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Abstract

The dmrt1 (doublesex and mab-3 related transcription factor 1) gene is a key regulator of sex
determination and/or gonadal sex differentiation across metazoan animals. This is unusual given
that sex determination genes are typically not well conserved. The mechanisms by which zebrafish
sex is determined have remained elusive due to the lack of sex chromosomes and the complex
polygenic nature of sex determination in domesticated strains. To investigate the role of dmrtZin
zebrafish sex determination and gonad development, we isolated mutations disrupting this gene.
We found that the majority of dmrtZ mutant fish develop as fertile females suggesting a complete
male-to-female sex reversal in mutant animals that would have otherwise developed as males. A
small percentage of mutant animals became males, but were sterile and displayed testicular
dysgenesis. Therefore zebrafish dmrtI functions in male sex determination and testis development.
Mutant males had aberrant gonadal development at the onset of gonadal sex-differentiation,
displaying reduced oocyte apoptosis followed by development of intersex gonads and failed testis
morphogenesis and spermatogenesis. By contrast, female ovaries developed normally. We found
that Dmrt1 is necessary for normal transcriptional regulation of the amh (anti-Mdillerian hormone)
and fox/2 (forkhead box L2) genes, which are thought to be important for male or female sexual
development respectively. Interestingly, we identified one dmrtZ mutant allele that cooperates with
a linked segregation distorter locus to generate an apparent XY sex determination mechanism. We
conclude that dmrt1 is dispensable for ovary development but necessary for testis development in
zebrafish, and that dmrt1 promotes male development by transcriptionally regulating male and
female genes as has been described in other animals. Furthermore, the strong sex-ratio bias caused
by dmrt1 reduction-of-function points to potential mechanisms through which sex chromosomes
may evolve.
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1. Introduction

While sex-determination and sex-differentiation are ancient and highly conserved biological
processes, the mechanisms by which they are controlled vary extensively among animal
species. The factors underlying the decision to develop as one sex over the other are
triggered by diverse cues among different species, such as temperature, social dynamics, sex
chromosomes, and the concerted effects of multiple sex-associated genes. Despite this
diversity, many genes amongst vertebrates share a conserved role in regulating sexual
development, for example Sox9 (SRY-box 9) and FoxL2 (Forkhead box L2) (Trukhina et al.,
2013). Interestingly, the only known unifying feature across metazoan sexual development is
dependence on proteins with a doublesex and mab-3related zinc finger-like DNA-binding
domain (DM domain) (Matson and Zarkower, 2012; Picard et al., 2015). Furthermore,
vertebrates, which include mammals, birds, amphibians, and teleosts, all appear to require a
homolog of doublesex and mab-3 related transcription factor 1 (dmrtI) to regulate sexual
development (Matson and Zarkower, 2012). While Dmrt1 most commonly regulates male
sexual development, its precise position within the sex-determining genetic hierarchy differs
across species.

The first DM domain encoding gene was discovered in D. melanogaster and is called
doublesex (dsx). D. melanogasterhave XY chromosomal sex determination, whereby XX
animals are female and XY animals are male. Dsx is an autosomal gene, but is differentially
spliced between males and females resulting in DsxMand Dsx* proteins in males and
females, respectively (Salz and Erickson, 2010). These two transcription factor proteins have
a common DNA binding domain, but different C-terminal domains. In males, DsxV
activates the expression of male differentiation genes and represses female differentiation
genes, whereas, in females, Dsx” activates female differentiation genes and represses male
differentiation genes (Verhulst and van de Zande, 2015). Thus, Dsx is the downstream
effector of the sex determination cascade in Drosophila, regulating the differentiation of sex-
specific cell types.

In mammals, Dmrt1 is an autosomal gene that is essential for development of the testis,
where it is required for proper differentiation of male germ cells and to maintain male sexual
cell fates of somatic gonad cells (Matson et al., 2011). Mammals have XY sex determination
with a dominant male determining gene on the Y chromosome called Sry, which is
responsible for initiating male sex-determination (Eggers et al., 2014). In mice, Dmrtl, is
not required for sex-determination during embryogenesis. However, once this choice is
made, DmrtI maintains lifelong testis fate in males while inhibiting ovary-promoting
pathways. This is facilitated through the direct activation of male determining genes and
repression of female determining genes (Murphy et al., 2010). Disruption of Dmrt1 in XY
mice post-sex determination causes loss of testis-determining gene expression, acquired
expression of ovary determining genes, and transdifferentiation of testis cell types to ovary
cell types (Matson et al., 2011). Furthermore, in humans mutation or deletion of Dmrt1
causes male-to-female sex reversal and gonadal dysgenesis, as well as increased risk for
testicular germ cell tumor (TGCT) (Kanetsky et al., 2011; Kratz et al., 2011; Krentz et al.,
2009). The XY sex reversal seen in humans lacking one functional copy of DmrtI suggests
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that the gene may have a more direct role in sex-determination in humans than that observed
in mice.

In non-mammalian animals, dmrt1 sometimes resides on sex chromosomes and has a direct
role in determining sex. For example, in the Japanese rice fish, medaka, two paralogs of the
amrtl gene exist, one of which is the male determining gene called DMY/Dmrtiby. DMY
resides on the Y chromosome and is sufficient to drive male sex determination and loss of
DM Y function in XY medaka causes male-to-female sex reversal (Matsuda et al., 2007,
2002; Nanda et al., 2002). Medaka also have an autosomal copy of dmrt which is expressed
in testes later than DM Y/Dmrt1by but is essential for testis development and male sexual
fate (Kobayashi et al., 2004; Masuyama et al., 2012). Similarly, in chickens, dmrt1 is a male
determining gene residing on the Z sex chromosome. Birds have ZZ/ZW chromosomal sex
determination, whereby ZZ animals are male and ZW individuals are female. ZZ birds have
two copies and thus higher expression levels of dmrt1 compared to ZW individuals. The
higher dosage of dmrt1 is thought to drive testis development in ZZ birds, whereas ZW birds
lack sufficient dmrtI to induce male fate and develop ovaries (Ayers et al., 2013). This
hypothesis is supported by data demonstrating that dmrt1 is both necessary and sufficient for
testis determination in chickens (Lambeth et al., 2014; Smith et al., 2009). Xenopus laevis
also have ZW chromosomal sex determination with a DMRTI-related gene on the W
chromosome, called DM-W/, which encodes a truncated protein that is thought to dominantly
inhibit the function of the autosomally located DMRT, thus leading to female fate
determination in ZW individuals. ZZ individuals do not have DM-W and therefore develop
as males (Yoshimoto and Ito, 2011). Thus, dmrt! has an essential role in sex-determination
and/or gonadal sex-differentiation across vertebrates.

