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Fic. 3.—Characterization of transcripts with sex-specific expression in all species. GO annotation (Biological Process categories with at least 50 transcripts
each and belonging to the highest annotation level, ontology level 2 in BLAST2GO) for ovary/testis-specific transcripts overexpressed in all species. The
transcripts belonging to the GO terms sex determination and sex differentiation all belong to the ancestral GO term reproduction, depicted by colored arrows

and actual gene numbers.

(supplementary table S6, Supplementary Material online).
Sox3 might hence have a female- or male-specific function,
depending on the species investigated.

Also bmp proteins, bmp receptors, and their interaction
partners were overexpressed in all females/ovaries.

Dmrt2 was highly overexpressed in all female/ovary sam-
ples in our experiments, and has been implicated with sex
determination before (Matsushita et al. 2007; Sheng et al.
2014).

Several of the shared overexpressed genes are members of
the Wnt-signaling pathway that has been implicated with
female reproductive development in mammals (Bernard and
Harley 2007) and also in some fish species (Wu and Chang
2009). However, a female-specific function of the Wnt path-
way does not seem to be a general pattern in fishes (Nicol
et al. 2012).

Another predominant function of several detected genes is
their involvement in apoptosis. In the vertebrate ovary, the
apoptotic process of follicular atresia degenerates ovarian
follicles that will not complete maturation but rather be reab-
sorbed (Morais et al. 2012, and references therein).

Influencing the Male Fate—Candidate Genes for a
Common Male Genetic Network in Cichlids

Among the commonly overexpressed male/testis transcripts,
we found 21 genes belonging to the GO terms sex differen-
tiation/determination (table 3 and for details on all expression
values see supplementary table S7, Supplementary Material
online). Members of the Wnt-signaling cascade were overex-
pressed also in testis, again including members of the
frizzled-family. This pathway might thus play a role in gonad
functioning in both sexes, although with different genes being
implicated in each sex.

The most highly expressed testes gene common to the four
species was kelch-like protein 10 (with two different gene
copies), which plays a role in spermiogenesis (Yan et al. 2004).

We also detected testis overexpression of two other prom-
inent gene families that have already been implicated with sex

determination either in mammals, namely the HMG-family of
transcription factors (Koopman 20071) (here, high mobility
group protein b2), or in fish, the TGF-B-superfamily (here,
transforming growth factor beta-2). Especially the TGF-B-su-
perfamily received a lot of attention recently as three new
master SD genes, amhy, amhr2, and gsdf, identified in fish
belong to this family of nontranscription factors (for a review,
see Heule et al. 2014). Note that in the female/ovary common
transcripts this family was also represented, with the bmp
proteins, receptors, and activators. Amhr2 was also overex-
pressed in testis in all four investigated species. Amh was
overexpressed in testis of A. burtoni and E. cyanostictus but
was not DE in Op. ventralis and J. ornatus (see below). Gsdf
was overexpressed in the testis of all species but A. burtoni,
where it was overexpressed in the ovary.

Enriched Gene Expression Pathways in Males and
Females

To confirm the importance of the above-described gene fam-
ilies and to detect further pathways with a possible link to sex
determination and differentiation, we ran GO pathway enrich-
ment analysis comparing all GO representations in ovary
overexpressed transcripts against the testis overexpressed
transcripts and the same for female against male sample
overexpressed transcripts. We did so for the commonly and
uniquely expressed transcripts (supplementary tables S8 and
S9, Supplementary Material online) and focused again on GOs
of the category Biological Process. For the commonly ex-
pressed transcripts we found, out of a total of 5,326 GO an-
notations, enrichment for 268 GOs in ovary and 422 in testis
and out of a total of 3,428 GO annotations, 138 enriched in
female tissue (73 shared with ovary) and 273 in male tissue
(149 shared with testis). Although these GO terms cover a
large variety of physiological processes such as lipid metabo-
lism, cytoskeletal changes, or mitochondrial metabolism,
several terms directly implicated in sex determination/differen-
tiation were indeed enriched. These included different
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Sex- and Species-Specific Expression

