5a2 could drive cyp19a1A expression
in the brain or earlier during development in the gonads.

Further studies should unravel the functionality of the two
aromatase copies in cichlids, their function throughout brain
and gonad development and their action on adult steroid
production involved in aggression and reproduction. Also
the regulation of their expression by neuronal/gonadal tran-
scription factors as well as through estrogens and androgens
(as suggested by the presence of response elements for both
steroid types in the cichlid promoter regions of cyp19a1A
and B) need further investigation.

Contrasting Sequence Evolution Trajectories of the
Two Aromatase Gene Copies in Cichlids

The relative contribution to phenotypic divergence of
changes in the cis-regulatory elements of a gene versus
changes in the coding sequence is still nebulous and a
matter of debate (Hoekstra and Coyne 2007), although it

has been argued that rapid evolution in closely related taxa
such as cichlids is more likely to be mediated by regulatory
changes (Baldo et al. 2011). Here, we show that even two
copies of the same ancestral gene emerging from a duplica-
tion event may pursue these distinct evolutionary trajectories,
both likely leading to functional divergence. Cyp19alA has
undergone various, presumably adaptive changes in its amino
acid sequence during cichlid evolution that might substan-
tially influence its function. Cyp19a1B, on the other hand,
seems to be under strong purifying selection in cichlids, indi-
cating that functional constraints act on at least one of the
duplicate gene copies, though the effects of aromatase action
remain illusive. Still, also the B-copy shows new evolutionary
paths in cichlids: in addition to expression shift in
Haplochromini (overexpression in testis) we could show the
usage of different TSSs in Ectodini and Haplochromini, a
feature already described for the single copy cyp19a1 gene
in tetrapods (mentioned earlier). This shift seems to be
caused by cis or trans regulatory changes. The other, more
basal cichlids investigated here show conserved expression
patterns in both genes resembling other teleosts. This illus-
trates that paralogs can be subjects to differential evolution-
ary fates also at late, that is, derived stages of an evolutionary
radiation.

More Flexibility in the Sex-Determining Cascade: Sox9
Expression in Cichlids—More than a Testis Factor

In mammals, Sox9 drives testis differentiation (Kanai et al.
2005) and a similar role has been suggested for this gene
in other vertebrate groups, after the observation that it is
often the first gene to show male sex-specific expression
(Morais da Silva et al. 1996). In teleost fish, both sox9
gene copies were described to be (highly) expressed in
developing and adult testis (Zhou et al. 2003; Johnsen
et al. 2013). Apparently, however, the expression pattern
is more flexible in adult fish, it varies by species and
depends on the gene copy investigated. In line with
this, we show that sox9A seems to rather play a role in
the brain and s0x9B in ovaries and also to some extent in
the brain. This illustrates that substantial differences exist
in the expression pattern of sox9 between teleost fishes
and underlines once more the importance of studying
both duplicates of a single copy tetrapod gene, when
present in fish, and not to conclude a function from
one copy only. This is also illustrated by our data on
wnt4A and B. Sox9A and B are obviously another example
of a sub- or neofunctionalization of gene copies after du-
plication (Ohno 1970).

Sexual Development Is Plastic in Teleost Fishes

It has been proposed that a set of genes forms a common
regulatory network of sexual differentiation in vertebrates
(Angelopoulou et al. 2012; Valenzuela et al. 2013). This
study shows that some of the genes implicated in sexual
development and reproduction are indeed conserved be-
tween lineages. The function of these genes, however, as
reflected by their varying expression patterns in different
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species (this study and see Cutting et al. 2013 for a review)
and changing coding sequence as we show here for the aro-
matase gene copies, seems to be less conserved than previ-
ously thought.

Plasticity in sexual development has been studied in detail
in sex-changing fish and species that possess temperature
dependent sex-determining mechanisms, where gene expres-
sion changes in response to temperature have been assessed.
Most other available studies on sexual development have
focused on one gene or a particular pathway of a few inter-
acting genes. Our work was based on a broad screen of many
genes and with respect to both, gene expression and
sequence evolution, in a prime model system in evolutionary
biology, the East African cichlids. We detected substantial
differences in expression within different cichlid species and
between cichlids, or certain lineages thereof, and other tele-
osts. The most intriguing outcome of our study is the lineage-
specific shifts in gene expression in the two copies of the
aromatase cyp19aT, a major core gene of sexual development,
behavior, and reproduction in chordates. That the changes in
gene expression in the two cyp19al copies occurred in
derived cichlid lineages, but not in the ancestral tribes, sug-
gests that functional divergence between two gene copies
derived from the FSGD adds another level of flexibility to
the sex-determining cascade of teleosts.

Taken together, most of the studied genes are part of the
cascade of sex determination, differentiation, and reproduc-
tion across teleosts but their usage may differ substantially at
different taxonomic levels. This can be interpreted as a devel-
opmental system drift (DSD), a change in the molecular path-
way with preservation of the morphological/phenotypic
outcome (True and Haag 2001), in this case the establish-
ment, maintenance, and functioning of separate sexes.
Indeed, changes of master control genes in the sex-determin-
ing cascade between closely related taxa have been called “the
most striking examples of diversity in a conserved regulatory
process” (True and Haag 2001), exemplifying DSD. Our data
and also those of others (Wang and Sommer 2011; Valenzuela
et al. 2013) indicate that this diversity not only affects the top
of the sex-determining cascade but also includes sexual dif-
ferentiation genes, hormone pathways and the molecular
networks necessary for the development of reproductive
organs and behavior. The occurring modifications can thus
affect all levels of a developmental process and may depend
on cis or trans changes, novel wiring, new patterns of coding
sequence evolution, different gene usage and de novo recruit-
ment and evolution of genes.

Especially the observed sequence and expression changes
of the aromatase gene copies could have implications on the
evolution of sex chromosomes, which might be driven by the
action of hormones (Howard 2002). Our study once more
demonstrates that understanding evolutionary shifts in
sex-determining systems requires the characterization of
downstream gene variability (Uller and Helantera 2011).
Cichlid fishes are, in this respect, an ideal model system
since many closely related, hence genetically very similar spe-
cies, with different sex-determining mechanisms and all sorts
of reproductive strategies exist.
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Materials and Methods

Tissue Sampling and Nucleic Acid Extraction

The presented data set comprises DNA sequence data for 33
species of East African cichlid fishes (see supplementary table
S4, Supplementary Material online) and expression data for
nine species (A. burtoni, C. horei, O. ventralis, E. melanogenys,
N. pulcher, Alt. fasciatus, P. microlepis, H. obliquidens, and
Pse. pulpican). The investigated species belong to 13 different
tribes and thus cover a great portion of the taxonomic and
phylogenetic diversity of East African cichlids (Salzburger et al.
2002, 2005). The species that were tested for candidate gene
expression were chosen with regards to available genetic re-
sources and their respective phylogenetic positions. All can-
didate genes were tested in A. burtoni (a member of the
Haplochromini), O. ventralis (Ectodini), and N. pulcher
(Lamprologini). These three cichlid tribes differ remarkably
in many life history aspects and with regards to sexual devel-
opment and, especially, their reproductive strategies. A. bur-
toni and O. ventralis are maternal mouthbreeders, whereas N.
pulcher is a bi-parental substrate spawner within a coopera-
tive helper group. Additionally, A. burtoni shows a rather
strong sexual color dimorphism.

Samples of the species from LT were collected during field
expeditions to the lake and surrounding rivers between 2007
and 2012 under a research permit issued by the Lake
Tanganyika Research Unit, Department of Fisheries,
Mpulungu, Zambia. Tissue samples of N. callipterus were
kindly provided by M. Taborsky. Adult and mature specimens
for two additional species (H. obliquidens from Lake Victoria
and P. pulpican from Lake Malawi) were derived from the
aquarium trade. Life fish were kept under standard conditions
(12h light, 12h dark, 25°C) at the animal facility of the
Salzburger group, University of Basel, Switzerland. Research
was performed under the cantonal veterinary permit no.
2317.

All samples for the expression studies were collected
during the above mentioned field expeditions in 2011/2012.
Tissues (brain, gonad, gill, anal fin, and liver) were collected
from wild caught adult fish within one hour to reduce gene
expression shifts caused by stress. Tissues were directly stored
in RNAlater (LifeTechnologies). DNA samples (muscle and fin
tissue) were taken at the same time and stored in 100%
ethanol. Fish were sexed based on external morphological
traits and visual gonad inspection. Samples were only in-
cluded in the study when ovary or testis structure could be
determined unambiguously. For the mouth-breeding species
only non-breeding females were dissected. Given the sam-
pling conditions, reliable determination of GSI (gonadoso-
matic index) or plasma steroid levels to infer reproductive
status of the invested specimens was not feasible. Note how-
ever, that previous studies on stable laboratory populations of
male A. burtoni have shown that changes in gonad mass are
not necessarily reflecting reproductive maturity but are rather
signs of interstitial cell division (Huffman et al. 2012, and ref-
erences therein). Additionally, testis of both subordinate and
dominant males contains all spermatogenic stages (Maruska
and Fernald 2011) and sperm proliferation does not differ
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between them (Kustan et al. 2011). A reliable assessment of
reproductive status and dominance over gene expression
analysis is, however, possible (Huffman et al. 2012) and sex-
specific expression in our data set is consistent between sam-
ples of one sex.

Genomic DNA was extracted from ethanol preserved
muscle or fin tissue applying manually a Proteinase K diges-
tion followed by sodium chloride extraction and ethanol pre-
cipitation (Laird et al. 1991) or using the robotic workstation
BioSprint 96 (Qiagen) following the manufacturer’s
instructions.

Samples stored in RNAlater were incubated overnight in
Trizol (LifeTechnologies) at 4 °C (this initial incubation step
increases RNA yield after long-term storage in RNAlater) prior
to extraction and subsequently homogenized in Trizol using a
FastPrep24 (MP Biomedicals Europe). Total RNA was
extracted following the Trizol protocol. RNA concentration
and quality was measured using a NanoDrop1000
Spectrophotometer (ThermoScientific). RNA samples were
treated with DNA-free Kit (LifeTechnologies) as recom-
mended by the manufacturer.