Despite its importance as a research model organism, the mechanism by which sex is
determined in zebrafish has remained elusive. Sex chromosomes have been found in wild
zebrafish and in laboratory strains recently derived from wild fish (Anderson et al., 2012).
However, sex chromosomes are absent in common laboratory strains derived from
domesticated populations (i.e. pet shops), with the chromosome homologous to the wild sex-
chromosome no longer segregating with a particular sex. Domestic strains generally have
complex sex determination that is primarily genetically controlled via polygenic sex
determination (PSD) with moderate environmental effects (Liew and Orban, 2014).
Genomic analyses have revealed several sex-associated loci demonstrating that the combined
effect of multiple genes controls sex-determination, though the specific genes remain
unknown (Anderson et al., 2012; Bradley et al., 2011; Howe et al., 2013; Luzio et al.,
2015b). The mechanisms underlying PSD have not been studied in any species making the
zebrafish an excellent model to understand this mode of sex determination.

As is generally the case in vertebrates, the first organ to become sexually dimorphic in
zebrafish is the gonad. The early zebrafish gonad is bipotential: capable of developing into
either an ovary or a testis. Irrespective of the final sexual fate of the gonad, this bipotential
gonad contains early-stage oocytes and is commonly referred to as a “juvenile ovary”
(Takahashi, 1977). Animals that undergo this method of sexual development are called
undifferentiated gonochorists (Yamamoto, 1969). Between 20 and 30 days post fertilization
(dpf), the gonads of some animals begin to transition from the bipotential state to a testis.
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This process is characterized by oocyte apoptosis, increased stromal tissue, followed by
cavitation to form early testis tubules and eventual differentiation of sperm (Maack and
Segner, 2003; Takahashi, 1977; Uchida et al., 2002). In animals that will develop as females,
oogenesis continues to progress to form more advanced-stage follicles. Studies suggest that
genes with ovary or testis-enriched expression, such as cypl9alaand sox9a, are expressed in
the juvenile ovary and but then become dimorphically expressed during sex differentiation
(Rodriguez-Mari et al., 2005; Siegfried and Nusslein-Volhard, 2008). Therefore, the
zebrafish juvenile gonad is poised to develop as either an ovary or testis under the influence
of as-yet-unknown genetic factors.

In some fish species, the germ cells have a major influence on sex determination. In
zebrafish and medaka the germ cells are required for ovary fate determination as loss of
germ cells leads to development of a testis and male organismal fate, regardless of the
genetic sex of the animal (Kurokawa et al., 2007; Siegfried and Nusslein-Volhard, 2008;
Slanchev et al., 2005). However, germ cells are not necessary for ovary development in all
fish; goldfish and loach both develop ovary tissue in the absence of germ cells (Fujimoto et
al., 2010; Goto et al., 2012). In medaka, increased germ cell numbers can drive ovary fate
and cause feminization of XY animals, suggesting a potential active role of germ cells in sex
determination (Morinaga et al., 2007; Nakamura et al., 2012). In zebrafish, early germ cell
numbers (counted prior to histologically apparent sex-differentiation) correlate with sex.
Individuals with more germ cells were more likely to develop as females than males (Tzung
et al., 2015). However, it is not clear whether this is a causative or consequential effect of
sex determination, as the timing of sex determination in zebrafish is not well defined.
Resolution of this issue will require a better understanding of the genes that regulate sex
determination in zebrafish.

Here we test the role of dmrtZ in male sex determination and male gonadal development in
zebrafish. Using loss-of-function and reduction-of-function mutants we show that amr¢Z has
a role in male sex determination and/or maintenance of male sex, as the majority of mutants
develop as females. Surprisingly, we found that male sex can be determined in the absence
of dmrt1, however these males have abnormal testis development and eventually lose germ
cells. Germ cell loss combined with female-biased sexual fate is a unique phenotype in
zebrafish as aberrant germ cell development typically results in male-biased sex ratios due to
the necessity of germ cells in supporting ovary differentiation. This suggests that dmrt1 is
necessary for the maintenance of male-specified germ cells. By contrast, dmrtZ mutant
females are fertile with normally developed ovaries indicating a sex-specific role in testis
development. We find that testes derived from dmrt1 mutant fish fail to express the anti-
Miillerian hormone (amh) gene, a key testis-expressed gene, and over-express the ovary-
associated gene fox/2. Therefore, zebrafish dmrt1 shares similar roles in male sexual
development as other organisms in regulating sex determination and testis differentiation.

2. Material and methods

All primer sequences are listed in Supplementary Table 1.
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2.1. Zebrafish husbandry

Zebrafish were maintained by standard conditions. Institutional IACUC approval was
attained prior carrying out all animal procedures.

2.2. Generation of dmrtl mutations

Four mutations disrupting the dmrt gene were found: dmrt1152242, gmrt14M00173004
amrt14c27 and dmrt14c67 For simplicity, we refer to these alleles based on the affect each
mutation has on the encoded protein. We refer to admrt1%52242 and dmirt1M00173004 5g
dmrt1519X and dmrt1E3, respectively. The dmrt1“c?7and dmrt1467 alleles result from
deletions of seven (dmrt14c27) and nine (dmrt1Yc67) base pairs, but both cause the same
protein truncation. We therefore refer to these alleles collectively as admrt1¢42X.

The dmrt1%32242 mutation was isolated by screening DNA libraries isolated from ENU
mutagenized fish of the Tibingen strain (i.e. TILLING). Exons one and two of the Dmrt1
locus were amplified by semi-nested PCR using primers KS38 and KS37 for the first
reaction and KS36 and KS37 for the second reaction. This amplicon was sequenced using
primer KS68 (exonl) and KS61 (exon2). One live female founder was found carrying this
mutation and was crossed to the WIK strain. The dmr1£M00173004 g|lele is a retroviral
insertion that was generated and purchased from Znomics.