Table 2
Genes Belonging to the GO Categories Sex Determination (det) and Sex Differentiation (diff) Overexpressed in Ovaries/Female Tissues in All Four
Investigated Species
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Ovary/Female Overexpressed Genes in All Four Species GO Term Overexpressed In
Apoptosis regulator bax (accelerates programmed cell death by binding to, and antagonizing the ap- Sex diff Ovary
optosis repressor bcl2)®
Bcl-2-related ovarian killer protein (induces apoptosis) Sex diff Ovary/females
Beta-n-acetylglucosaminyltransferase lunatic fringe-like (initiates the elongation of O-linked fucose resi- Sex diff Ovary/females
dues attached to EGF-like repeats in the extracellular domain of Notch molecules)
Bone morphogenetic protein receptor type-1a (receptor for BMP-2 and BMP-4, regulates transcription) Sex diff Ovary
Bone morphogenetic protein 15 (TGF-beta family member, oocyte-specific growth/differentiation stim- Sex diff Ovary
ulating folliculogenesis and granulosa cell growth)
Cbp p300-interacting transactivator 3-like (stimulates estrogen-dependent transactivation activity, posi- Sex det/diff Ovary/females
tively regulates TGF-beta signaling)
Doublesex- and mab-3-related transcription factor 2 (dm-family, could be implicated with gonadal dys- Sex det/diff Ovary/females
genesis and XY sex reversal in humans)
Ensconsin (microtubule-stabilizing protein) Sex diff Ovary/females
Forkhead box 12 (transcriptional regulator, in mammals critical factor essential for ovary differentia- Sex det/diff Ovary
tion and maintenance, and repression of the genetic program for somatic testis determination)
Forkhead box protein 03 (transcriptional activator, triggers apoptosis) Sex diff Ovary/females
Frizzled-10 (G protein-coupled Wnt receptor, positive regulator of the Wnt/beta-catenin pathway) Sex diff Ovary/females
g1 s-specific cyclin-d1 (regulation of cell-cycle during G4/S transition) two gene copies OE in ovary Sex diff Ovary/females
Hepatocyte growth factor receptor (receptor tyrosine kinase, transduces signals from the extracellular Sex diff Ovary
matrix into the cytoplasm, regulates many physiological processes)
Inhibitor of growth protein 2 (possibly involved in apoptotic pathways) Sex diff Ovary/females
Mothers against decapentaplegic homolog 5 (transcriptional modulator activated by BMP type 1 re- Sex diff Ovary
ceptor kinase)
Mothers against decapentaplegic homolog 9 (transcriptional modulator activated by BMP type 1 re- Sex diff Ovary/females
ceptor kinase)
Peroxisomal multifunctional enzyme type 2 (peroxisomal beta-oxidation pathway for fatty acids) Sex diff Ovary
Prohibitin (inhibits DNA synthesis, regulates proliferation) Sex diff Ovary
Ribonucleoside-diphosphate reductase large subunit (DNA synthesis) Sex diff Ovary/females
Sal-like protein 1 (zinc-finger transcription factor, transcriptional repressor involved in organogenesis) Sex diff Ovary
Secreted frizzled-related protein 2 (modulator of Wnt signaling) Sex diff Ovary
Secreted frizzled-related protein 3 (modulator of Wnt signaling) Sex diff Ovary/females
Sox3-like (transcription factor required during the formation of the hypothalamo-pituitary axis, male Sex det/diff Ovary/females
sex determiner in mammals)
Tcdd-inducible poly [ADP-ribose] polymerase (possibly role in the adaptive response to chemical expo- Sex diff Ovary
sure, response to DNA strand breaks)
Transcription factor ap-2 gamma (DNA-binding protein interacting with inducible viral and cellular en- Sex diff Ovary/females
hancer elements to regulate transcription)
Tyrosine-protein phosphatase nonreceptor type 11 (acts downstream in signal transduction from cell Sex diff Ovary/females
surface to nucleus)
Whnt-5a (ligand for members of the frizzled receptors, activates or inhibits canonical Wnt-signaling, Sex diff Ovary/females

depending on receptor context)

®Functions taken from http:/Avww.uniprot.org

transcription factor groups and general transcriptional regula-
tion as well as apoptotic processes.

The screening for the GO terms sex determination and
sex differentiation described above strongly suggested an
implication of the Wnt signaling pathway as well as mem-
bers of the TGF-B-superfamily in sex differentiation in cich-
lids. We could confirm these findings with the enrichment
tests. For the Wnt pathway, the GO terms “positive regu-
lation of canonical Wnt receptor signaling pathway” and
“regulation of Wnt receptor signaling pathway, planar cell

polarity pathway” were enriched in ovary and female tissue,
“positive regulation of noncanonical Wnt receptor signaling
pathway” and “regulation of Wnt receptor signaling path-
way involved in dorsal/ventral axis specification” were en-
riched in female tissue. We also detected enrichment related
to the Wnt cascade in male tissue/testis with the GO terms
“Wnt receptor signaling pathway involved in digestive tract
morphogenesis” enriched in testis and male tissue, “canon-
ical Wnt receptor signaling pathway involved in positive reg-
ulation of epithelial to mesenchymal transition” in male
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Table 3

Genes Belonging to the GO Categories Sex Determination (det) and Sex Differentiation Overexpressed in Testis/Male Tissues in All Four Investigated

Species

Testis/Male Overexpressed Genes in All Four Species GO Term Overexpressed In

Follicle stimulating hormone receptor (G-protein coupled receptors, functions in gonad development) Sex diff Testis

Frizzled-6 (receptor for Wnt4) Sex diff Testis/males

Frizzled-7 (receptor for Wnt proteins) Sex diff Testis

High mobility group protein b2 (here two gene copies expressed in testis, DNA-binding protein that Sex diff Testis/males
associates with chromatin and has the ability to bend DNA)

Histone (DNA packaging) Sex diff Testis

Protein jagged-2 (putative Notch ligand involved in the mediation of Notch signaling) Sex diff Testis/males

Kelch-like protein 10 (here two gene copies, substrate-specific adapter of a CUL3-based E3 ubiquitin- Sex diff Testis/males
protein ligase complex which mediates the ubiquitination and subsequent proteasomal degradation
of target proteins during spermatogenesis)

Long-chain-fatty-acid-ligase acsbg2 (mediates activation of long-chain fatty acids, may play a role in Sex diff Males
spermatogenesis)

Mast stem cell growth factor receptor kit (tyrosine-protein kinase) Sex diff Testis

Meiotic recombination protein dmc1 lim15 homolog (may participate in meiotic recombination) Sex diff Testis/males

Mitogen-activated protein kinase kinase kinase 4 (serine/threonine kinase that may play a role in the Sex det Testis
response to environmental stress and cytokines)

Nipped-b-like protein (probably plays a structural role in chromatin) Sex diff Testis

Nuclear receptor coactivator 2 (transcriptional coactivator for steroid receptors and nuclear receptors) Sex diff Testis/males

Polyadenylate-binding protein 2 (involved in the 3'-end formation of pre-mRNA by the addition of a Sex diff Testis
poly(A) tail)

Retinol dehydrogenase 10 (converts all-trans-retinol to all-trans-retinal) Sex diff Testis

tilb homolog (may play a role in dynein arm assembly) Sex diff Testis/males

Transcription factor 7-like 2-like (HMG-box transcription factor that participates in the Wnt signaling Sex diff Testis/males
pathway, two gene copies)

Transforming growth factor beta-2 (cytokine) Sex diff Testis

tissue, and “negative regulation of canonical Wnt receptor
signaling pathway” in testis.