Reverse Transcription and Quantitative
Real-Time PCR

DNase-treated RNA was reverse transcribed using the High
capacity RNA-to-cDNA kit (LifeTechnologies) following the
manufacturer’s protocol. Real-time PCR experiments were
run on a StepOnePlus Real-Time system (LifeTechnologies)
on a final cDNA concentration of 0.5 ng/pl for the experiment
shown in table 3 and 1ng/pl for the experiment shown in
figure 4 with 200 nM final primer concentration and the SYBR
Green master (Rox) dye (Roche) in 20 ul final volume with
the following cycling conditions: 95 °C 10 min, 40 cycles 95 °C
10, and 58°C 305 for experiments shown in column 3 of
table 3 and 95 °C 10 min, 40 cycles 95°C 155, and 58 °C 60 s
for all other experiments shown). All gRT-PCR amplifications
included a melt curve step after cycling. Primers were con-
structed in conserved regions chosen based on the A. burtoni
and N. brichardi (N. brichardi forms together with the expres-
sion investigated for N. pulcher, the N. brichardi/pulcher spe-
cies complex, Duftner et al. 2007) genome sequences and
sequenced amplicons of the corresponding regions for
O. ventralis to guarantee equal binding efficiencies between
species.

Al used primers (see supplementary table S5
[Supplementary Material online] for primer sequences)
were initially validated on serial dilutions of factor 5 of
A. burtoni juvenile whole body mixed cDNA (34 individuals
of 7.8-24mm standard length, 3 weeks to 2 months age,
laboratory strain, equimolar pooled RNA) and for N. bri-
chardi/pulcher specific primers on serial dilutions of factor
5 of N. brichardi juvenile whole body mixed cDNA (six indi-
viduals pooled, 18.4-24.6 mm standard length, 3 months age,
kindly provided by H. Gante, University of Basel) starting with
10ng/wl DNA final concentration. qRT-PCR efficiencies (E)
were calculated for each reaction from the slope of the stan-
dard curve using the equation E = 10 "°P a5 implemented

in the StepOnePlus software (LifeTechnologies) with an effi-
ciency of 2 being equal to 100% (E% = [10¢ 9P — 1] x 100)
and an indicator of a robust assay.

Expression was measured as comparative Cy experiments
using rpl7 (ribosomal protein L7) as control gene and gills as
reference tissue. Rpl7 was chosen after an initial comparison
with two other presumably house keeping genes (efia and
beta-actin). rpl7 showed the most consistent expression be-
tween samples (i.e, smallest C; range) and has been used
previously in fish qRT-PCR experiments (Bohne et al. 2010).
Gill tissue was chosen as reference for the delta-delta-Cy
method, because it did not show differences between sexes
and expressed the genes of interest. Furthermore, expression
in gills was most consistent between species and in compar-
ison to liver and anal fin tissue. For quantification, data were
first analyzed using the delta-delta-C+ method (Livak and
Schmittgen 2001) and custom R-scripts. As lowest threshold
for expression we applied 37 cycles. As a second, and this time
reference tissue independent, analysis method, mean normal-
ized gene expression was calculated as described in (Simon
2003) again using rpl7 as control gene.

All experiments were carried out with three technical rep-
licates. The details of all experiments including used samples,
raw data, graphs, and statistics are given in supplementary
materials S2 and S3, Supplementary Material online.

Cyp19a1A Gene Sequencing

A fragment including the entire coding region was amplified
by PCR on genomic DNA of 28 cichlid species from LT. The
species cover 12 tribes of the cichlid assemblage of this lake;
the number of species sequenced per tribe was chosen ac-
cording to species-richness of the tribe. When available, a
male and a female specimen were sequenced (supplementary
table S4, Supplementary Material online).

Long-range PCR reactions were carried out using Phusion
Master Mix (New England Biolabs) in 40 L reaction volume
on 50 ng genomic DNA with the primers for 5~ TGAACTAGG
TCCTGTAAACCCAAGG-3' and rev 5-AAGACTTTTGCACAG
AACAGTAGG-3' (cycling conditions: 98°C 30's followed by
35 cycles of 98 °C for 1055, 64 °C for 30's, 72 °C for 4 min and
with a final elongation of 10 min at 72 °C, primers ordered
from Microsynth).

PCR products were visualized using SYBRSafe DNA Gel
Stain (LifeTechnologies) on a 1.5% agarose gel. Thirty micro-
liters of PCR product was gel purified using QIAquick Gel
Extraction Kit (Qiagen). 100ng of purified PCR product
were used for barcoded library preparations using
NEBNextFast DNA fragmentation kit (fragmentation time
28 min) and lon Xpress Plus Fragment Library kit and lon
Xpress Barcode Adapters (LifeTechnologies) according to
manufacturer's recommendation. Libraries were pooled
after barcoding for subsequent analysis. Quantification prior
to sequencing was done with the lon Library Quantitation Kit
(LifeTechnologies) on a StepOnePlus Real-Time system
(LifeTechnologies).

Libraries were sequenced on three 314 chips on an lon
PGM Sequencer (LifeTechnologies). Demultiplexed sequences
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were loaded into Geneious (Biomatters Ltd.) and mapped to
the reference amplicon reconstructed from the A. burtoni
genome (BROAD) as closest available relative for all self-se-
quenced species. Alignments were corrected manually. The
subsequent sequence analyses were performed in Geneious
using MUSCLE (Edgar 2004) as alignment algorithm.
Alignments per species were combined to construct one con-
sensus sequence per species with 75% identical threshold for
ambiguous sites. Sequences for O. niloticus, P. nyererei, and
N. brichardi were retrieved from the cichlid genomes
(BROAD) and included in the alignment.

The final alignment based on the grouped nucleotide
sequences was trimmed and used for the reconstruction of
a phylogenetic tree with MrBayes (5 million generations, de-
fault settings, version 3.2.1, Ronquist et al. 2012) under the
GTR + | + gamma model as determined with jModelTest2
(Darriba et al. 2012). The obtained tree topology was in
accordance with a maximum likelihood tree (1,000 boot-
straps) obtained with PhyML (Guindon et al. 2010) (data
not shown). An alignment covering only the coding region
from start to stop codon according to the Nile tilapia
sequence available in Ensembl (ENSONIT00000000198) was
used for selection analysis.

In Silico Sequence Analysis

Sequences of the candidate genes were identified using the
reciprocal best hit BLAST method with annotated sequences
from the medaka (O. latipes) genome assembly (http://www.
ensembl.org/Oryzias_latipes, last accessed July 23, 2013) as
queries against the Nile tilapia (Oreochromis niloticus) EST
data available in Genbank (www.ncbinlmnihgov, last
accessed July 23, 2013) and, upon availability, against the
Nile tilapia genome (http://www.ensembl.org/Oreochromis_
niloticus, last accessed July 23, 2013). The retrieved tilapia
sequences were used as queries in a local BLASTn search
against the cichlid fish genomes (BROAD) as references. If
the reciprocal best hit method was not conclusive, especially
to distinguish cichlid/teleost copies of the same original tet-
rapod gene, phylogenetic analysis were carried out (data not
shown) including more teleost sequences to characterize the
A- and B-copies according to the annotation used for medaka
in Ensembl (www.ensembl.org, last accessed July 23, 2013).

In-frame alignments of the coding sequences from start
codon (included) to stop codon (excluded for Selecton anal-
ysis, see below) were performed with CodonCodeAligner
(CodonCode Corporation). All alignments were checked
and corrected manually with respect to exon-intron bound-
aries and in-frame indels.

Overall Ka/Ks estimates were calculated using
KaKs_calculator (Zhang et al. 2006) with the MA method
for each pairwise comparison to the Nile tilapia sequence
over the entire length (supplementary tables S2 and S3,
Supplementary Material online).

Site-wise Ka/Ks estimates were performed with Selecton
(Doron-Faigenboim et al. 2005; Stern et al. 2007) using the
tilapia sequence as query. The M8 (M8, beta + w > 1) model
enabled for positive selection was used (Yang et al. 2000).
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When positively selected sites were detected under this
model, it was tested against the null model (no positive se-
lection, M8a, beta + w =1, Swanson et al. 2003).

The distribution of positively selected sites in cyp19a1A
along the phylogeny was tested with HyPhy (Pond et al.
2005) and codeml, which is part of the PAML package
(Yang 2007). To test for branch-specific signs of positive selec-
tion we run the Branch-site REL model (Kosakovsky Pond et al.
2011) as implemented in HyPhy on www.Datamonkey.org
(last accessed July 23, 2013) (Pond and Frost 2005; Delport
et al. 2010). To test for site- and branch-specific signs of selec-
tion, we used codeml with the branch-site model and a test for
positive selection (Yang and Nielsen 2002; Yang et al. 2005;
Zhang et al. 2005) to test different clades against all other
clades of the phylogeny (fig. 2).

Promoter Analysis

Promoter analyses were carried out on the flanking regions of
the cyp19a1A and cyp19a1B genes exported from all available
teleost genomes on www.ensembl.org (last accessed July 23,
2013) (Release 69, October 2012) and on the sequences avail-
able for A. burtoni, P. nyererei, and N. brichardi (BROAD).
Annotation files were exported from Ensembl or, whenever
necessary, created manually for the nonannotated genomes.
The annotation for gldnB on the Nile tilapia sequence was
added manually, as this gene is not annotated in the cur-
rent genome release. Annotation was done using the
coding sequence present in Genbank (Accession number
XM_003443944). Alignments for all teleost promoters were
performed using mVISTA (Mayor et al. 2000; Frazer et al.
2004) with Shuffle-LAGAN as alignment algorithm.
Alignments including only cichlid sequences were performed
with MUSCLE (Edgar 2004) as implemented in Geneious
(Biomatters Ltd). Putative transcription factor binding sites
were annotated according to (Tong and Chung 2003;
Yoshiura et al. 2003; Chang et al. 2005 Ohmuro-
Matsuyama et al. 2007, Wang et al. 2007; Diotel et al. 2010)
and with the help of Matlnspector as implemented in the
Genomatix software suite V2.6 (Genomatix Software GmbH)
with a matrix similarity cutoff of >0.9. We selected only tran-
scription factors that fell in the categories brain and/or CNSs
and ovary, testis, and germ cells. Note that putative transcrip-
tion factor binding sites that are described as “transcription
factor -F” (e.g, Hbox-F) include more than three members of
the same family predicted to bind at the same site and are
thus abbreviated with —F for family.