The dmrt1“c27and dmrt14c67 mutations were generated using TALEN mediated mutagenesis.
TALENS were designed to target the first coding exon of dmrt1 and were assembled using
The Golden Gate cloning method (Cermak et al., 2011) as described (Dahlem et al., 2012)
using the Golden Gate TALEN and TAL Effector Kit (Addgene) and the backbone plasmids
pCS2TAL3DD and pCS2TAL3RR. The DNA sequences that were targeted are as follows:
Left TALEN: 5"-GAAGGGCCACAAACGC-3’; Left TALEN: 5’-
CTGCCAGTGTCAGAAA-3". TALEN RNAs were synthesized by /n vitro transcription
using the nMESSAGE MACHINE kit (Ambion). The TALEN pair were then co-injected at
the one-cell stage at 50-100 pg each TALEN/embryo. Founders were identified by screening
sperm DNA by high resolution melt (HRM) analysis (Dahlem et al., 2012), using Light
Scanner Master Mix (BioFire Defense), a CFX-96 real-time PCR machine and Precision
Melt Analysis software (BioRad). Primer sequences used in HRM analysis were BWD934
and BWD935, with a wild-type amplicon size of 100 bp and deletion amplicon size of 93 bp
(dmrt19c27) and 91 bp (admrt14c67),

2.3. In situ hybridizations

Whole mount /n situ hybridizations (ISH) were performed as previously described (Siegfried
and Nsslein-Volhard, 2008). To make probes for dmrtl ISH, the C-terminal region of dmrtl
cDNA was isolated by RT-PCR using primers KS73 and KS74 and sub-cloned into pGEMT-
Easy (Promega). For ISH on sections, tissue was fixed overnight in 4% paraformaldehyde
(PFA), and either embedded in paraffin (Fig. 1) or in OCT and processed for cryosections
(Fig. 7 and supplemental Fig. 2). Paraffin embedded tissue sections were deparaffinized and
rehydrated and ISH processing was carried out using the InsituPro VSi automated /n situ
system (Intavis). Detection was carried out using an alkaline phosphatase conjugated anti-
Digoxigenin antibody and visualized with nitro-blue tetrazolium chloride (NBT) and 5-
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bromo-4-chloro-3 indolyphosphate p-toluidine salt (BCIP). /n situ hybridizations performed
on cryosections were conducted according to Smith, 2008 and visualized using BM purple
(Smith et al., 2008). Sense controls were run for all experiments and exhibited no staining
(data not shown).

2.4. Antibody labeling

Immunohistochemistry was performed on 5 um sections from 4% PFA fixed, paraffin
embedded 3 wpf zebrafish torsos. Antigen retrieval was done with pH 6.4 sodium citrate
buffer. Cleaved Caspase-3 primary antibody (Cell Signaling #9661) was used at 1:300
concentration and incubated at 4 degrees overnight. Cleaved Caspase-3 labeling was done
for 16 gonads of each genotype (8 fish per genotype) and quantified by bright field
microscopy. Percentage of apoptosis was calculated as the proportion of Cleaved Caspase-3
positive cells among total number of cells within the gonad in a given section, which was
averaged over 5 sections of 5 pm each. An unpaired #test was done to calculate the P value.

2.5. Sexing and genotyping fish to detect mutations

Fish were sexed based on morphologically apparent dimorphic features, such as color
pattern and presence or absence of male-specific breeding tubercles, the latter of which gives
pectoral fins of males a refractile appearance when viewed from above (McMillan et al.,
2015). In some cases, fish were also sexed by dissection and visual examination of gonads.
To genotype all alleles, the affected region of the locus was first amplified by PCR. For the
amrt151%%mutation, PCR products were sequenced with primer KS68 to identify the mutant
allele. The retroviral insertion allele, amrt1£3ns, was detected by nested PCR reactions using
one primer that annealed within the retroviral insertion and the other in the dmrtI gene
(KS425 and KS426, followed by KS427 and KS428). The presence of a wild-type product
was detected by a nested PCR reaction using first KW1 and KW2 primers followed by KW1
and KW3. The dmrt1¢#2X deletion allele was PCR amplified and either sequenced or
heteroduplexed and heterozygotes detected on a high-resolution agarose gel using the
primers BWD934 and BWD935. The latter approach was used to genotype crosses of
homozygous mutant females to heterozygous male carriers.

2.6. Histological analysis of gonads

Fish were euthanized in tricaine solution prior to dissection of whole trunks. For adults,
abdomens were opened and gonads grossly examined to determine sex prior to fixation. All
trunks were fixed overnight in Bouin’s solution and embedded in paraffin prior to
sectioning. Sections of 5 pm were stained using Harris hematoxylin and Eosin Y, according
to standard protocols.

2.7. Ablation of germ cells

Wild-type zebrafish embryos were injected at the 1-cell stage with a morpholino targeting
the deadend (dnd) gene, as described (Weidinger et al., 2003). Wild-type fish were injected
in parallel to dmrt1 mutants and used to confirm germ cell loss.
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2.8. RNA extraction and cDNA synthesis for RTPCR

Whole gonads were dissected from fish and collected directly into TRI Reagent. Ovaries
were collected singly while testes were pooled from 3 to 5 males, depending on size. Tissues
were homogenized with a motorized pestle and total RNA extraction was performed
according to the manufacturer’s protocol. First-strand cDNA synthesis was reverse-
transcribed from total RNA using AMV Reverse Transcriptase. All RTPCR gene-specific
primers are listed in Supplementary Table 1. All primers were designed such that
amplification from genomic DNA would give a larger band than that expected from cDNA
amplification.

2.9. Quantitative RT-qPCR

Three biological replicates of gonads were collected for each sex and genotype, and RNA
extraction and cDNA synthesis were conducted as described above. The ThermoFisher
QuantStudio 12K Flex Real-Time PCR System was used for transcript quantification.
Samples were tested in triplicate for each gene, and resultant CT values were averaged.
Primer efficiencies and gene expression were calculated according to Pfaffl (2001). Data
presented here were compared against the ubiquitous gene rp/13a. Primers for rp/13a RT-
gPCR were as in Tang et al. (2007). All RT-gPCR gene-specific primers are listed in
Supplementary Table 1 and were designed such that products could not be generated from
genomic DNA.

3. Results

3.1. Expression of dmrtl in developing and adult gonads

Dmrt1 is expressed in germ cells and somatic cells of the adult testes. Germ cell expression
of dmrt1in ovaries and testis of adult zebrafish was previously reported (Guo et al., 2005).
In adult ovaries and testes, we also observed germ line expression in developing
spermatocytes and oocytes by /n situ hybridization (ISH) (Fig. 1A and B). Due to the intense
expression in the spermatocytes, we could not determine whether or not dmrt was also
expressed in somatic cells of the testes. By RT-PCR, dmrt1 transcript was detected in testes
devoid of germ cells demonstrating that dmrtZ was expressed in somatic cells and that
somatic cell-expression of dmrt1 was not dependent on germ cells (Fig. 1G). We next
performed ISH on adult testes devoid of germ cells to better visualize expression in somatic
tissues. DmrtI was expressed in cells within the testicular tubules where Sertoli cells reside
(Fig. 1C). Thus, in zebrafish adults, dmrt is expressed in the germ line in both ovaries and
testes and in the Sertoli cells of the testes.