Among the uniquely expressed transcripts, GO terms be-
longing to the Wnt pathway were enriched; for A. burtoni and
Op. ventralis only in female tissue/ovaries, in E. cyanostictus in
testis and male tissue, and in J. ornatus in ovary (see pink
marked lines in supplementary tables S8 and S9,
Supplementary Material online).

Also the TGF-B-superfamily, already detected with the
search for GOs sex determination/differentiation, figured
among the enriched pathways with “negative regulation
of TGF-B receptor signaling pathway” in male tissue
(marked green lines in supplementary tables S8 and S9,
Supplementary Material online). Further GO pathways com-
prising members of the TGF-B-superfamily included the
above-discussed BMPs with “negative regulation of BMP
signaling pathway” enriched in testis/male tissue. We could
also detect enrichment of GO terms linked to apoptosis, men-
tioned above as a process happening frequently in the gonad
(marked in red in supplementary tables S8 and S9,
Supplementary Material online).

Further newly detected interesting and obvious GO groups
in the context of sex determination/differentiation were the
ovary-enriched pathways “female gonad development,”

"o

“negative regulation of reproductive process,” “negative reg-
ulation of androgen receptor signaling pathway” and “andro-
gen metabolic process” as well as the testis-enriched
pathways “male germ-line sex determination,” “response to
progesterone stimulus” and “response to estradiol stimulus,”
and the male-enriched pathway “response to steroid hor-
mone stimulus” (for genes found in these groups, refer to
supplementary tables S8 and S9, Supplementary Material
online).

Species-Specific Overexpressed Genes in Males and
Females

Several members of the Wnt-signaling cascade including
ligands, receptors, and regulators showed distinct
species-specific patterns (supplementary tables S8-510,
Supplementary Material online, members of the Wnt-path-
way are marked in pale rose). For example, several frizzled
receptors and frizzled-proteins were overexpressed in the
testis of E. cyanostictus and in the ovary of A. burtoni.
Two different gene copies of wnt2b were overexpressed
in the ovary and testis of J. ornatus, respectively.

Also several members of the TGF-B-superfamily were ex-
pressed in a species- and tissue-specific manner, again includ-
ing ligands and receptors, and especially inhibins and activins

2576  Genome Biol. Evol. 6(9):2567-2585.  doi:10.1093/gbe/evu200  Advance Access publication September 17, 2014

¥T0Z ‘9 840100 U0 MdN 82V /sed Jo AiseAun e /Bioseuinolpioyxoeqby/:diy wouy pspeojumoq


",0,0,2
",0,0,2
O. ventralis
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu200/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu200/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu200/-/DC1
",0,0,2
transforming growth factor
beta
",0,0,2
S
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu200/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu200/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu200/-/DC1
",0,0,2
",0,0,2
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu200/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu200/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu200/-/DC1
",0,0,2
",0,0,2
",0,0,2
",0,0,2
",0,0,2
",0,0,2
",0,0,2
",0,0,2
",0,0,2
",0,0,2
",0,0,2
",0,0,2
",0,0,2
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu200/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu200/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu200/-/DC1
-
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu200/-/DC1
http://gbe.oxfordjournals.org/lookup/suppl/doi:10.1093/gbe/evu200/-/DC1
-
-
http://gbe.oxfordjournals.org/

Z
=
=
B
=
@)
>
m
a)
Z
<
=
@)
(@)
-
<
M
m
>
o
Z
m
)

Sex- and Species-Specific Expression

GBE

and their receptors. The inhibin/activin subgroup of the TGF-
B-superfamily inhibits and activates, respectively, the secretion
of gonadal and pituitary hormones, thereby influencing germ
cell development and the hypothalamus—pituitary—gonadal
axis (e.g., Bilezikjian et al. 2004). Note that this subgroup
did not appear in the analysis of common transcripts. The A.
burtoni ovary/female tissue overexpressed transcripts were en-
riched for the GO term “negative regulation of activin recep-
tor signaling pathway” and the J. ornatus testis overexpressed
transcripts  for “regulation of activin receptor signaling
pathway.”

Species-specific overexpression was also found for repre-
sentatives of the bmp proteins and receptors, another sub-
group of the TGF-B-superfamily with GO enrichment for
“regulation of BMP signaling pathway” in E. cyanostictus
male tissue.

Enigmatic members already implicated in sex determination
in vertebrates, and also recovered in our study, included the
testis factor sox9 (Kobayashi et al. 2005) (here sox9a in testis
of A. burtoni, and another isoform of sox9a as well as sox9b in
the testis/male tissues of E. cyanostictus), suggesting a male-
specific function also in cichlids. Another such factor is amh,
the anti-Mullerian hormone, responsible for the regression of
Mullerian ducts in mammals (Rey et al. 2003). This gene is
known to be the master SD gene in the Patagonian pejerrey
(Hattori et al. 2012), as might be amhr2, the amh receptor, in
pufferfishes (Kamiya et al. 2012). Different isoforms of amh
were overexpressed in the testis of A. burtoni and E. cyanos-
tictus. However, in J. ornatus, amh is overexpressed in the
ovary and the GO category “Mullerian duct regression” is
enriched in female tissue in all four species, asking for further
investigation of the action of this hormone in cichlids.