Supplementary Material

Supplementary material S1-S3, tables S1-S5, and figures S1
and S2 are available at Molecular Biology and Evolution online
(http:/ /www.mbe.oxfordjournals.org/).
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Abstract

Background: The factors determining sex are diverse in vertebrates and especially so in teleost fishes. Only a
handful of master sex-determining genes have been identified, however great efforts have been undertaken to
characterize the subsequent genetic network of sex differentiation in various organisms. East African cichlids offer
an ideal model system to study the complexity of sexual development, since many different sex-determining
mechanisms occur in closely related species of this fish family. Here, we investigated the sex-determining system
and gene expression profiles during male development of Astatotilapia burtoni, a member of the rapidly radiating
and exceptionally species-rich haplochromine lineage.

Results: Crossing experiments with hormonally sex-reversed fish provided evidence for an XX-XY sex determination
system in A. burtoni. Resultant all-male broods were used to assess gene expression patterns throughout development

sox9A and sox9B).

of a set of candidate genes, previously characterized in adult cichlids only.

Conclusions: We could identify the onset of gonad sexual differentiation at 11-12 dpf. The expression profiles
identified wnt4B and wt1A as the earliest gonad markers in A. burtoni. Furthermore we identified late testis genes
(cyp19alA, gsdf, dmrt1 and gata4), and brain markers (ctnnb 1A, ctnnbl1B, dax1A, foxI2, foxI3, nanos1A, nanosiB, rspol, sf-1,

Keywords: Sexual development, Cichlidae, Adaptive radiation, Speciation, Gene expression profiles

Background

Sexual development encompasses sex determination and
sex differentiation and can be viewed as a complex gen-
etic network that is initiated by a sex-determining trigger
mediating the expression of sex differentiation genes,
which ultimately establish the male or female phenotype
[1]. In teleost fishes, with over 25,000 species the largest
vertebrate group, sex determination mechanisms are
much more variable compared to other vertebrates [2].
So far, six master sex-determining genes have been iden-
tified in teleosts, namely dmy/dmrt1bY in Oryzias latipes
and O. curvinotus [3,4], gsdf' in O. luzonensis [5], sox3
in O. dancena [6], amhy in Odontesthes hatcheri [7],
amhr2 in Takifugu rubripes [8] and sdY in Oncorhynchus
mykiss and several other salmonids [9,10]. In addition to
this variation in the initial regulators, we and others
could show recently that also the subsequent genetic
steps of sex differentiation are not conserved in fishes,
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Zoological Institute, University of Basel, Vesalgasse 1, 4051 Basel, Switzerland
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asking for further investigation of the mechanisms of
sexual development in this group of animals [11,12].

Master sex-determining genes are thought to be
expressed early in development, thus marking the initial
time point of the sexual development cascade. Their ex-
pression then either decreases directly after (comparable
to the expression pattern shown in Figure 1A and in
particular described for dmy/dmrtibY in O. latipes [13])
or is maintained during the juvenile stage (as suggested
for amhy [7] and sdY [9]). To the best of our knowledge,
there is no example of a sex determination gene that is
still highly expressed in adult fish. However, expression
studies on several fish sex determination genes covering
the development from embryo to adults are lacking, and
in mammals, the sex-determining gene sry is expressed
in adult testis of mouse and rat [14,15].

Sex differentiation genes, on the other hand, can act at
different time points after their initiation until sexual ma-
turity (i.e., until gonads are fully developed) or even after-
wards, e.g., by being involved in gonad maintenance and
function (Figure 1B and exemplified by dmrtl [16-18]).

© 2014 Heule et al, licensee BioMed Central. This is an Open Access article distributed under the terms of the Creative
Commons Attribution License (http://creativecommons.org/licenses/by/4.0), which permits unrestricted use, distribution, and
reproduction in any medium, provided the original work is properly credited. The Creative Commons Public Domain

Dedication waiver (http://creativecommons.org/publicdomain/zero/1.0/) applies to the data made available in this article,
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Gene expression

Development

line) after the first increase in expression.

Figure 1 Schematic expression patterns of sexual development genes. The graphs show possible expression profiles post fertilization in the
developing brain (grey line) and testis (black line). (A) Early testis genes (including sex-determining genes) are highly expressed before and/or at
the onset of gonadal formation and subsequently down regulated. (B) Late testis genes are expressed later in development, mainly during the
formation and maintenance of gonads. (C) Brain genes are higher expressed in the brains than in the testis, forming the brain and/or influencing
the sexual development gene network via the action of hormones. Their expression can be maintained (continuous line) or decreased (dashed

Similarly to gene expression patterns in the gonads,
sex differentiation genes can be expressed in the brain as
part of the hypothalamus-pituitary-gonadal axis, and
hence can -like gonad genes- follow one of the two pat-
terns shown in Figure 1C.

In general, gonads are formed by the interplay of sex-
ual development genes and the action of hormones
[19-22]. This can be a rather plastic process, especially
in fish, making it more difficult to classify sex differenti-
ation genes according to their expression profiles and
also questioning a separation between sex determination
and differentiation [23].

Cichlid fishes, and the species flocks of cichlids in the
East African Great lakes in particular, are an excellent
model system in evolutionary biology, with hundreds of
closely related species showing a high degree of diversity
in morphology, behavior and ecology [24-27]. This diver-
sity also seems to apply to sex determination systems, as
evidenced by data suggesting that different mechanisms
occur in cichlids including sex determination via envir-
onmental (temperature and pH) and genetic factors (sin-
gle gene or polygenic actions), or a combination thereof
[28-33]. The best-studied cichlid in terms of sexual
development is the widely distributed and farmed Nile
tilapia (Oreochromis niloticus), which has an XX-XY sex-
determining system that can strongly be influenced by
temperature [34]. There are two time windows (2-3
days post fertilization, dpf, and 10-20 dpf), in which
temperature and steroid hormones can override gen-
etic sex determination in the Nile tilapia, with the
actual critical time period of gonad differentiation at 9
to 15 dpf [34 and references therein]. Studies of sexual
development in the Nile tilapia encompass both, gen-
etic and morphological data, and therefore make this
species a good reference system.

Here, we focused on another cichlid species, Astatotilapia
burtoni, which inhabits Lake Tanganyika, and its affluent
rivers, and is a model system especially in behavioral but
also genetic research (e.g., [35]). This sexually dimorphic
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species, in which males are larger and brightly colored
whereas females are rather dull, belongs to the most de-
rived and species-rich lineage of East African cichlids, the
haplochromines. Like the Nile tilapia, A. burtoni is a ma-
ternal mouthbrooder; the female incubates the fertilized
eggs in her buccal cavity at least until hatching. Because of
different developmental pace, the sexual development of
A. burtoni cannot be compared in exact (day to day) time
steps to the Nile tilapia. Although Nile tilapia and A.
burtoni embryos hatch approximately at the same age
(5—-6 dpf [36] and 4-7 dpf, [37], respectively), Nile tilapia
embryos start free swimming earlier than A. burtoni em-
bryos (12 and 14 dpf, respectively [36,37]) but become
sexually mature later (at the age of 22—24 weeks [38] com-
pared to 13—14 weeks in the here used A. burtoni strain,
personal observation). Until now, the embryonic and ju-
venile development of A. burtoni has not been studied in
detail. Even though A. burtoni is one of the five cichlid
species with a sequenced genome [39], neither the sex-
determining system nor the time window of sex determin-
ation have been characterized.

Based on the assumption that sex is determined
genetically, we used a common approach to infer male
or female heterogamety. We generated mono-sex fish
groups over steroid hormone treatments via food and
conducted crossing experiments. The resultant sex
ratios point to an XX-XY sex-determining system in A.
burtoni. Subsequent crossings were carried out to
generate a YY-supermale to sire male-only offspring.
Making use of candidate genes expressed in brain
and gonad tissue of adult A. burtoni [11], we studied
changes in gene expression throughout male sexual
development. Without prior knowledge on the time
window of actual sex determination in this species, we
decided to investigate gene expression as early as pos-
sible starting at 7 dpf. We profiled expression of
sexual development genes from 7-48 dpf using high
throughput quantitative real-time polymerase chain reac-
tion on single individuals. Most of the gene expression
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profiles corresponded to one of the following patterns:
early testis genes, late testis genes and brain/head genes
(Figure 1).

Results

Generating all-male broods in A. burtoni

Sexual development in fish is plastic and sex reversal
can be induced in a variety of species even after reaching
sexual maturity [40]. For these purposes, steroid hor-
mones or hormone synthesis inhibitors can be adminis-
tered over the surrounding water or via food supply.
Here, we fed four A. burtoni broods with estrogen
treated flake food during four weeks of development in
order to obtain all-female broods. We started treatment
at the earliest feeding point of this species, at around 14
dpf. This procedure has been carried out successfully in
another cichlid species, the Nile tilapia (personal com-
munication H D’Cotta), which starts feeding at around
12 dpf [36]. After treatment, we obtained 100% morpho-
logical females in all broods. These natural female and
feminized fish were used for crossings with untreated,
normal males. Among the offspring of these individual
crossings, four broods showed a~1 : 3 (female : male)
sex ratio, whereas other crosses, likely derived from
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normal females, which can morphologically not be dis-
tinguished from sex-reversed individuals, had a sex ratio
of approximately 1 : 1. This is a strong indication for an
XY-XX system in A. burtoni (Figure 2). Note that a ZZ-
ZVW female heterogametic sex determination system can
be ruled out for A. burtoni, because sex-reversed ZZ fe-
males would have produced only males in the first gener-
ation of crossings, all of our crosses however contained at
least 1/3 female offspring.