To ask if dmrtl is expressed during gonadal sex-differentiation, we performed RT-PCR and
ISH on gonads isolated from juvenile fish. By ISH, 5 wpf, gonads that resembled ovaries
typically had no detectable dmrt1 expression whereas those with strong expression typically
resembled testes indicating that admrtZ expression levels are sexually dimorphic during early
stages of gonadal sex-differentiation (Fig. 1D and E). In addition, we detected amrt!
expression in gonads of 5 wpf fish for which germ cells had been depleted, indicating that
somatic cells expressed dmrt1 at this stage (Fig. 1F) Using RT-PCR, we found that dmrt is
expressed in gonads at 7 weeks post fertilization (wpf) and 11 wpf in normal gonads and
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gonads devoid of germ cells (Fig. 1G). These ages represent later stages of gonadal
differentiation (see Fig. 5). We conclude that dmrt1 is expressed in testicular somatic cells
from 5 wpf through 11 wpf. We cannot determine if dmrt1 is also expressed in germ cells in
testes at these stages. In conclusion, during gonadal development, dmrtl expression was
detected in testicular somatic tissues and correlated with developing testis during and
subsequent to sex-differentiation.

3.2. Isolation of dmrtl mutants

To assess the function of dmrtl in zebrafish sex determination and gonadal development, we
isolated and analyzed mutations affecting this gene (Fig. 2). All mutations occur within the
first exon of dmrt1, which is present in every known splice form of this gene (Fig. 2B) (Guo
et al., 2005; Schulz et al., 2007). The dmrtI gene encodes a transcription factor and all
mutations are predicted to truncate the DNA binding domain of the encoded protein (Fig.
2B). The dmrt1%3224Z mutation is a C to A transversion resulting in a premature termination
codon at codon 10, amrt1£M00173004 s g retroviral insertion following the 8th nucleotide of
the coding sequence, leading to disruption of the gene product after the 2nd codon and
amrt1“27and dmrt19c67 are seven and nine nucleotide deletions, respectively, that are both
predicted to cause a premature termination at codon 41. For simplicity we refer to these
mutations as dmrt1S10X, dmrt155S and dmrt1¢#1X, respectively, as this nomenclature
indicates the effect each allele has on the resulting protein. While all mutations were
predicted to severely disrupt protein function, the dmrt7529X mutants exhibited a weaker
phenotype, suggesting that it is a hypomorphic allele (described below).

3.3.dmrtlis required for normal sex determination

All dmrt1 mutant alleles exhibited skewed sex-ratios with an overwhelming female bias
among homozygous mutants (Fig. 3A—C). The dmrt1510X allele was studied in two mixed
genetic backgrounds, Tue/WIK/TLF and Tue/WIK. Progeny derived from multiple
heterozygous parents were raised together then genotyped and assayed for sexual phenotype
as adults. In both backgrounds, between 80% and 90% of the dmrt1579X homozygotes were
female in contrast their wild-type counterparts, which were 69% and 63% female (Fig. 3A).

A similar female bias was observed in fish homozygous for the dmrt1E3S llele (Fig. 3B).
Three pairs of dmrt1£3S heterozygotes were incrossed and their progeny were genotyped
and sexed as adults. Homozygous dmrt1£3 mutants from parental pairs 1 and 2 had
severely female-biased sex ratios, having fewer than 20% males (Fig. 3B). The heterozygous
siblings were largely male (89% and 100%) in these two populations. Surprisingly, no
genetically wild-type progeny were present in these populations. Further analysis of this
non-Mendelian segregation pattern suggests that this is due to a segregation distorter locus,
or “selfish genetic element” (described in supplemental data). This non-Mendelian
segregation pattern was observed only for this mutant allele and is therefore not likely to be
a direct result of dmrt1 loss of function. The dmrtZ mutant progeny from Pair 3 had a larger
percentage of males compared to other populations analyzed and did not display a
significant female bias compared to wild-type siblings (Fig. 3B). However, in subsequent
generations of this family, the dmrtZ mutants displayed a significant female bias
(Supplementary Table 2).
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The, dmrt1#1X alleles were derived and maintained in an AB background and showed
similar female biased sex-ratios as the other two alleles when homozygous (Fig. 3C).
Combined clutches derived from heterozygous amrt1¢#Xincrosses were 89% female as
homozygotes, whereas only 37% of heterozygotes and 36% of wild-type fish were female
(Fig. 3C). In summary, each of the dmrt mutant alleles resulted in similar female-biased sex
ratios in homozygous populations, typically having less than 20% males.

To ask whether the female bias was due to sex-specific lethality of dmrtZ mutants, we
analyzed the genotypic ratios of the heterozygous incrosses (Fig. 3D). Both the dmrt1510X
and dmrt1€#1X alleles segregated following expected Mendelian genotypic ratios, therefore
the sex-bias was not caused by sex-specific lethality of dmrtZ mutants (Fig. 3D). The
amrt1£3in%]lele exhibited non-Mendelian segregation. However, the non-Mendelian
segregation pattern was detected as early as 4-6 h post fertilization (Supplementary Table
3B), weeks prior to histological signs of sex differentiation. Thus, sex-specific lethality is
unlikely to have caused the sex-bias in this allele.

The female-biased sex ratios seen in dmrtZ homozygous mutants suggest that loss of dmrt1
function disrupts male sex determination in zebrafish. Interestingly, A small percentage of

males developed in the absence of dmrt1 function demonstrating that dmrt1 is not required
for male sex determination in zebrafish.

As germ cell loss results in all male populations in zebrafish, we asked if the female-biased
sex ratios seen in dmrtI mutants would be affected in fish devoid of germ cells. To this end,
we depleted germ cells in dmrtZ mutants and compared sex-ratios to un-manipulated
siblings. Interestingly, depletion of germ cells in dmrtZ mutants resulted in a complete
reversal of the female sex-bias such that 100% of homozygotes were male (Fig. 3E). We
observed this effect with the dmrt7570X (data not shown) and dmrt1£375 (Fig. 3E) alleles,
the admrt1#*X allele was not tested. Therefore, germ cells are required for ovary fate even in
the absence of dmrt1.