In J. ornatus, two more genes showed opposing expression
patterns compared with their published function, namely ste-
roidogenic factor 1 (here overexpressed in ovary, but other-
wise known to be important for male development in
humans; Achermann et al. 1999) and factor in the germline
alpha (here in testis, known as oocyte-specific gene in mam-
mals; Huntriss et al. 2002).

With dmrt3 yet another member of the dm-domain family
might play a role in sex determination in cichlids, here it was
the gene with the highest level of overexpression in the testis
of Op. ventralis (supplementary table S10, Supplementary
Material online).

Other genes with a species-specific expression pattern
also included further members of the steroid pathway and a
variety of transcription factors (supplementary table S10,
Supplementary Material online, marked in gray).

Our approach revealed that genes/transcripts, which are
overexpressed in the female gonad in one species, can be
overexpressed in the male gonad in another species. This
was especially pronounced for several genes expressed in
the testis of Op. ventralis including cytosolic phospholipase
a2, dachshund 2, and receptor-encoding genes, which were

in the other species expressed in the ovary. Also several genes
expressed in the testis of E. cyanostictus were expressed in the
ovary of J. ornatus (sphingosine-1-phosphate lyase 1, tran-
scription factor 21, bmp?7, irx-5). We observed similar patterns
in a previous gene candidate study (Bohne et al. 2013) and,
hence, aimed to compare the two data sets.

Expression of Candidate Genes in Ovaries and Testis

In a previous study, we investigated the expression of candi-
date genes with a supposedly conserved role in sexual devel-
opment, gonad function, and maintenance in a subset of East
African cichlid fishes, including A. burtoni and Op. ventralis, by
guantitative polymerase chain reaction (QPCR) (Bohne et al.
2013). This study revealed new expression patterns in adult
testis and ovary in derived cichlid lineages (Haplochromini and
Ectodini) for core genes of vertebrate sexual development,
such as the aromatase cyp79a’ and sox9. We were asking
whether these shifts in expression were consistent in this study
and extended the gene candidate data to J. ornatus and E.
cyanostictus. To this end, we first screened the reference tran-
scripts of Or. niloticus for the presence of the candidate genes
described in Bohne et al. (2013) in a local BLAST search. All
genes but ctnnb1B were present in the reference transcrip-
tome. We then looked for expression of the corresponding
transcripts in the pairwise comparison ovary versus testis in
each species (supplementary table S11, Supplementary
Material online). The RNA-sequencing data were largely con-
gruent with the gPCR data from Bohne et al., especially with
regard to the aromatase genes cyp79a71A and cyp19a1B. We
thus confirmed our previous finding that the otherwise brain-
specific aromatase cyp79a7B is overexpressed in the testis of
A. burtoni, whereas the other copy, cyp79alA, a gene highly
expressed in the ovary in all fish species studied so far, is
overexpressed in testis in Op. ventralis. Both, ¢yp79alA and
cp19alB, were overexpressed in the ovary of the
Lamprologine J. ornatus, resembling the expression pattern
of Neolamprologus pulcher, the lamprologine studied in
Bohne et al. (2013). Also the expression patterns of the
other candidate genes in J. ornatus resembled the Q-PCR pat-
terns observed in N. pulcher. A representative of the
Eretmodini, the tribe that E. cyanostictus belongs to, was
not included in our previous study. This species showed the
ancestral pattern for cyp79a7A in the ovary.

Expression of Steroid Hormone Receptors

The shifts in expression of cyp79a1A and B raised the question
if this has functional consequences. RNA-sequencing does not
directly reveal functional aspects but the present data set al-
lowed us to study other members of the steroid hormone
pathway. More specifically, we were asking whether an in-
crease of aromatase in the testis correlates with estrogen re-
ceptor expression, indicating that the enzymes indeed
increase the level of estrogen in the testis of these fishes.
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For this, we conducted the same analysis for the estrogen and
androgen receptors as we did for the candidate genes (sup-
plementary table $S12, Supplementary Material online). The
Ectodini Op. ventralis, which overexpressed the “ovary” aro-
matase cyp719alA in the testis, also had one estrogen receptor
overexpressed in the testis, namely esr2b. The other three
species overexpressed esr2b in the ovary or not at all.
Astatotilapia burtoni, which overexpressed the “brain” aro-
matase cyp719aTB in the testis, also overexpressed one estro-
gen receptor in the testis, esr!. Again, the other species
overexpressed esr1 in the ovary or had no differential expres-
sion. These data support a species-dependent estrogen-signal-
ing pathway usage in cichlids. The correlation between the
expression of synthesizing-enzymes of hormones and their
receptors could indicate a new function for estrogen in the
testis of adult cichlids.

To complete the picture, we now included in our analyses,
for the first time in several cichlid species, the two copies of
the androgen receptor present in teleost fishes (Douard et al.
2008). ArA was overexpressed in the testis of A. burtoni, Op.
ventralis, and E. cyanostictus; arB was overexpressed in the
ovary of Op. ventralis and J. ornatus. This suggests a tissue
subfunctionalization of the two copies at least in Op. ventralis.

Gene Coexpression Network Analysis

To analyze relationships between genes throughout the entire
data set we conducted a weighted gene coexpression net-
work analysis (WGCNA), which clusters genes based on
their expression in all investigated samples into coexpression
modules. The analysis resulted in 16 such modules (fig. 4)
based on expression for 21,120 genes, with 7.3% of genes
not assigned to a module. WGCNA automatically assigns
color names to modules that we decided to keep (all 16
color names are indicated in fig. 4). Note that with the
chosen minimal module size of 30 genes, unassigned genes
might still belong to smaller expression pathways.