Crossings of sex-reversed XY fish (phenotypic females)
with normal, XY-males should lead to the following types
and proportion of offspring: one quarter of XX-females,
two quarters of XY-males and one quarter of YY-males
(super-males) (Figure 2). Note that, morphologically, the
two types of males should be undistinguishable.

Subsequent crossings of all males of one of the broods
with a 1:3 sex ratio to normal females revealed one male
that only produced male offspring, suggesting that it is
indeed a YY-male, lending further support to an XX/XY
sex determination system in this species.

Expression profiles of sexual development genes
We crossed the YY-super-male to XX-females to pro-
duce all-male broods, which we used to investigate

Sexually
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@ 170-Ethynyl- @
Estradiol
—_—
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] phenotypic female but genotypic male
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Figure 2 Crossing scheme to obtain all-male broods from estrogen sex-reversed fish. Sexually undifferentiated fry including both, XX- and
XY-genotypes, were treated with estrogen resulting in only phenotypical females. These females — genetic females and sex-reversed genotypic
males — were then crossed to untreated genotypic males. Crossing of XX-females to untreated males (left site) reflect the normal reproduction
with a sex ratio of 1:1, with the corresponding female XX and male XY genotypes in the offspring. Crossing of sex-reversed XY-females to untreated
XY-males led to a sex ratio of 1:3 with the genotypes XX (phenotype female), XY (phenotype male), YY (super male, phenotype male). These two types
of phenotypically undistinguishable males were back-crossed to normal XX-females resulting again in either a 1:1 sex ratio (for XY-males) or in all-male
broods (for the YY-male). Pink and blue outer circles denote phenotypic females and males, respectively.
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expression patterns of sex differentiation genes during
early male development. In similar experiments in the
Nile tilapia, the spurious occurrence of females in the
offspring of super-males has been reported [41]. To
allow a potential detection of such spontaneously occur-
ring phenotypic females in these broods, gene expression
was measured in individual samples rather than pooling
samples. To our knowledge, this is the first study that
used a large number of individual samples in a dense
sampling scheme for establishing the gene expression
profiles of a set of candidate genes for sexual develop-
ment (24 genes tested in 88 individuals sampled at 22
time points during a period of 40 days). Fish were dis-
sected from the yolk and separated in head and trunk, as
proxies for developing brain and gonad. Single organ
dissection is not possible at these early stages of devel-
opment, especially if gene expression is to be accessed
on an individual basis. The chosen approach has already
successfully been applied in other species [5,7,42-47].

The relative expression of a set of candidate genes,
previously tested in brain and gonad tissue of adult
cichlid fishes [11], plus one additional gene, gsdf, was
profiled during male development. These genes are
candidates for sex determination and differentiation as
suggested by their described function in fish and tetra-
pods. This gene list includes, wherever existing, the
two paralogous gene copies emerging from the fish-
specific whole-genome duplication [48].

The brain and the gonads are the main tissues acting
in sexual development. In addition, sexually dimorphic
expression can be observed in the brain even earlier than
in the gonad, a pattern already described in cichlids
[43,49]. Samples were taken between 7 and 48 dpf, with
a daily sampling at the beginning of the experiment (7 —
20 dpf) and then every third (during 20 — 38 dpf) and
afterwards every fifth day (38 — 48 dpf)) as day-to-day
changes are more prominent early in development [36].
We then used the Fluidigm system to test the expression
of the 24 candidate genes. Gene expression was calcu-
lated as fold change in gene expression using the
delta-delta-CT method [50], compared to expression
in a juvenile tissue pool (Figure 3 and Additional file 1)
or relative to the mean of the four biological replicates
at the first sampling point at 7 dpf (Additional file 2).
For each sampling point the fold change in gene ex-
pression in heads and trunks of four individuals was
calculated. For details on sample sizes for each gene see
Additional file 3.

The expression profile of a known testis-specific gene
(dmrtl) in all tested trunks strongly suggests that all in-
dividuals were indeed males and that none of the off-
spring was a female. In addition, we raised fish that were
not used for the gene expression experiment to adult-
hood/maturity and confirmed that all of them were
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males. We hence did not detect any occurrence of spuri-
ous females.

We investigated gene expression patterns according to
the expression profiles explained in Figure 1 and com-
pared expression between heads and trunks. Figure 3
shows the most prominent examples for the expression
profiles early testis genes, late testis genes and (early)
brain genes (for all expression profiles see Additional
files 1 and 2). In the following, we describe the results in
more detail.

Testis and brain markers

From all 24 candidate genes, only wnt4B and wtlIA are
likely to represent early testis genes, i.e., showing a peak
in expression early in development and in trunks only
(Figure 3A, corresponding to the profile shown in
Figure 1A). Cyp19alA, gsdf and dmrtl appeared as late
testis genes with an increase in trunk expression over
time (Figure 3B, corresponding to the profile shown in
Figure 1B). Gata4 showed a similar increase in expres-
sion in trunks starting earlier as the other genes,
around 15 dpf (see Additional file 1). In total, we de-
tected 12 ‘brain’ genes (ctnnblA, ctnnblB, cypl9alB,
dax1A, foxI2A/foxl2, foxI2B, nanoslA, nanoslB, rspol,
sf-1, sox9A and sox9B). For illustration purposes, we
show the results for both gene copies of wnt4, wtl and
cyp19al in Figure 3.

Wnt4A and wnt4B - different fates for gene copies

Wnt4A showed higher expression levels in heads than in
trunks, whereas wnt4B showed the opposite signature
with a higher expression in trunks than in heads. Also in
adult males, wnt4A is significantly higher expressed in
brain compared to testis tissue [11]. In adult cichlids,
there is a detectable difference in gene expression be-
tween the two paralogs of wnt4, with the A-copy being
ovary- and the B-copy being testis-specific [11]. Wnt4B
was one of only two genes with the earliest peak of ex-
pression in trunks (7 — 15 dpf), resembling the pattern
of a sex-determining gene.

Wt1A and wt1B - testis genes with different temporal
patterns

WtIA and wtIB are both higher expressed in trunks
than in heads throughout the experimental time period,
which is congruent with the pattern observed in adult
males of A. burtoni [11]. WtlA is the second gene that
showed an expression peak in trunks at the beginning of
development (between 7 and 15 dpf) but in contrast to
wnt4B at the same time point also an increase of expres-
sion in heads (Figure 3A).
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Figure 3 Gene expression of sexual development genes in heads and trunks of developing male A. burtoni. (A) Wnt4B and wt1A were
the only detected early testis genes, here shown with their paralogous gene copies wnt4A and wti1B (grey background). (B) Cyp19alA, gsdf and
dmrtl are examples of late testis genes, cyp19alB is the teleost specific paralog of cyp19alA (grey background). (C) Nanos1A, nanos1B, sox9A and
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using rpl7 as reference gene and a juvenile tissue mix as reference tissue (see Additional file 3 for further details).
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Dmrt1 and gsdf - late testis genes possibly important for
gonad maintenance

Dmrtl is known as the conserved vertebrate testis gene
[51] and also shows testis-specificity in adult A. burtoni
[11]. We found similar levels of gene expression in heads
and trunks early in development (7 — 11 dpf) followed
by an increase (12 — 48 dpf) in expression in trunks
only, pointing to a later function in testis development
(Figure 3B). In many of the head samples dmrtl expres-
sion could not be detected (see Additional file 3 for
details), which is consistent with previous results in
adult brains [11].

Gsdf (gonadal soma-derived factor) is a sexual develop-
ment gene only existing in fish [52], which has received
considerable attention recently. In the above-mentioned
O. luzonensis, Y- and X-chromosome specific alleles have
been identified for this gene (gsdfand gsdf', respect-
ively), with the former turning out to be the master sex
determiner in this species [5]. In another species, the
sablefish Anoplopoma fimbria, gsdf seems to be a strong
candidate for the sex-determining locus, too [53]. Fur-
thermore in medaka, gsdf expression has been impli-
cated with early testicular differentiation [54].

In A. burtoni the expression profile of gsdf resembled
that of dmrtl, with a constant increase of expression in
trunks after a short time of low expression (7-10 dpf),
and constant low expression in heads (Figure 3B). Just as
for dmrtl, in some of the head samples, gsdf expression
could not be detected (see Additional file 3 for details).

The aromatases cyp719a1A and cyp19a1B

The expression pattern of the aromatase cypl9alA in
the heads remained similar over time whereas its expres-
sion in trunks increased constantly. The expression of
cyp19alB was always higher in heads than in trunks,
with an increase in expression in both tissues during 7 —
11 dpf, followed by a stable period (12 — 43 dpf), and
then the expression in trunks increased again (48 dpf).
The expression pattern of ¢ypI9alA in adults of A. bur-
toni in brain and gonad tissue shows no difference, and
the expression pattern of cypl9alB shows a significant
testis-specific over-expression [11]. In developing A. bur-
toni males, cypl19alA seems to play a role in the gonads.
The testis-specific expression of cyp19a1B seen in adults
only becomes established after 48 dpf, with a start of ris-
ing expression detected in our experiments after 40 dpf.

Markers of the developing brain

As mentioned above, we detected 12 ‘brain’ genes. The
strongest differences in expression between heads and
trunks, and hence likely representing brain up-regulated
genes, were found for nanoslA, nanosiB, sox9A and
sox9B (Figure 3C). This is consistent with the expression
patterns seen in adult males of A. burtoni, where a
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significantly higher expression in brain tissue than in the
testis has been found [11]. The expression level of
nanosIB in heads was highest at 7 dpf and then de-
creased (comparable to Figure 1C, dashed line). Sox9,
similar to dmrtl, is considered a prominent example for
a gene generally involved in testis formation and func-
tion [55,56]. However, this does not seem to be the case
in developing and adult A. burtoni.