3.4. dmrtl has a sex-specific role in testis development

Expression of dmrtl was detected in early stage oocytes (Fig. 1A) but homozygous dmrt!
mutant females appeared normal and were fertile. Homozygous females of all alleles
reached sexual maturity by three months of age, laid consistently large clutches and
exhibited no apparent morphological defects. They presented histologically normal ovaries,
and fertility assays resulted in 75% or higher fertilization rates, similar to wild-type females
(data not shown). Furthermore, homozygous mutant females gave rise to viable and fertile
offspring. We conclude that dmrtI does not have a major role in ovary development or
function.

Although dmrt1 mutants were primarily female, ~10% developed as phenotypic males,
which facilitated the study of dmrtI function in zebrafish testis development. Adult amrtl
mutant males had normal secondary sex-characteristics but were sterile. To determine the
cause of sterility, we compared the structure of mutant and wild-type gonads by histology
(Fig. 4). Wild-type adult zebrafish testes are paired organs forming elongated structures,
internally organized into tubules. These tubules are formed by seminiferous epithelium
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containing cysts of spermatogonia and spermatocytes surrounded by somatic support cells,
called Sertoli cells (SCs). Cysts are arranged around a lumen containing spermatozoa that is
connected to the efferent ducts. The interstitial regions between the tubules contain the
steroid-producing Leydig cells, connective tissue, and blood vessels (Fig. 4A) (Leal et al.,
2009).

In comparison to wild-type testes, the testes of adult dmrtZ mutant males exhibited abnormal
organization and aberrant spermatogenesis. Both amrt1£3sand dmrt1€#?Xmutant males had
hypoplastic testes that lacked organized testis tubules entirely (Fig. 4D and E). Testes of six-
month-old wild-type males contained germ cells representing all stages of spermatogenesis.
By contrast, few germ cells were present in mutant siblings, which typically appeared to be
undifferentiated (i.e. pre-meiotic) and occasionally a few oocytes were present. By seven
months the testes of most mutant males were devoid of germ cells. Interestingly, structures
that histologically resembled ovarian cavities, which initially form in association with the
juvenile ovary in all zebrafish but regress in males (Takahashi, 1977), persisted in mutant
testes through adulthood, indicating partial feminization of the gonadal ducts (Fig. 4E and
F). The predicted disruption in the encoded protein by these two alleles and the similarity of
the mutant phenotypes suggests that both are null alleles.

Dmirt1519X mutant testes presented a less severe phenotype than either of the null alleles.
Adult mutant males typically had severely enlarged, fluid-filled testis tubules (Fig. 4C).
These were either devoid of germ cells or contained single or small clusters of
spermatogonial-like cells, as seen by histology (Fig. 4B) and /n situ hybridization for the
vasa transcript (not shown). Some areas of the testis appeared disorganized and contained
small clusters of germ cells (Fig. 4B). Occasionally, meiotic germ cells were seen, but
mature sperm were never observed. We interpreted this phenotype to be the result of
aberrant testis tubule morphogenesis and germ cell development. Because testes tubules
were formed in amrt1520X homozygous mutants, but not in the apparent null mutants, this
allele might represent a reduction rather than a loss of function of dmrt1. To test this
hypothesis, we assessed the phenotype of fish trans-heterozygous for dmrt10X| dmrt1E5s,
Testes from trans-heterozygous fish most closely resembled those of dmrt£3S mutants in
that they lacked tubules, and primarily contained stroma, and few to no germ cells (Fig. 4F).
We conclude that dmrtS2X is a hypomorphic allele. We postulate that a truncated protein is
produced through initiation of translation at a downstream ATG codon present at codon 19
of the transcript (Fig. 2B), resulting in production of a protein with partial function.

3.5. dmrtl mutants display aberrant male sexual differentiation

Juvenile zebrafish gonads are bipotential, but form an immature ovary until approximately
3-4 wpf when a differentiation event occurs. At this point, morphological gonadal sex-
differentiation is apparent by histology. In females, oocytes will persist and support female
sexual fate. Otherwise, an apoptotic event degrades the oocytes and the now male-fated
gonad will have an increase in somatic stromal cells and gonial cells will begin
differentiation as spermatocytes.

To determine the age at which dmrtZ loss of function interferes with testes development we
made crosses of dmrt153 homozygous females to heterozygous males and raised the
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offspring to 3, 5, 7, and 10 wpf to analyze gonad development (Fig. 5). This crossing
strategy was used as this pairing was expected to produce a larger number of homozygous
mutants than heterozygous crosses (50% mutant vs. 25% mutant with a heterozygote
incross). Given that heterozygous males showed normal testis morphology and fertility, they
were used for comparison in lieu of genotypic wild-type fish. Gonads were observed for
each time point by histology.

No gross histological variation was visible between mutants and heterozygotes at 3 wpf,
before the occurrence of gonadal sex differentiation (Fig. 5A and B). However, 3 wpf
mutants largely lacked evidence of apoptosis by histology, which is a hallmark of the
transition to male sexual fate (Fig. 5 A and B). The average proportion of apoptotic cells was
quantified in 3 wpf heterozygous and mutant gonads by immunohistochemistry with anti-
Cleaved Caspase-3 antibodies. In transitioning heterozygotes, an average of 4.04% of germ
cells were positive for Cleaved Caspase-3, whereas mutant gonads typically presented half
this quantity (Fig. 5 A and B). By 5 wpf male heterozygotes were typically in a state of
transition between immature ovary and testis-like, displaying apoptosis, germ cell clustering,
and lumen formation (Fig. 5D and O). A small percentage of males had clear spermatocytes
and were therefore classified as having testes (Fig. 50). Among mutant fish, many had
transitioning gonads that showed decreased oocytes, increased stroma, and no clear lumen
formation (Fig. 5F and O). At this stage there was no apparent spermatocyte development in
mutant gonads and therefore none were classified as having testes (Fig. 50). At 7 wpf and
10 wpf, all presumed male mutants displayed abnormal testes (Fig. 5J and N). However, in
many mutants, scattered pre-vitellogenic oocytes were visible alongside testis tissue,
whereas heterozygous gonads were clearly either ovary or testis, with a few still
transitioning at 7 wpf (Fig. 5 G-J). Mutants with oocyte-containing testis-like gonads were
categorized as intersex (Fig. 50). Intersex gonads were considered distinct from bipotential
juvenile ovaries in that they exhibited hallmarks of male specification, such as cord-like
clustering of germ cells and stromal ingrowth in addition to oocytes. By 10 wpf some mutant
animals appeared to have clearly determined testes, however these were small and had
reduced numbers of undifferentiated germ cells in comparison to wild-type testes, and that
were interspersed with stromal cells (Fig. 5N). Overall these observations show that lack of
amrt1 in developing males results in delayed transition from the bipotential gonad to a
committed testes fate, persistence of oocytes, and an inability to support differentiation of
male germ cells or tubular organization of testicular somatic cells.