After module building, we tested for an association of the
obtained modules with the traits “tissue” (ovary, testis, male
brain, and female brain), “sex,” and “species,” using an
ANOVA. Given the nature of the data set, several modules
had indeed a significant correlation with the trait sex, espe-
cially the modules “black,” “cyan,” and “midnightblue.” The
large modules (numbers of genes per module are given in fig.
4) "black,” “cyan” and “blue” were all significantly associ-
ated with the two gonad types, “magenta” with testis and
brain and “greenyellow"” with ovary and brain.

The majority of genes previously identified in the GO cate-
gories sex determination and sex differentiation and DE in all
four species (Tables 2 and 3) belong to the modules “black,”
“brown” (highly associated with ovary and brain), and
“midnightblue” (highest association with ovary) (for details,
see supplementary table S13, Supplementary Material online).

Among the testis/male-specific genes, two genes of the Wnt-
pathway were the only ones belonging to the module cyan.

The smaller modules (“darkturquoise,” “darkorange,”
“darkgray,” and “darkgreen”) were significantly associated
with a particular species or species-combination and will be
discussed here.

The darkorange module was associated with J. ornatus and
hence contained genes that differ between this substrate
spawner and the three mouth-breeding species. This
module contained mainly genes that were overexpressed in
the testis of the mouth-breeding species but were not ex-
pressed in the gonads of J. ornatus, and three genes overex-
pressed in the ovary of J. ornatus (supplementary table S14,
Supplementary Material online). The testis-overexpressed
genes contained several transposable element-related se-
guences and genes acting in the immune response, suggest-
ing that transposable elements as well as immune system-
related factors are particularly active in males of the mouth-
breeding species but not in J. ornatus.

The darkturquoise module showed a high association with
A. burtoni, which is the most derived species of the investi-
gated cichlids. Most of the genes in this group were overex-
pressed in the testis of A. burtoni and also contained several
transposable element/virus-related sequences.

Both, the darkgreen module and the darkgray module are
associated with E. cyanostictus. Darkgray contained almost
exclusively genes that were overexpressed in the testis of E.
cyanostictus but were not expressed in the other species.
Darkgray might hence be a truly species-specific module
with a male-specific expression pattern. The expression pat-
tern in the darkgreen module was not as pronounced as in the
darkgray module. However, it contained a large fraction of
genes overexpressed in the ovary of E. cyanostictus and with
opposing expression patterns in the other three species.

Finally, we traced the placement of the afore-mentioned
candidate genes in the network modules (supplementary
table S15, Supplementary Material online). Most of them
also belonged to the large modules black, blue, brown, and
magenta just like the genes DE in all four species. Interestingly,
the different homologs arA and B, c¢yp79alA and B, and
wnt4A and B were placed in different modules, suggesting
a functional difference of these duplicate genes whereas
sox9A and B, for example, belonged to the same module.

Distribution of Shared and Unique Transcripts in the Nile
Tilapia Genome

Sex chromosomes are often enriched for genes with a sex-
specific  function reflected by sex-specific expression
(e.g., Arunkumar et al. 2009; Assis et al. 2012). The master
regulators of sex in Lake Tanganyika cichlids are unknown
and so far no sex chromosomes have been identified in
any of the species. To the best of our knowledge, no karyo-
type information is available for J. ornatus, E. cyanostictus, or
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Fic. 4.—Gene expression modules constructed by WGCNA. On the left, the clustering dendrogram of genes expressed in the four cichlid species is
shown. WGCNA identifies gene modules using the cutreeDynamic function, which detects clusters in a dendrogram depending on their shape (Langfelder
et al. 2008). Original modules of very similar coexpression are merged. Color name-based module labels are generated automatically by WGCNA and are
shown along with the number of genes belonging to each module. On the right, association between modules and traits (such as tissue type, sex, and species)
based on ANOVA testing is depicted. Rows correspond to module eigengenes (shown on the left with the colored boxes), columns to a trait (indicated below
each column). Each cell contains the logq-transformed P value of the trait-module association; large negative values indicate a strong association.

Op. ventralis. However, cichlid genomes are largely syntenic
and chromosome number in African species is rather con-
served (predominantly 2n=44; Poletto et al. 2010), suggest-
ing that the content of large genomic regions is similar in the
investigated species. The karyotype of A. burtoni is 2n=40
with two fused chromosomes but overall large syntenic chro-
mosomal blocks compared with Or. niloticus (Mazzuchelli
et al. 2012).

The Nile tilapia has a male SD system (Baroiller, D'Cotta,
Bezault, et al. 2009) and two LGs have repeatedly been iden-
tified as being sex-associated in this species, LG1 and LG23
(reviewed in Cnaani 2013).

Here, we were asking whether sex-biased genes are clus-
tered together in the genome. We can access this information
for the Nile tilapia profiting from our approach using the same
reference data set for all analyses. We found that transcripts
overexpressed in females of all four species were significantly
overrepresented on LG1 compared with all other LGs (fig. 5,
right panel, P value <0.001 and supplementary table S4,
Supplementary Material online), whereas transcripts overex-
pressed in all males were overrepresented on LG23 compared
with all other LGs (fig. 5, left panel, P value < 0.001 and sup-
plementary table 54, Supplementary Material online). Hence,
genes with a presumably conserved function in sex determi-
nation in cichlids are clustering on the sex-linked LGs (the po-
tential sex chromosomes) in the Nile tilapia. Species-specific
overexpressed transcripts, on the other hand, grouped on dif-
ferent LGs and this clustering varies between species. We also
tested for a genomic clustering of all overexpressed transcripts

(including unique and shared transcripts) of a kind. The accu-
mulation of female-specific/ovary overexpressed transcripts on
LG1 seemed to be a general trend in the data set for all
overexpressed transcripts in all mouth-brooding species. We
did not see a common pattern for male sample/testis overex-
pressed transcripts when looking at the entire set of overex-
pressed genes.