Investigation of the early testis markers: Sequence and
promoter analysis of wnt4B and wt1A

As the wnt4B and wtlA expression showed a peak early
in development (7 — 15 dpf) and then decreased to a
constantly low level, thus mimicking the expression of a
potential sex determination gene, we decided to investi-
gate these genes’ sequences in detail in A. burtoni. For
wnt4B, we sequenced the entire genic region, whereas
for wtl1A we focused on the coding region only, due to
the large size of the region (~ 20 kb). A sequence com-
parison of the coding region of males and females did
not show any allelic differences between the sexes for
both genes. Also the intronic sequences of wnt4B did
not show any sex-specific differences. However, gene ex-
pression could still be differently regulated due to sex-
specific changes in the promoter region of the genes. To
identify the potential promoter regions of wnt4B and
wtIA we compared the upstream sequences of the two
genes in the accessible teleost fish genomes using Vista
plots of nucleotide similarity [57,58] (Figures 4 and 5).
The 5’ neighboring gene to wnt4B is chd4b, which is
located ~13 kb upstream. We created VistaPlots com-
prising this entire region. The next annotated gene 5'
of wtlA is more than 50 kb upstream. We thus de-
cided to focus our analysis on the region 20 kb up-
stream to wtlA.

In an additional step, after in silico definition of a core
conserved upstream region of wnt4B (see colored blocks
in Figure 4), we sequenced ~ 7 kb of this promoter in A.
burtoni males and females of our lab strain. We also
obtained ~ 4 kb upstream sequence for wtlA. Again, no
differences between the sexes were found in the up-
stream regions of wnt4B and wtlA. For wtlIA we de-
tected two alleles with one of them having a 223 bp
deletion compared to the reference genome. However,
neither the deletion nor any other detected heterozygous
site segregated with sex.

Transcription factor binding-sites in wnt4B and wt1A
potential promoters

To identify genes regulating wnt4B and wtlA expression
and, thereby, possibly being more upstream in the sex-
determining cascade, we performed a transcription factor
binding-site analysis of the two conserved regions in wnt4B
(blocks 1 and 2 in Figure 4) and the one conserved region
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Figure 4 Comparison of the wnt4B upstream region. Shuffle-LAGAN Vista plots [57,58] for wnt4B and its 5' adjacent gene chd4. Peaks indicate
conservation identity of sequences above 50% across the tested species. Blue stands for coding and pink for noncoding regions, respectively.
Light blue regions represent UTRs. Yellow block 1 and green block 2 were investigated in the process of transcription factor binding site
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in wtlA (yellow block in Figure 5) using MatInspector. We
focused on transcription factors with a described function
in gonads, germ cells, brain and/or central nervous system
and compared the putative binding sites of A. burtoni
with the ones present in all other available fish ge-
nomes. Tables 1 and 2 show all putative binding-sites
detected in the A. burtoni sequence and indicate, in

which other species these sites have been detected
(for a complete table with all putative transcription
factor binding-sites including non-conserved sites in
all tested species, see Additional files 4 and 5).
Interestingly, we identified several conserved binding
sites for transcription factors that have been implicated
with sexual development before. For wnt4B we found
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Figure 5 Comparison of the wt1A upstream region. Shuffle-LAGAN Vista plots [57,58] for wt1A. Peaks indicate conservation identity of
sequences above 50% across the tested species. Blue stands for coding and pink for noncoding regions, respectively. The yellow block was
investigated in the process of transcription factor binding site analysis (Table 2).

that six out of seven species show a conserved putative
binding site for Wtl in block 2 (Table 1). This fits well
with our own expression data (Figure 3) as well as other
studies in fish [59,60], which support an involvement of
wtlA in early testis formation. Other promising up-
stream candidates of wnt4B are Sox30 and the androgen
receptor (AR). Sox30 is expressed specifically in gonads
of the Nile tilapia, with one isoform being even limited
to the developing testis [61]. The androgen receptor
can bind testosterone and dihydrotestosterone and
thereby plays an important role in controlling male
development [62]. Interestingly, ar is higher expressed
in brains of dominant A. burtoni males than in subor-
dinate males [63]. In the developing gonads of the Nile
tilapia the expression levels of ar in males and females
are similar [17].

Remarkably, we found putative transcription factor
binding sites for two of our candidate genes: wtl (dis-
cussed above and Figure 3A) and sf-1 (Additional file 1).
However, the expression pattern of sf-I in developing
testis (expression in trunks) does not support its pu-
tative role as a direct regulator of wnt4B, as it was
expressed at low levels during the experimental time
period (Additional file 1). The expression profiles in
heads, on the other hand, showed high expression at
the beginning (7 — 12 dpf), with a constant decrease
afterwards (as in Figure 1C, dashed line; and Additional
file 1). Sf-1 might thus be an example of an early brain
gene influencing sexual development via other factors
than wnt4B.

In contrast to wnt4B, we could identify only one small
conserved block upstream of wtIA. We did not find a
binding-site for any of our candidate genes or an obvi-
ous transcription factor already known to play a role in
sexual development or any binding site only present in
A. burtoni in that block. However, we found a broad
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range of neuronal transcription factors and binding sites
for members of the dm-domain family, here dmrz2,
which might have a female sex-specific role in adult
cichlids [64]. As for wnt4B, we also found a binding site
for a Sox-family member, here Sox6.

Interestingly, we found binding sites for several mem-
bers of the forkhead transcription factor family (Foxal,
Foxpl, Fkhrll alias Foxo3 and Foxpl), which are known
as regulators of development and reproduction. Together
with fox/2 and fox[3, they were also among the candidate
genes in our expression assay.

Discussion

Here we provide first experimental proof for a male
sex-determining (XX-XY) system in the haplochromine
cichlid Astatotilapia burtoni, making use of hormonal
sex-reversal and the subsequent generation of mono-sex
broods. Offspring from male-only broods were investi-
gated for gene expression patterns to define the window
of sex determination in A. burtoni, which seems to take
place at 11-12 dpf.

Throughout larval development, we decided to investi-
gate gene expression in whole heads and trunks, includ-
ing also other tissues than brains and gonads. Similar
studies have been conducted in the Nile tilapia, which
revealed that expression of sexual development genes in
brains and testis is comparable to the one in heads and
trunks, respectively [42,43].

We chose this approach in order to assess the individ-
ual gene expression level rather than pooling samples.
Furthermore, the timing of morphological development,
especially of gonads but also brain structures, is un-
known in A. burtoni and no marker of gonad differenti-
ation is available for this species, making an early single
tissue dissection physiologically and technically impos-
sible. By using whole trunks we made sure that we did
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A. burtoni M. zebra N. brichardi O. niloticus X. maculatus O. latipes G. aculeatus T. rubripes T. nigroviridis D. rerio A. mexicanus
AP1 X X X

ATF1 X X

ATF6 X X X

Atoh1 X X X X X X
Barx1 X X X

Bcléb X X X

Creb X X X X X

Creb1 X X X

DIx2 X X X

DIx3 X X X X

Dmrt2 X X X

dre X X

E2a X X X X X X X X
EIf3 X X X X X

engla X X

eng2a X X X

Evil X X X X X

FAC1 X X

Fkhrl1 X X X

Foxa1l X X

Foxp1 X X X

foxp2 X X

gli3 X X X

gr X X X X

Gsh2 X X X X

Hif1 X X X

hif X

HOX/PBX binding X X X

sites

hoxb9 X X X

ISL LIM homeobox 2 x X X X

Isx X X X

lhx2b X X

Meis1 X X X X X X X
Meis1b and Hoxa9 X X X X
heterodimeric

complexes

MEL1 X X X X X X X
Myf5 X X X

MyoD X X

Nk2-3 X X X X X

Nkx2-5 X X X X X X

Nkx2-9 X X X X X

Nkx5-1 X X X X X
Nobox X X X X

nr2cl X X X X X X

nrf2 X X
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Table 2 Predicted transcription factor binding-sites in the wt1A promoter region of A. burtoni (Continued)

nrsf X X X
Pax6 X X X X
pcel X X X
Plag1 X X

Pou3f2 X

S8 X X X
six1b X X

Sox6 X X X X
Tax/CREB complex X X

Tgif X X X
Zfp67 X X X

X

X

Shown are binding sites in the conserved region marked in yellow in Figure 5. Bold binding sites are shared with at least one other species. "x" denotes the

detection of the binding site in the respective species.

have testis tissue in our samples starting from the onset
of gonad formation. Another reason why it was import-
ant to test gene expression on an individual level is the
possible occurrence of spurious XY-females in offspring
derived from super-males, which has been described for
other cichlids [41,65]. Furthermore, the sex determining
gene(s) are not yet identified in A. burtoni and additional
minor factors influencing sexual fate (environmental or
genetic) cannot be ruled out.

After careful inspection of all raw and analyzed data,
we did not find any evidence of females in the broods
sired by the super-male, i.e., there was no individual with
opposing expression patterns at a given sampling point.
Especially the expression of the conserved testis factor
dmrtl in the trunks is a good indicator for male gonad
functioning, which is also evidenced by similar profiles
in the Nile tilapia (increase in expression of dmrtl in
testis [17]). A developing ovary would likely have contra-
dicted this trend in gene expression.

Concerning the heads, we cannot rule out the possibil-
ity that the expression in other tissues than the brain is
picked up by our experiment. For example, if the expres-
sion level of a gene is higher in eyes than in testis and
higher in testis than in brains (corresponding to: “eyes >
testis > brains”), then the overall head expression would
be higher compared to trunks (and hence lead to the
wrong classification into a brain gene). Having a closer
look at the 12 "brain genes" identified by our approach,
they either still show a higher expression in the brain
than the testis in adult A. burtoni (eight genes) or have
the reversed expression pattern in adults (four genes)
[11]. Thus, the expression levels that we measured in
the heads for these four genes (daxIA, foxI2B, sfl and
cyp19a1B) might not be truly brain specific. Alterna-
tively, the expression pattern may change later in devel-
opment with an up-regulation in testis and/or down
regulation in brain. We think that the latter is more
likely, since foxI2B, sfl and cypl19alB indeed showed a
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late increase in trunk/testis expression in our experi-
ment, which might further increase beyond the period
tested here.