3.6. Loss of dmrtl causes misregulation of sex-associated genes

To determine how loss of dmrtI contributes to the failure of the testis-promoting program in
the developing gonad, we looked at expression of germ cell, testis-, and ovary-expressed
genes in adult zebrafish using RT-PCR. Comparison of young adult (3 month old; mo) and
advanced adult (7 mo) gonads using the germ cell marker deadend (dna) revealed loss of
germ cells during adulthood in dmrtZ homozygous mutants over time (Fig. 6A), consistent
with our histological analysis. Expression of germ cell markers and ovary-specific cypl9ala
were normal in mutant ovaries, and the latter was not observed to be upregulated in mutant
testes (Fig. 6A).
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To investigate if loss of dmrt1 affected testis differentiation and/or androgen synthesis, we
assayed the expression of the somatic testis-expressed genes sox9a, amh, and cyplicl
(cytochrome P450, family 11, subfamily C, polypeptide 1) by RT-PCR using isolated gonads
from adult fish. In wild-type adult testes, Sox9a and amh are normally expressed in Sertoli
cells whereas cypliclis expressed in Leydig cells (Chiang et al., 2001; Rodriguez-Mari et
al., 2005; Wang and Orban, 2007). In dmrtI mutant testes, Sox9a expression appeared
normal, whereas am#h was not detected (Fig. 6A). By contrast, am#h expression was detected
equally in wild-type and mutant ovaries. Finally, cyplici was detected in both wild-type
and dmrt mutant testes indicating that dmrtZ may not be required for androgen synthesis.
This is supported by the observation that dmrtZ mutant males exhibited normal secondary
sex characteristics, such as male pigmentation and presence of breeding tubercles (not
shown). However, dmrt1£3S mutants were unable to induce female spawning (not shown),
suggesting that dmrtZ may have a role in sex-specific behaviors.

To ask whether the loss of am#h expression was merely a result of germ cell loss in the dmrt1
mutants, we depleted germ cells in offspring derived from dmrt1E37S 5 +/- x @ —/- crosses,
and analyzed amh expression in adult testes (Fig. 6B). Germ cell depletion was done by
injection of a morpholino oligonucleotide targeting the dead end (dnd) gene, which is
essential for PGC survival during embryogenesis (Weidinger et al., 2003). Expression of
amhwas normal in heterozygous males lacking germ cells, but was undetectable in dmrt1
mutant males, consistent with our results above and indicating that am# expression in Sertoli
cells is dependent on dimrt1 even in the absence of germ cells.

In mammals and tilapia, dmrt1 has been shown to have an antagonistic relationship with
ovary-promoting genes, specifically fox/2 (Li et al., 2013; Matson et al., 2011). We first
asked whether fox/2 expression is ovary-specific, in zebrafish, as in mammals. Initial RT-
PCR showed that fox/2was expressed in the adult gonads of both sexes (data not shown). To
test whether fox/2expression levels differed between sexes, RT-qPCR was conducted on
wild-type adult ovaries and testes (Fig. 7A). Expression of fox/2was 68 fold higher in
ovaries compared to testes. As a control, we also analyzed two genes known to be ovary-
specific and testis-enriched, cypl9alaand sox9a, respectively. Both exhibited the expected
ovary- or testis-enriched expression in our samples. Therefore, fox/2 expression is ovary-
enriched in zebrafish.

Next we investigated whether dmrt1 is involved in the repression of fox/2in zebrafish, as it
is in mammals. RT-qgPCR comparing homozygous adult mutant ovaries to ovaries from
heterozygous siblings revealed an average 4.5-fold increase in fox/2 expression resulting
from loss of dmrt1 (Fig. 7B). Mutant testes displayed a 41-fold increase in fox/2 expression
relative to heterozygotes. Analysis of localization of am#fand fox/2transcripts in adult
zebrafish gonads by /n situ hybridization supports these findings (Fig. 7 C—-N). As expected,
amh expression was detected in Sertoli cells of the heterozygous gonad, though no transcript
was detected in dmrtI mutant gonads (Fig. 7D, H, L). In wild-type ovaries, fox/2expression
was limited to the cells surrounding some pre-vitellogenic and vitellogenic oocytes (Fig. 7D,
supplemental Fig. 2). Testes from dmrt1*/~ fish did not express detectable levels of fox/2
whereas gonads from phenotypically male dmrtI mutants displayed fox/2 misexpression
(Fig. 7E, I, M). H & E staining of these sections confirmed that the fox/2 expression was not
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merely attributable to oocytes or ovarian structures (Fig. 7J, N). Although, the mutant male
gonads contained some immature oocytes, fox/2expressing cells were present in some
regions of the gonad that did not contain oocytes. These results indicate that fox/2is relieved
from repression in the absence of dmrtl expression in male gonads, thus the interaction and
roles of these sex-associated genes may be conserved in mammals and zebrafish.

4. Discussion

Here we have reported the first study of dmrtZ function in zebrafish. Through our analysis of
amrt mutants, we have shown that loss of dmrt1 disrupts normal male sexual development
from the onset of histological gonadal sex differentiation. DmrtZ mutant males exhibited
sterility, disorganized testes, and aberrant spermatogenesis before ultimate germ cell
depletion, whereas females developed normally and were fertile. Notably, we observed a
strong female bias among dimrtI mutants suggesting an important role for this gene in
zebrafish male sex determination. We found that am# expression was dependent on dmrtl in
somatic cells of the testis, but not in the ovary. Furthermore, fox/2repression in males
required amrtl function, as in other animals. Our results place zebrafish dmrtl in a role
similar to that of other vertebrates in that it specifies male sexual fate. As am#h expression is
dependent on dmrt in male mutants, dmrt may carry out this role, in part, through
activation of am# expression.

4.1. dmrtl has a sex-specific role in testis development

Loss of dmrt1 resulted in male infertility while females were apparently normal. Although
amrtl is expressed in ovaries and testes, it has been shown to have much stronger expression
in adult testes (Guo et al., 2005). In juvenile fish, we did not detect dimrtl expression in
ovaries by /n situhybridization, whereas testes exhibited clear expression. Therefore, dmrt!
expression was greatly reduced or absent in developing ovaries compared to testes,
suggesting a male-specific role in gonadal sex differentiation.