Expression data for the Nile tilapia itself indicate sex-biased
expression for candidate genes located on LG1 and LG23 (ljiri
et al. 2008; Eshel et al. 2012) but transcriptome-wide data for
the Nile tilapia are limited. The data set of Tao et al. (2013)
includes a list of “XY-enhanced” (e.g., male overexpressed)
and “XX-enhanced” (i.e., female overexpressed) transcripts of
the (developing) gonad. We blasted the two transcript groups
against our reference set and could assign 931 of 1,358 XY-
enhanced transcripts and 157 of 187 XX-enhanced transcripts
to our reference. The male transcripts contained 23 transcripts
on LG23 of which five were also overexpressed in the males of
all four species investigated in this study. The female tran-
scripts contained four transcripts on LG1 of which one tran-
script was also overexpressed in females of all four Lake
Tanganyika species. However, the limited data set of Tao
et al. (2013) does not allow for enrichment testing as it does
not include transcript information on overall unbiased gene
expression.

To gain further insight in the function of the transcripts
located on LG1 and LG23, we tested whether these two
LGs are enriched for specific pathways. To this aim, we com-
pared pathway annotations for the commonly overexpressed
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Fic. 5.—Distribution of DE transcripts in the Nile tilapia genome. Transcripts with a sex-specific expression in all species in the test male tissue versus
female tissue and also with species-specific expression are grouped according to their location in the Nile tilapia genome. The darker the color on the
representative heatmap, the more expressed transcripts are located on the corresponding LG.

transcripts located on LG1 and LG23 with transcripts overex-
pressed and located on all other LGs, respectively, using
KOBAS (Xie et al. 2011). We found that the transcripts on
LG1 are enriched for 16 pathways, among which were two
pathways with a possible role in sex determination, “gene
expression” and “progesterone-mediated oocyte matura-
tion” (supplementary table S16, Supplementary Material
online). On LG23, we found enrichment for 23 pathways in-
cluding “Developmental Biology”; however, none of them
seems to be specifically linked to sex determination (supple-
mentary table S16, Supplementary Material online). We de-
tected the pathways “Wnt ligand biogenesis and trafficking”
as well as “Signaling by Wnt” on LG23; still, they are not
significantly enriched.

Our constructed gene expression modules were evenly dis-
tributed over the genome (supplementary fig. S7,
Supplementary Material online).

Discussion

In this study, we investigated sex-specific gene-expression pat-
terns in gonad and brain tissue within and between four cich-
lid species, representing the three species-richest tribes in Lake
Tanganyika (Haplochromini, Ectodini, and Lamprologini) and a
species-poor group (Eretmodini). We then focused on those
genes that are DE between the sexes in all four species to
identify a common network of sex determination/differentia-
tion. In addition, we inspected uniquely expressed genes for
their specific role and conducted a gene coexpression network
analysis.

Subtle Sex Differences in Overall Brain Gene Expression

Our study showed almost no sex-biased gene expression in
the brain of cichlids. This has previously been observed in other
vertebrates (Yang et al. 2006; Mank et al. 2008) and a similar
result to ours was shown in another fish, the sharpsnout
seabream (Manousaki et al. 2014). Note, however, that
these approaches, including ours, examined the brain as a

whole, whereas it is well established that sex-specific differ-
ences in gene expression are present in cichlids when only
certain brain regions are considered (O'Connell et al. 2013).

We could show that genes known to interfere with social
status/behavior can have different sex-specific patterns, de-
pending on the investigated species. This could be linked to
differences in social structure between species. The here ob-
served sex-differences were likely based on brain-wide expres-
sion or high expression levels in certain regions and as such
became detectable by our approach. In the cichlid
Oreochromis mossambicus, isotocin has higher expression
levels in the hindbrain of dominant males than of subordinate
males (Almeida et al. 2012), whereas isotocin-treated N. pul-
cher show increased submissive behavior when challenged
aggressively (Reddon et al. 2012). Here, we found isotocin
overexpression in female brain of E. cyanostictus and in male
brain of A. burtoni. These two species have different social
structures: E. cyanostictus is a monogamous, biparental bree-
der with both sexes defending the breeding territorial (Morley
and Balshine 2002; Taylor et al. 2003). In A. burtoni, males
change between being dominant/territorial and subordinate/
nonterritorial; females are either in gravid (egg bearing) or in
nongravid status independent of social conditions (Clement
et al. 2005). Hence, sex does not predict dominance per se in
cichlids, which could be reflected in species-specific expression
patterns of (dominance) behavior-related genes in the two
Sexes.