Comparing between gene expression patterns within
our experiment, we can show, once more, that paralo-
gous gene copies derived from the fish specific whole
genome duplication can evolve different functions,
reflected by differences in tissue specificity. In our data-
set this is true for wnt4A and B and cypl9alA and B,
with each of them having one copy being over-expressed
in the heads and one in the trunks. However, we also ob-
served a retention of the same (and hence probably an-
cestral) expression pattern in both gene copies, for
example with very similar expression patterns for
nanoslA and B and sox9A and B, which is also true in
the adult stage [11].

Our main goal was to identify genetic markers for the
time window of sex determination in A. burtoni. This
critical time period, in which the decision if the bipoten-
tial embryonic gonad develops towards ovaries or testes
is made, has so far been characterized in only one cich-
lid, the Nile tilapia, where it takes place at 9 to 15 dpf
[17,34]. The trunk expression peaks of wtlA and wnt4B
at 11 and 12 dpf suggested that also in A. burtoni the
time window of sex determination takes place early in
development, before any major signs of differentiated
gonads become visible. In addition, the narrowness of
the expression peak indicated that this time window is
rather short. Note that our initial hormone treatment
roughly started at the same time point likely accounting
for the successful 100% sex reversal.

From the two genes with this early expression peak, es-
pecially wnt4 received some attention in the research of
sex determination. Female up-regulation or male down-
regulation of wnt4 expression have been described to be
important for promoting ovarian development and func-
tion in mammals [66-68]. Also in the developing male
gonad wnt4 is needed for Sertoli cell differentiation, a
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crucial step for testis determination [69]. Still, data from
teleost fish are largely lacking for wnt4 and especially for
the two teleost paralogs.

Wtl1 plays a role in testis differentiation and sex deter-
mination in mammals [70,71]. In the medaka, both
genes, wtla and b, are important for primordial germ
cell maintenance, a crucial regulatory mechanism in
gonad differentiation in fish [72]. In the Nile tilapia,
wtla is up-regulated in the developing male gonad [59].
Hence, wtl might act early in gonad differentiation also
in other species.

Our sequence analysis of coding and promoter se-
quence of wnt4B and wtlA did not reveal any nucleo-
tide difference associated with sex and thus ruled out
the two genes as initial genetic regulator of sex deter-
mination in A. burtoni. However, it is very likely that
they represent one of the first members of the sex
determination network to be activated during the crit-
ical time point of sex determination. Interestingly, the
promoter sequence of wmnt4B contains a potential
binding site for wtl, meaning that the two genes might
functionally interact. Our promoter analysis further
suggested that the androgen receptor (ar), steroido-
genic factor 1 (sf1) and sox3, three genes with a well-
described function in male specific processes [70,73],
might regulate wnt4B expression. Note that ar has two
predicted binding-sites in the wnt4B promoter, with
one being species-specific to A. burtoni, and that sox3
has been co-opted as a master sex-determining gene
in another fish species [6]. We did not detect any such
obvious candidate among the possible transcriptional
regulators of wtIA.

Conclusion

In this study, we investigated the expression profiles of
sexual development genes in the East African cichlid fish
Astatotilapia burtoni during early male development.
Based on hormonal treatment and subsequent crossing
experiments we provided evidence that a male master
determiner defines sex in A. burtoni. We identified early
testis genes, late testis genes and male brain genes
(Figures 1 and 3). The earliest testis markers wnt4B and
wtlA were investigated in more detail, as they are strong
candidates for the role of the sex-determining gene in A.
burtoni, due to their expression pattern. Genomic se-
quences of males and females showed no differences,
neither in the coding nor in their promoter region, rul-
ing them out as an initial genetic male determiner.
Nonetheless, we suggest that both have an important
function early in the sexual development cascade and
might even be one of the first targets of the still un-
known sex determination factor. A transcription factor
binding site analysis revealed possible candidates for
master regulators of sexual development in A. burtoni
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such as sox30, ar and sf-1. Future investigations of these
candidates, including sequence and expression analyses,
together with similar gene expression experiments in
female A. burtoni should shed more light on the complex
cascade of sexual development to finally uncover the mas-
ter sex-determining gene in this model cichlid species.

Methods

All experiments involving animals were performed in ac-
cordance with public regulations under the permits no.
2317 and no. 2620 issued by the cantonal veterinary
office of the canton Basel-Stadt (Switzerland).

Estrogen treatment

Animals used in this study were derived from a lab
strain of the species A. burtoni, an East African cichlid
fish from Lake Tanganyika and its surrounding affluent
rivers, reared at the fish facility of the Zoological Insti-
tute of the University of Basel at 24°C with a 12 hours
dark-light cycle.

We treated four clutches of A. burtoni with 17a-
EthynylEstradiol (E-4876, Sigma) for feminization (proto-
col kindly provided by H. D’Cotta; see also [1]). 15 mg
17a-EthynylEstradiol were dissolved in 100 ml of 100%
ethanol, poured onto 100 g flake food (sera vipan®) and
dried at 37°C. From 14 dpf (which is the date when the
first fish in the clutches started feeding after the yolk had
been absorbed) fish were fed three times a day during four
weeks with the hormone treated food. Feeding with
17a-EthynylEstradiol treated food resulted in 100% mor-
phological females in all broods. Amongst these morpho-
logical females, we expected (assuming an XX-XY sex
determination system) that roughly half of the individuals
would have an XX (female) and the other half an XY
(male) genotype. Treated fish were subsequently crossed
with untreated, normal males. Among the offspring of
these individual crossings, several broods showed a 1: 3
(female : male) sex ratio indicative of an XY genotype of
the mother (feminized genetic male). Of these crosses, all
male offspring was further crossed to normal females.
One of these crosses resulted in all male offspring, sug-
gesting that the father was a YY-supermale. For an over-
view of the crossing design see Figure 2.

Tissue sampling

The potential YY-male resulting from the above men-
tioned experiment was crossed to untreated females of
the lab strain to produce all-male broods. The resulting
eggs were collected within an hour after fertilization
from the female’s mouth and incubated in an Erlenmeyer
at 24°C with constant airflow in a 12 hours dark-light
cycle. Four individuals were sampled at each of the sam-
pling points at the following days post fertilization: 7, 8, 9,
10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20, 23, 26, 29, 32, 35,
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38, 43 and 48. This sampling scheme, with a denser sam-
pling early in development, was chosen because develop-
ment progresses faster in early stages compared to later
stages [36]. Eight clutches were needed to obtain a total of
88 fish. Individuals were photographed for length mea-
surements with a Leica DFC 310 FX (Leica Microsystems).
At these early developmental time points, the sampled fish
are too small (~ 5 mm standard length) to dissect single
organs. To guarantee sufficient RNA material, we thus
separated embryos into heads and trunks as proxies for
developing brain and gonad tissue, an approach widely
used in other fish species [5,7,42-47]. Dissected tissues
were stored in Trizol at —80°C until further proceeding.

RNA extraction, DNase treatment and cDNA synthesis
Thawed samples were homogenized using a FastPrep®24
beat beater (MP Biomedicals Europe). Total RNA was
extracted following the Trizol protocol. RNA quality and
concentration were measured using a NanoDrop 1000
spectrophotometer (ThermoScientific). The RNA was
stored at —80°C until further use. RNA samples were
treated with DNA-free™ Kit (LifeTechnologies) as recom-
mended by the manufacturer. DNase-treated RNA was
reverse transcribed using the High Capacity RNA-to-
¢DNA™ Kit (LifeTechnologies) according to the manu-
facturer’s protocol and diluted to a concentration of
5 ng/pl of cDNA for further procedure.

RT-PCR expression experiments

In addition to 24 primers (23 candidate genes and rpl7
as a reference gene) described in [11], and to the primers
for efla and rpsA3 (used as further reference genes,
described in [74]) a primer pair for gsdf (as a candidate
gene, Forward 5- CCACCATGGCCTTTGCATTC -3
and Reverse 5- TCACAGGTGCCAAGGTGAGT -3)
was designed and validated for A. burtoni following the
procedure described in [11] Rpl7, rpsA3 and efla were
tested as possible reference genes. RpsA3 and rpl7
showed high stability over all samples (whereas efla
showed slightly more variation). Subsequently, rpl7 was
chosen as a reference gene in the analysis of the qRT-
PCR experiments.

Prior to the qRT-PCR experiment, a specific target
amplification (multiplex-amplification to increase the
amount of targets of interest) was carried out as follows:
2.6 pl TagMan PreAmp Master Mix (LifeTechnologies),
1.3 ul of a 200 nM mix of all primer pairs and 1.3 pl
c¢cDNA were pre-amplified in a thermo cycler (Life-
Technologies) (cycling conditions: 1 x 95°C for 10 mi-
nutes, 14 x 95°C for 15 seconds and 58°C for 4 minutes)
and diluted 1 : 5 with Low EDTA buffer. The sample
premix [2.5 pl TagMan Gene Expression Mastermix
(LifeTechnologies), 0.25 ul DNA Binding Dye Loading
Reagent (Fluidigm), 0.25 pl Eva Green (Biotium), 0.75 ul
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Low EDTA bulffer, 1.25 pl of cDNA] and the Assay mix
[2.5 pl Assay Loading Reagent (Fluidigm), 0.25 pl Low
EDTA buffer, 2.25 ul of 20 uM primer pair] were pipet-
ted on a primed 96 x 96 chip and the plate was loaded
in the IFC controller both according to Fluidigm proto-
cols. Expression profiles of the candidate genes in heads
and trunks of A. burtoni were measured using a
Fluidigm BioMark™ assay (HD Systems) at the Genetic
Diversity Centre (GDC) of the ETH Zurich with the fol-
lowing cycling conditions: 95°C for 10 minutes, 40 cycles
of 95°C for 15 seconds and 58°C for 1 minute. All
reactions were followed by a melt curve step to ensure
primer specificity and detect possible erroneous amplifi-
cation. The experiment included three technical repli-
cates of all samples and four biological replicates of all
the juvenile samples. Expression data was first analyzed
using the Fluidigm Real-Time PCR analysis software to
detect technical outliers and for the inspection of melt
curves. As outliers we identified samples that showed a
deviation from the other samples over all genes, what
could easily be seen in the heat map generated by the
software. This can happen if an integrated fluidic circuit
on the Fuidigm system is blocked by an air bubble. The
fold change in expression of the candidate genes in the
samples was then calculated with the delta-delta-CT
method [50] using custom R scripts. For normalization,
the CT values of the reference gene rpl7 and the mean
CT value of a juvenile tissue mix were used. In an
additional analysis the fold change was calculated and
plotted relative to the mean of the four technical replicates
at the first sampling point at 7 dpf (Additional file 2).