In all stages analyzed, ovaries from dmrt mutant fish appeared normal and mutant females
were fertile even though dmrt1 is expressed in early-stage oocytes in adults. By contrast,
males exhibited aberrant testis development at the earliest histological stages of sex
differentiation and were sterile. Therefore dimrt1 is essential for male development but not
for female reproductive function. However, it is possible that subtle phenotypes are present
in dmrt1 mutant females that do not lead to infertility.

The phenotype we report links loss of dmrtZ with reduced male-specific apoptosis during the
transition from the juvenile ovary to testis, failure to form testis tubules, and complete failure
of spermatogenesis. While male sterility was universally observed with all mutant alleles,
tubule dysgenesis was less severe in dmrt1519X testes despite the early termination codon.
We hypothesize that a protein product is made from this mutant allele by translation
initiation at a downstream methionine at codon 19, leading to a hypomorphic allele. The
other two alleles, which are predicted null, displayed complete failure to form testes tubules
in addition to aberrant spermatogenesis.
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It has been observed that testis size and spermatogenic output is limited by the total number
of Sertoli cells (Leal et al., 2009). In dmrtI mutant testes, we detected expression of sox9a,
suggesting that Sertoli cells are present in dmrtI mutants. However, these cells fail to
express amh indicating that they are not normal. Thus, dmrtZ is not essential for Sertoli cells
to develop, but is necessary for them to carry out at least some of their normal functions,
which includes orchestrating testes morphogenesis.

In mouse, dmrt1 has been shown to have a germ cell autonomous role in spermatogenesis as
well as a non-autonomous role in the Sertoli cells to promote germ cell development (Agbor
etal., 2012; Kim et al., 2007). We found that zebrafish dmrt1 is expressed in Sertoli cells
and germ cells as was reported in mice. It is therefore possible that the germ cell defects we
observed in dmrt1 mutant testes are due to loss of dmrtZ function in both of these cell types.
Tissue-specific analysis of dmrtI loss in zebrafish testes will be necessary to dissect its
precise role in these two cell types.

4.2. dmrtl in zebrafish sex determination

As primary sex determination is not well defined in zebrafish, it is difficult to determine
whether zebrafish dmrtl functions in primary sex determination, promotion of sex-
differentiation, maintenance of sex determination, or a combination of these. We observed
defects in testis-specific apoptosis in dmrtl mutants, which is the earliest described sex-
specific differentiation event in zebrafish. These data suggest that dmrt1 is an early regulator
of sex-specification and a candidate gene for controlling primary sex determination.
Laboratory zebrafish strains have polygenic sex determination and several studies have
identified multiple different genomic loci that contribute to sexual fate (Anderson et al.,
2012; Bradley et al., 2011; Howe et al., 2013; Liew et al., 2012; Luzio et al., 2015a; Wilson
etal., 2014). Bradley et al. identified a genomic region linked to sex that includes the dmrt1
gene, accounting for 7% of the trait variance. Analysis of the dmrt1 locus between males
and females identified several differences including a SNP that lies within a conserved
regulatory motif located in the 3'UTR of dimrt! (Bradley et al., 2011). Based on data from
Medaka, the female-associated SNP is predicted to result in decreased expression of amrtl
and is therefore a good candidate for the causative variant at this sex-associated region
(Bradley et al., 2011; Herpin et al., 2009). Here we have shown that reduction or loss of
amrt function strongly correlates with female sex determination. Thus, our data support the
notion that polymorphisms abrogating dmrt1 function may affect sex determination in
natural populations and laboratory strains of zebra-fish.

Current data on zebrafish sex differentiation indicate that there is a germ cell signal secreted
by oocytes that promotes ovarian fate determination. During normal development, at late
larval to early juvenile stages, zebrafish pass through a “juvenile ovary” stage of
development, during which time all animals produce immature oocytes (Takahashi, 1977).
The juvenile ovary expresses genes that later become either ovary or testis-specific and is
therefore apparently bipotential (Rodriguez-Mari et al., 2005). When germ cells, and more
specifically meiotic oocytes, are absent during the bipotential stage, ovarian fate cannot be
maintained and testes develop, resulting in adoption of male organismal fate (Rodriguez-
Mari et al., 2010; Siegfried and Nsslein-Volhard, 2008). Furthermore, there is a strong
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correlation between the number of germ cells an individual has during gonadal development
and their eventual sexual fate (X. G. Wang et al., 2007a, 2007b; Tzung et al., 2015). These
data suggest that a threshold level of oocytes is required for ovarian fate and therefore
female sex-determination. It is postulated that fish with more germ cells produce more of an
ovary-promoting signal from the oocytes of the juvenile ovary and therefore assume female
sexual fate while those with fewer oocytes become males. It is not yet clear if zebrafish sex
determination involves genetic regulation of germ cell numbers, which in turn regulates
testis vs. ovary fate, or if germ cell numbers are naturally variable irrespective of sex
determination signals. Regardless, the role of oocytes in promoting female development
continues into adulthood, as adult females that are depleted of oocytes readily sex-reverse
and become males with functional testes (Dranow et al., 2016, 2013).

It was possible that the main role of the female-promoting oocyte signal during primary sex
determination was to down-regulate Dmrt1 function, thus allowing for female development
as a default. If this were the case, then dmrt1 mutants would have been capable of female
development even in the absence of the ability to produce oocytes. However, we instead
found that germ cells were still necessary for specification of female sexual fate even in the
absence of dmrt1 (Fig. 3E). Therefore Dmrtl likely suppresses female fate through
countering the female-promoting oocyte signal. This suggests that this signal does not
function solely to inhibit male development, but more likely is involved in actively
promoting female-specific gene expression in the early somatic gonad. Unfortunately, the
female-promoting oocyte signal has yet to be identified making it difficult to further dissect
these interactions.