The brain expression data also revealed expression of trans-
posable elements in the cichlid brain in E. cyanostictus, sug-
gesting them to be active in this tissue. Active transposable
elements, especially DNA transposons, are rather the excep-
tion in vertebrates (Bohne et al. 2008). Teleost genomes, how-
ever, contain a great variety of mobile DNA sequences
including multiple families of functional and active transpos-
able elements (e.g., Hori et al. 1998; Bohne et al. 2012). This
also seems to be the case in cichlids (e.g., Shirak et al. 2010).
Activity of transposable elements in the brain could be asso-
ciated with aging and neuronal decline (Coufal et al. 2009; Li
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et al. 2013) but also occurs early in development during the
formation of the central nervous system and adult neurogen-
esis (Singer et al. 2010). In contrast to mammals that have
limited adult neurogenesis, the fish brain produces new neu-
rons throughout its life (Kaslin et al. 2008). Sex differences in
these processes remain to be investigated and data on sex-
specific transposable element activity (in the soma) have to the
best of our knowledge not been reported in fish although
transposable elements can have a sex-specific role in the se-
quence evolution of sex chromosomes (e.g., Peichel et al.
2004; Bohne et al. 2012, and references therein). As indicated
by the composition of coexpression modules associated with
species, sex- and species-specific expression and hence maybe
activity of transposable elements in the gonads seem to be yet
another feature distinguishing cichlid species from each other
in Lake Tanganyika.

Do Mouth-Breeding, Dimorphic Cichlids Have More
Male- Than Female-Biased Transcripts?

We observed that within sex-biased transcripts, male-biased
transcripts outnumbered female-biased transcripts in all four
investigated species. A similar trend has been observed in the
Drosophila genus; however, the inverse pattern with more
female-biased expression has also been described (Zhang
et al. 2007). The gonad is likely the tissue that varies most
between the sexes (Mank et al. 2008; Yang and Smith 2013)
but at least two of our investigated species (A. burtoni and Op.
ventralis) also show strong sexual dimorphism in body shape
and coloration. These two species showed more testis- and
male-specific transcripts compared with ovary- and female-
specific ones than the mono-morphic J. ornatus (fig. 1, DE
transcripts out of total expressed transcripts: Op. ventralis
34.7% in testis, 30.0% in ovary, 20.1% in male tissue,
14.5% in female tissue; A. burtoni 33.9% in testis, 30.7%
in ovary, 17.0% in male tissue, 14.1% in female tissue; J.
ornatus 33.5% in testis, 32.6% in ovary, 20.1% in male
tissue, 14.5% in female tissue). Eretmodus cyanostictus,
which shows a certain degree of sexual size dimorphism
(Neat and Balshine-Ear 1999), had an even stronger trend
toward more male-biased transcripts than female-biased
ones (35.8% in testis, 30.4% in ovary, 23.3% in male
tissue, 13.1% in female tissue).

Interestingly, the three sexually dimorphic species with
more male-biased expression also have a similar reproductive
strategy; they are all mouth-breeders, whereas J. ornatus is a
substrate spawner. This could also be responsible for the as-
sociation we found for the “darkorange,” “darkturquoise,”
and “darkgray” modules with species. These modules
grouped many testis-biased genes including several transpos-
able element-related sequences and immune system factors
in the mouth-breeders (darkorange), in A. burtoni
(darkturquoise) and especially in E. cyanostictus (darkgray). A
study on a larger set of species having either of the

reproductive strategy and with and without sexual dimor-
phism should shed more light on this pattern.

Transcripts Located on the Nile Tilapia Sex Chromosomes

A nonrandom accumulation of sex-biased genes on sex chro-
mosomes compared with autosomes is a common pattern in
animals, depending on the underlying sex chromosomal
system: In male heterogametic (XX-XY) systems, the X chro-
mosome is often enriched for female-biased genes, possibly
caused by sex-specific selection shaping the X-chromosomal
gene content (Parisi et al. 2003; Gupta et al. 2006; Sturgill
et al. 2007). In species lacking dosage compensation, a
female-biased overexpression of X-chromosomal genes
could simply be a matter of the chromosomal constitution,
as the double amount of X-chromosomal material is present in
XX-females compared with XY-males. In addition, the X chro-
mosome can also carry an excess of male-biased genes (Wang
et al. 2001; Lercher et al. 2003; Yang et al. 2006), again re-
sulting from sex-specific selection regimes. In female hetero-
gametic ZZ-ZW  systems, male-biased genes are
overrepresented on the Z chromosome (Kaiser et al. 2006;
Arunkumar et al. 2009).

In fishes, sex chromosomes are mostly monomorphic and
possibly evolutionary young (Charlesworth et al. 2005).
Hence, the sex-specific region in the genome is often small
and the gene content between the two types of sex chromo-
somes is still very similar.

Overall, our data set suggested that a common set of sex-
biased genes exists in cichlids and that this is overrepresented
on the putative sex chromosomes of Or. niloticus. The female-
biased genes on LG1 showed accumulation of genes with a
female-specific function: Oocyte maturation. Cichlid genomes
are highly syntenic suggesting that the sex-specific genes are
also grouped in the genomes of the here-investigated cichlids.

The common, sex-specific expression pattern in the Lake
Tanganyika species suggests that this is the ancestral expres-
sion pattern. It could reflect an ancestral location on a sex
chromosome in the last common ancestor of the Nile tilapia
and the East African lake cichlids, and hence a common reg-
ulation. On the other hand, a pre-existing cluster of sex-biased
genes on an ancestral autosome could also have been a spe-
cial part of the genome that then was selected in the Nile
tilapia to become the sex chromosome. Expression data for
the Nile tilapia itself indicate sex-biased expression for candi-
date genes located on the presumptive sex chromosomes LG1
and LG23 (ljiri et al. 2008; Eshel et al. 2012). The expression
data from the Lake Tanganyika species could help identify
new candidate genes for sex determination in the Nile tilapia.