Wnt4B and wt1A sequencing

DNA from adult males and females of A. burtoni lab-
strain individuals was extracted from fin clip samples by
applying a Proteinase K digestion followed by sodium
chloride extraction and ethanol precipitation as de-
scribed in [75]. To sequence the coding and promoter
region of wnt4B, nine primer pairs (one of them with
two different reverse primers) were designed based on
the A. burtoni genome [39] using GenScript. The gen-
omic region of wtla spans more than 20 kb in the Nile
tilapia genome (over www.ensembl.org) here used as ref-
erence for annotation of the wtla coding sequence in
the non-annotated A. burtoni genome. We thus decided
to focus on the coding region for sequencing and con-
structed primer pairs to amplify each of the nine exons.
To sequence the potential promoter region of wtiA, six
additional primer pairs were constructed covering ~ 4 kb
upstream of wtla. The adjacent annotated gene, depdc?,
is located ~55 kb upstream of wtIA in the Nile tilapia
genome. PCR reactions were carried out on nine individ-
uals per sex for wnt4A and eight individuals per sex for
wtlA using REDTaq DNA Polymerase (Sigma-Aldrich)



Heule et al. BMC Genetics _##H#t###### ####HHHHHHE

and Phusion Master Mix (New England Biolabs) (for pri-
mer sequences and cycling conditions see Additional file 6).
PCR products were visualized with GELRed (Biotium) on
1.5% agarose gels. Fragments were sequenced on a 3130xl
capillary sequencer (Applied Biosystems) and alignments
were performed with CodonCodeAligner (CodonCode
Corporation), manually inspected and compared to
the corresponding region in the A. burtoni genome.

Wnt4B and wt1A promoter analysis

Promoter analysis was carried out on the upstream re-
gions of wnt4B and the wtlA sequences of all the avail-
able teleost genomes over www.ensembl.org (release 62)
and on the cichlid genome sequences of A. burtoni,
Neolamprologus brichardi, Orechromis niloticus, Pundami-
lia nyererei and Metriaclima zebra [39]. For wnt4B we ex-
tracted ~13 kb upstream region until it's next neighboring
gene, chd4. For wtlA we analyzed ~20 kb upstream se-
quence. Alignments were done with mVISTA [57,58] using
Shuffle-LAGAN as alignment algorithm. The Nile tilapia
sequence was used as a reference. Putative transcription
factor binding sites for A. burtoni and the sequenced teleost
genomes were identified using Matlnspecor (Genomatix
Software GmbH). We selected transcription factors that
showed a matrix similarity > 0.9 and that belonged to one
of the following categories: testis, ovary, germ cell, brain
and/or central nervous system. Abbreviated names of tran-
scription factors were taken from Genbank. Tables 1 and 2
show all factors detected in A. burtoni and their conserva-
tion in the other investigated teleost genomes (indicated by
an "X" in Table 1). The complete list with all detected bind-
ing sites in all species is shown in Additional files 4 and 5.

Additional files

Additional file 1: Expression data of additional sexual development
genes during development of A. burtoni. Gene expression as fold
change (Livak) £ SE in heads (light green) and trunks (dark blue) from

7 — 48 dpf using rpl7 as reference gene and a juvenile tissue mix as
reference tissue. For details on sample size see Additional file 3.

Additional file 2: Expression data of all candidate genes during
development of A. burtoni. Gene expression as fold change (Livak) + SE
in heads and trunks relative to the first sampling point at 7 dpf. For
details on sample size see Additional file 3.

Additional file 3: Sample sizes for qRT-PCR experiment if other than
four. Sample size of trunks at 8, 10 and 11 dpf is three for all genes (and
two for wnt4B) and therefore not depicted here. Besides sf-1 (trunk tissue
of three individuals at 12 and 13 dpf) and gata4 (head tissue of three
individuals at 38 dpf) all the missing data can be accounted to not
detectable expression of dmrt1 and gsdf in heads.

Additional file 4: Putative transcription factor binding sites in the
conserved promoter regions (block 1 and block 2 as in Figure 4) of
wnt4B in teleost genomes. We chose transcription factors with a Matrix
similarity > 0.9 and described in the tissues testis, ovary, germ cells, brain
and/or central nervous system. Included species are A. burtoni,
Xiphophorus maculatus, Oryzias latipes, Gasterosteus aculeatus, Takifugu
rubripes, Tetraodon nigroviridis, Gadus morhua and Danio rerio for block 1
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and without Danio rerio for block 2. Abbreviated names of transcription
factors were taken from Genbank.

Additional file 5: Putative transcription factor binding sites in the
conserved promoter region (yellow block in Figure 5) within 20 kb
upstream of wt1A in teleost genomes. We chose transcription factors
with a Matrix similarity > 0.9 and described in the tissues testis, ovary,
germ cells, brain and/or central nervous system. Included species are A.
burtoni, Metriaclima zebra, Neolamprologus brichardi, Oreochromis niloticus,
Xiphophorus maculatus, Oryzias latipes, Gasterosteus aculeatus, Takifugu
rubripes, Tetraodon nigroviridis, Danio rerio and Astyanax mexicanus.
Abbreviated names of transcription factors were taken from Genbank.

Additional file 6: Primer sequences and cycling conditions used for
sequencing of wnt4B and wt1A coding and promoter sequence. For
amplicon six of wnt4B a second reverse primer (reverse 6_2) was
designed closer towards forward 6 to ensure complete sequencing of
this DNA stretch.
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The work presented in my PhD thesis brought new insights into the topics of egg-spot

formation and sexual development in East African cichlid fishes:

First, | investigated the development of anal fin egg-spots with the help of a picture
series of Astatotilapia burtoni. Using one individual male, four morphological stages of
egg-spot formation could be described. | investigated these stages in more fish using
several set-ups (i.e., low and high density of fish). When fish were raised under different
conditions, it turned out that standard body length is a better predictor for egg-spot

formation stage than age.

| then focused on sexual development, which is extremely diverse in fish compared
to mammals and birds. It can be seen as a continuum of sex determination and sex
differentiation, which are regulated by an interplay of heritable and environmental factors.
The identification of various master sex-determining genes, the description of complex
polygenic regulations and, importantly, the discovery of new functions of presumably
conserved down-stream factors led us to a conceptual re-formulation of the evolution

of sexual development cascades.

Empirical evidence for the diversity of down-stream factors implicated in sexual
development is given by the lineage-specific shifts in gene expression and sequence
evolution of the aromatase cyp19a1 in cichlids. We found expression in testis in Ectodini
(cyp19a1A) and Haplochromini (cyp 79a1B) instead of presumably conserved ovary- and

brain-specific expression observed in all other so far studied fish species, respectively.

Additionally, supporting the plasticity of down-stream factors of sexual development is
our experiment that used hormonally sex-reversed specimens of Astatotilapia burtoni.
Estrogen treatment followed by crossing experiments provided evidence for a male
heterogametic sex-determining system (XX-XY). XY-females (sex-reversed males)
crossed to normal XY-males resulted in a putative YY-super male that only produced
male offspring. These all-male broods were used to profile the expression of sexual
development genes. We described several genes putatively involved in testis formation.
One of them has not been implicated with this function before. Moreover, this points

towards less conservation in the sexual development cascade than previously thought.
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Being a male or female substantially influences all life stages. Obviously, males and females
develop structurally and functionally distinct gonads, which in turn produce different types
of germ cells. Not only do males and females show internal differences, but they often
also vary in the phenotypic appearance. In East African cichlid fishes sexual dimorphism
e.g., in coloration, is very pronounced in a number of species, especially within the most-
species rich lineage, the haplochromines. In this lineages the females are rather dull and
the males are brightly colored and carry egg-spots on their anal fin, a putative evolutionary
key-innovation suggested to be important e.g., in intra-sexual communication (Salzburger
et al. 2005; Salzburger et al. 2007; Santos and Salzburger 2012; Theis et al. 2012).