Unique Transcripts versus a Common Genetic Network
for Sex Determination in Fish

In this study, we investigated transcripts that were expressed
in a sex-specific manner in all four species (making up almost
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half of all sex-specific transcripts), and on the other hand, we
also inspected transcripts that showed a species-specific ex-
pression pattern. Within these two categories we focused on
genes belonging to the GO classes sex determination and sex
differentiation. Genes identified in the first category are the
highest expressed ones and strong candidates for a common
molecular network of sexual development, the process group-
ing together sex determination and sex differentiation.
Among the common candidates for sexual development in
cichlids are genes that have previously been implicated with
sex determination and differentiation in vertebrates, such as
foxI2, sox3, dmrt2, and hmgb2. The process of apoptosis likely
also plays a role in the gonad of cichlid fishes, as already
known from other vertebrates (Morais et al. 2012, and refer-
ences therein).

A relatively large group of transcripts was found to be spe-
cies-specifically overexpressed in one sex or the other (be-
tween 13.8+1.6% and 21.2+4.9% transcripts), including
the inhibin/activin subgroup of the TGF-B-superfamily, the
aromatase cyp79aT, and isoforms of the enigmatic tetrapod
testis-genes sox9 and amh. We hence confirmed and ex-
tended the recent observation that key genes in sexual devel-
opment show expression patterns in the gonads of cichlids
that are opposed to sex-specific patterns so far described in
fishes. The estrogen pathway is one of these networks asking
for in-depth examination in fish given its vast implication and
common role in sex determination (Nakamura 2010). We con-
firm a new male-specific role for estrogen in the testis of A.
burtoni and Op. ventralis, including one receptor in each spe-
cies. In addition, the A-copy of the androgen receptor was
found to be overexpressed in the ovary of Op. ventralis and J.
ornatus. The action of androgens in the male gonad is well
studied; their possible action in the female gonad is, however,
unknown. Our results thus suggest that teleost fish or at least
cichlids may use the two copies of the androgen receptor in a
tissue-specific manner. This indicates that the sex-specific
usage of sex steroid hormones in (cichlid) fish can depend
on the species/tribe studied and that these hormones
cannot per se be classified as male or female factors. This
calls for a careful consideration of hormone measurements
in fish, which are often correlated with a sex-specific function.

The expression patterns observed in cichlids suggest that
even within groups of closely related species rapid shifts in
expression can occur. It appears that genes or certain tran-
script variants can be associated with one sex in a species but
with the opposite sex in another species. We did not find a
correlation toward more shared genes for closer related spe-
cies (e.g., Op. ventralis and A. burtoni compared with Op.
ventralis/). ornatus or A. burtoni/J. ornatus). Variation in and
turnover of sex-biased gene expression was already shown in
closely related species (e.g., inside the Drosophila genus;
Zhang et al. 2007). This, combined with data showing accel-
erated rates of protein evolution for genes with sex-biased
expression, led to the suggestion that sex-biased genes are

more “dispensable” than unbiased genes (Mank and Ellegren
2009). The studied transcripts with a GO annotation for sex
differentiation/determination are members of essential path-
ways for gonad development and reproduction. Information
on dispensability of these genes and all other sex-biased tran-
scripts observed here is currently not available, as functional
studies for cichlids were established just recently and do not
yet allow for large scale screens (Juntti et al. 2013). Protein-
sequence evolution studies could help to complete the picture;
however, no genome or complete transcriptome sequence
data are available for Op. ventralis, J. ornatus, and E. cyanos-
tictus hindering this approach for now. A de novo assembly
for transcriptome data is in preparation for all species studied
here, which should help answer questions concerning se-
guence evolution in these closely related species. Our previous
study already demonstrated substantial sequence changes
along the East African cichlid phylogeny for the aromatase
cypa9alA gene, questioning its function and hence its indis-
pensability for sexual development in fish (Béhne et al. 2013).
Also the gene coexpression modules pointed to species-specific
action of gene networks in the testis.

Interestingly, both, unique and common overexpression,
point out that also in East African cichlid fishes, the Wnt-path-
way and several members of the TGF-B-superfamily are major
players in sex determination/differentiation not only in a sex-
specific manner but also in a species-specific manner.
Especially inhibins and activins and their receptors were
found among the species-specific transcripts and the BMP-
proteins, their receptors and regulators in both groups.
These factors are known to regulate the secretion of gonadal
and pituitary hormones influencing germ cell development
and the hypothalamus—pituitary—gonadal axis (e.q.,
Bilezikjian et al. 2004). This underlines, once more, the impor-
tance of the TGF-B-superfamily in sex determination in fish.
This superfamily perfectly exemplifies candidates for the net-
work of sex determination as defined by Uller and Helantera
(2011), namely genes and hormones impacting cell prolifera-
tion. Such factors can be a major control point in the decision
toward the male or female fate in fish over the regulation of
the number of primordial germ cells, a mechanism crucial in
some fish (Kurokawa et al. 2007; Siegfried and Nusslein-
Volhard 2008).

With this study, we provide the largest body of sex-specific
expression data currently available for cichlids. The largest
fraction of sex-specific expressed transcripts was shared be-
tween species, albeit their differences in development, repro-
duction, and life style. However, we also showed that a
substantial amount of transcripts (including different isoforms
within the investigated species), with a potentially conserved
role in sex determination/differentiation outside the fish-line-
age, were species-limited in their sex-specific usage. Besides
this large picture, the data set also allowed us to confirm
previous data pointing to rapid evolutionary changes in sex
determination in cichlids, including the sex steroid pathway.
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This calls for further investigation of sex determination in cich-
lid fishes, an ideal model system for comparative genetic stud-
ies with genetically very closely related species yet showing a
tremendous variety of biological traits.

Supplementary Material

Supplementary figures S1-57 and tables S1-S16 are available
at Genome Biology and Evolution online (http:/Avww.gbe.
oxfordjournals.org/).
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