Sexual development, leading to the formation of the male and female phenotype, is
regulated by a variety of heritable but also environmental factors. Sex-determining systems
(e.g., male- or female heterogamety) and genetic cascades must not be conserved, not
even between closely related species. Recent studies in fish have shown that the master
sex-determining genes vary between different species, and even between sister species
(Matsuda et al. 2002; Nanda et al. 2002; Hattori et al. 2012; Kamiya et al. 2012; Myosho
et al. 2012; Yano et al. 2012). Our findings now extend this variety to downstream factors
of sexual development (Bohne et al. 2013). In my thesis, | investigated a set of candidate
genes for sexual development. More specifically, we studied these genes in adult cichlid
species and in one of them also during early male development. Differential gene expression
patterns, measured in brain and gonad tissue, were observed between cichlid lineages
and within the same species over time. Adult Ectodini (a lineage that is endemic to Lake
Tanganyika) and Haplochromini (the most species-rich lineage occurring in all three Lakes,
Tanganyika, Malawi and Victoria (Salzburger et al. 2005; Sturmbauer et al. 2011)) showed
a shift towards testis-specific expression of the aromatase cyp19alA and cyp19aiB,
respectively. Interestingly, profiling the expression of these gene copies during early male
development in one of the haplochromines, Astatotilapia burtoni, revealed the opposite
pattern than in adults of the same species. In contrast to the high expression of the B-copy
in adult testis, the A-copy seemed to be more important in early testis differentiation. And
the B-copy, on the other hand, showed a low expression during early development, which
seemed to increase at the end of the investigated experimental period. We also observed
analogies between adults and juveniles, e.g., dmrt1, which is testis-specifically expressed
in adults and shows continuous increase in expression in developing testis. We described
an interesting pattern for wnt4B, with a peak in expression at an early stage of testis
development. In adult A. burtoni testis, we only detected weak expression of wnt4B. We
expect a master sex-determining gene to show high expression levels early in developing
testis. | therefore decided to compare the genomic sequence of wnt4B in more detall in
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males and females. Sequence comparison of the coding and the promoter region showed
no differences between the sexes and we therefore excluded wnt4B as the master sex-
determining gene. Although wnt4B is not acting at the top of the sexual development
cascade it might be one of the first targets of the master sex regulator. A transcription factor
binding site analysis revealed a number of genes, possibly acting further up in the cascade,
representing putative candidates for the role of the sex-determining gene in A. burtoni.

Outlook

My results, once more, underline the flexibility of sexual development in cichlids and highlight
that always all processes acting along the continuum of sexual development should be
looked at. Developmental series already give a broader insight into the dynamics of sexual
development genes, compared to a gene expression assay in adults reflecting a snapshot
in time only. To complete the picture of sexual development in Astatotilapia burtoni, similar
experiments using all-female broods, would be interesting. On one hand, that would provide
important insights into the female cascade and on the other hand it would additionally
support the results obtained from the male developmental series: Because we measured
gene expression in whole heads and trunks - as proxies for brain and gonad tissue - there is
still the possibility that other tissues in the trunk highly express a gene presumably concluded
to be a testis-specific gene. Although we think this possibility is not likely for most genes
investigated (as discussed in Chapter 4), further support for testis and not trunk expression
would be given by low expression in the female trunk. Theoretically, all-female broods can
be produced by crossing an XX-male (a sex-reversed female) to a normal XX-female. Our
attempts to obtain such sex-reversed fish by feeding fry with testosterone treated food were
not successful; the testosterone treatment did — in contrast to the estradiol treatment — not
result in 100 % sex-reversal. Further studies should, for example, make use of aromatase-
inhibitors in order to sex-reverse fish instead of testosterones, which has recently been
shown to function even in adults of different fish species, including the cichlid Nile tilapia

(Orechromis niloticus) (Paul-Prasanth et al. 2013).

In addition to genetic experiments, morphological studies could be conducted. In contrast
to the most investigated cichlid in terms of sexual development, the Nile tilapia, there is
no scientific data about the morphological gonadal development in A. burtoni and other
cichlids that belong to the rapidly radiating lineage of the haplochromines. Such a study
would allow describing putative gene functions more precisely in relation to morphological
differentiation.
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Regarding the described differences in adult gene expression between species, | suggest
to perform developmental series in more species. This will allow an interspecies comparison
of the sexual development cascade over time. In adults it seems that species within a
lineage share the same expression pattern to some extent. It would be interesting to see
if this conservation in adult gene expression within a lineage holds true for developmental

series as well.

Sex-determining mechanisms can vary even between populations of the same species
as shown e.g., in a sympatric species-pair in sticklebacks (Kitano et al. 2009). Different
populations of A. burtoni in lake and stream habitats are currently investigated using
restriction site-associated DNA (RAD)-tag sequencing data (Egger et al. in preparation). This
technique was already applied to investigate sexual development of other fishes (Anderson
et al. 2012; Parnell and Streelman 2012). For further studies on genomic differences
between males and females, | suggest to involve next generation sequencing approaches
like RAD-tag sequencing, whole genome sequencing as well as transcriptome data.

Concluding remarks

| started my doctoral work with the investigation of morphological development of anal fin
egg-spots in Astatotilapia burtoni. Due to the lack of a sex-specific marker for this species,
my data also included females, unless they were phenotypically distinguishable from males,
which is only possible after the formation of egg-spots. These limitations led to the question,
how sex specific phenotypes come into existence in the first place. This, to me, opened
up the fascinating field of sexual development, and with our experiments, we showed that
this cascade of forming males and females is highly plastic in fish — in all different processes
involved. One aspect of that flexibility is the possibility to reverse sex by hormonal treatment,
which allowed producing all-male broods. It is these broods that enable the investigation
of egg-spot development in males only, even though | did not find the sex-specific marker
| aimed for.

82



References

Anderson, J. L., A. Rodriguez-Mari, I. Braasch, A. Amores, P. Hohenlohe et al., 2012
Multiple sex-associated regions and a putative sex chromosome in zebrafish
revealed by RAD mapping and population genomics. PLoS One 7: e40701.

Bdhne, A., C. Heule, N. Boileau and W. Salzburger, 2013 Expression and sequence
evolution of aromatase cyp79a7 and other sexual development genes in East
African cichlid fishes. Mol. Biol. Evol. 30: 2268-2285.

Hattori, R. S., Y. Murai, M. Oura, S. Masuda, S. K. Majhi et al., 2012 A Y-linked anti-
Mdllerian hormone duplication takes over a critical role in sex determination. Proc.
Natl. Acad. Sci. U. S. A. 109: 2955-2959.

Kamiya, T., W. Kai, S. Tasumi, A. Oka, T. Matsunaga et al., 2012 A trans-species
missense SNP in Amhr2 is associated with sex determination in the tiger pufferfish,
Takifugu rubripes (fugu). PLoS Genet. 8: e1002798.

Kitano, J., J. A. Ross, S. Mori, M. Kume, F. C. Jones et al., 2009 A role for a neo-sex
chromosome in stickleback speciation. Nature 461: 1079-1083.

Matsuda, M., Y. Nagahama, A. Shinomiya, T. Sato, C. Matsuda et al., 2002 DMY is a
Y-specific DM-domain gene required for male development in the medaka fish.
Nature 417: 559-563.

Myosho, T., H. Otake, H. Masuyama, M. Matsuda, Y. Kuroki et al., 2012 Tracing the
emergence of a novel sex-determining gene in medaka, Oryzias luzonensis.
Genetics 191: 163-170.

Nanda, I., M. Kondo, U. Hornung, S. Asakawa, C. Winkler et al., 2002 A duplicated copy
of DMRTT in the sex-determining region of the Y chromosome of the medaka,
Oryzias latipes. Proc. Natl. Acad. Sci. U. S. A. 99: 11778-11783.

Parnell, N. F., and J. T. Streelman, 2012 Genetic interactions controlling sex and color
establish the potential for sexual conflict in Lake Malawi cichlid fishes. Heredity
110: 239-246.

Paul-Prasanth, B., R. K. Bhandari, T. Kobayashi, R. Horiguchi, Y. Kobayashi et al., 2013
Estrogen oversees the maintenance of the female genetic program in terminally
differentiated gonochorists. Sci. Rep. 3: 2862.

Salzburger, W., |. Braasch and A. Meyer, 2007 Adaptive sequence evolution in a color
gene involved in the formation of the characteristic egg-dummies of male
haplochromine cichlid fishes. BMC Biology 5: 51.

Salzburger, W., T. Mack, E. Verheyen and A. Meyer, 2005 Out of Tanganyika: Genesis,
explosive speciation, key-innovations and phylogeography of the haplochromine
cichlid fishes. BMC Evol. Biol. 5: 17.

Santos, M. E., and W. Salzburger, 2012 Evolution. How cichlids diversify. Science 338:
619-621.

Sturmbauer, C., M. Husemann and P. D. Danley, 2011 Explosive speciation and adaptive
radiation of East African cichlid fishes, pp. 333-362 in Biodiversity Hotspots, edited
by F. Zachos and J. Habel. Springer Berlin Heidelberg, Berlin, Heidelberg.

Theis, A., W. Salzburger and B. Egger, 2012 The function of anal fin egg-spots in the
cichlid fish Astatotilapia burtoni. PLoS One 7: e29878.

Yano, A., R. Guyomard, B. Nicol, E. Jouanno, E. Quillet et al., 2012 An immune-
related gene evolved into the master sex-determining gene in rainbow trout,
Oncorhynchus mykiss. Curr. Biol. 22: 1423-1428.

83






Many people accompanied me during my work on this PhD thesis and | am most grateful
for their support:

My biggest thanks go to Walter Salzburger for offering me the possibility to work in his
group and always for being a great boss and an appreciated friend.

| am most thankful to Astrid Béhne who taught me lab techniques, helped me analyzing
data and sacrificed a lot of time to review and thereby improve my scientific writing.

| am very grateful to Judith Mank who spontaneously agreed to review this thesis and be
the second examiner at my defense.

Furthermore | thank Maria Emilia Santos for introducing me to world of gPCR.

A big thank you goes to the lab managers Brigitte Aeschach and Nicolas Boileau for
their untiring support in the lab and help with organizational issues.

| would like to thank my office mates Adrian Indermaur, Anya Theis, Britta Meyer for
discussions and support (scientifically as well as mentally).

Thanks to Attila Riiegg and Yuri Klafiger who helped maintaining my fish and additionally
to the sequential fish feeders Adrian Indermaur and Bernd Egger.

| thank the whole Salzburger group for a fantastic time.
Not to forget the former lab members Eveline Diepeveen, Michael Matschiner and
Moritz Muschick who were in the group when | started my PhD and will always belong to

the Salzburger lab.

A special thank goes to my parents who supported me during the whole time of my
studies.

| would also like to acknowledge the European Research Council and the Swiss Academy
of Sciences for my salary and the travel grant for the fieldtrip to Africa, respectively.

85