The inhibitory effect that dmrtI exerts on the female-promoting germ cell signal, may stem
from a role in promoting germ cell apoptosis. The earliest histological difference between
zebrafish males and females is that of elevated apoptosis in male-specified gonads as they
transition from the juvenile ovary stage to developing testes (Takahashi, 1977; Uchida et al.,
2002). This apoptotic wave clears juvenile oocytes in gonads that adopt testis fate. We found
that the occurrence of apoptosis in a@mrtI mutant gonads at 3 wpf was half that of
heterozygotes, suggesting that dmrt1 is necessary for this male-specific wave of
programmed oocyte death. By 7 wpf, when wild-type siblings contained either an obvious
ovary or testis, the majority of amrtI mutant gonads appeared to be either a morphologically
normal ovary or an intersex gonad, the latter of which contained a mixture of oogenic and
spermatogenic germ cells. A third, more rare mutant category had gonads that appeared
testis-like, albeit abnormal. These data suggest that one function of Dmrt1 is to down
regulate the ovary-promoting oocyte signal by promoting the clearance of early stage
oocytes during the juvenile ovary-to-testis transition of gonadal sex differentiation.

4.3. Why so many females?

We suggest a model to explain the high frequency of females observed in dmrtI mutants
based on the developmental progression of the mutant phenotype (Fig. 8). The failure to
clear juvenile oocytes, via oocyte apoptosis, during the juvenile ovary to testis transition
results in intersex gonads in juvenile mutant fish. We hypothesize that these intersex gonads
continue to produce ovary-promoting signals from remaining oocytes. In addition, the testis

Dev Biol. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Webster et al.

Page 16

portion of intersex gonads fails to develop properly, due to a requirement of dmrt in testis
development. We propose that these intersex gonads fail to fully commit to testis fate and
eventually adopt ovary fate resulting in development into normal adult females. Thus, the
most severe mutant phenotype is development of a normal female after failed juvenile ovary
to testis transition. A small percentage of dimrtl mutants commit to male fate, but display
aberrant testis development due to the lack of dmrt1 function. This model is supported by
the proportion of intersex gonads observed at 7 and 10 wpf relative to the female sex bias
observed in the adult mutant populations. The data shown for proportions of intersex
individuals in Fig. 5 was derived from progeny of multiple crosses of dmrt=3" homozygous
females to heterozygous males, from which we consistently observed female-biased sex
ratios of 80% or more females (not shown), as was typical in progeny derived from
heterozygous incrosses (Fig. 3B, Supplemental Table 2). In summary, dmrt1 may be
necessary to promote male development by initiating degradation of female structures and
facilitating commitment to testis identity, and thus likely functions through similar
mechanisms as in other animals, by repressing female development and promoting male
development.

Evidence of uninhibited ovarian development in dmrtZ mutants was also visible in the
persistence of an ovarian cavity in males, which forms the female reproductive ducts. This
cavity forms in association with the bipotential gonad and, in males, regresses during sex
differentiation (Takahashi, 1977; Uchida et al., 2002). We observed perdurance of an ovarian
cavity in dmrtl mutant male zebrafish into adulthood (Fig. 1 E and F). Therefore, despite
eventual degeneration of oocytes in these mutants, at least one female-specific tissue
remains. It is tempting to speculate that the degeneration of the ovarian cavity in zebrafish
mimics that of degeneration of the female Mullerian ducts in mammals. In mammals, Amh
is secreted from the testis and signals degeneration of the Mdillerian ducts in males. We
observed retention of the female reproductive ducts in admrt mutants and loss of amh
expression by the testes. It would be interesting to test if the degeneration of the female
reproductive ducts is dependent on Amh signaling in zebrafish as it is in mammals.

4.4. Transcriptional regulation of sex-enriched genes by Dmrtl may be key to sexual
differentiation

The persistence of oocytes and ovarian cavities in presumed dmrtZ mutant males implies
suppressive functions of dmrt1 in zebrafish sex-differentiation, specifically in regard to
ovary development. We hypothesize that dmrt1 carries out this role by suppressing
expression of genes regulating ovary fate and differentiation. In zebrafish, cyp19ala, which
encodes Aromatase that converts androgens to estrogens, is expressed in somatic cells of the
ovaries but not in testes (Rodriguez-Mari et al., 2005). Testicular dmrt expression opposes
cypl9alain Nile tilapia as well as cyp19al in chicken (Lambeth et al., 2014; Li et al.,
2013). We did not detect upregulation of cypI9alain zebrafish dmrtZ mutant testes,
however we only tested adult animals that had already committed to a testis fate. Because
estrogen treatment is sufficient to fully sex-reverse zebrafish, we predict that overproduction
of cypl9alawould lead to complete feminization. It will therefore be important to determine
if cyp19alais dysregulated during sex-differentiation in @imrtZ mutants, which may help
define the mechanism that causes the female-bias in dmrtZ mutants.
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In tilapia and mouse, FoxL2 is a female-expressed antagonist of Dmrt1 expression and
regulates female sex-promoting genes such as Cyp19al (Georges et al., 2014; Wang et al.,
2007a, 2007b). In mammals, Dmrt1 directly suppresses FoxLZ2expression in testes and
FoxL2 is necessary for suppression of DmrtI expression in ovaries (Matson et al., 2011;
Uhlenhaut et al., 2009). Here we have shown that zebrafish fox/2has ovary-enriched
expression, as it does in mammals, and that Dmrt1 is necessary for its down-regulation.
Thus, the antagonistic relationship between FoxL2 and Dmrt1 during sex determination may
be conserved in all vertebrates. Although no previous studies have directly tested the role of
fox/2in zebrafish sex differentiation, fox/2 disruption in Tilapia has been shown to cause
masculinization of XX animals (Li et al., 2013; Wang et al., 2007a, 2007b). Furthermore,
depletion of fox/3in medaka, a gene that is related to fox/2, was shown to cause de-novo
sperm development in committed ovaries (Nishimura et al., 2015). The interaction of fox/
genes with known zebrafish sex regulators begs further exploration.

We found that two Sertoli cell-expressed genes, sox9a and amh have different transcriptional
dependencies on Dmrtl. In mice, the maintenance of Sox9expression in testes is dependent
on Dmrt1, and overexpression of Dmrt in XX gonadal cells leads to activation of Sox9a
expression (Lindeman et al., 2015; Matson et al., 2011; Zhao et al., 2015). Similarly, in
chickens, Sox9aexpression is greatly reduced in Dmrtl knockdowns and overexpression of
Dmrt1 induced both Sox9and Am#h expression (Lambeth et al., 2014; Smith et al., 2009). In
contrast to mice and chickens, we found that maintenance of sox9a expression was not
dependent on dmrt1 in the adult testis in zebrafish. However, the expression of am/fin
Sertoli cells was dependent on Dmrt1. These results position dmrt1 either downstream or in
parallel to that of sox9a and upstream of am#/ in the zebrafish sex differentiation gene
regulatory network. However, it is also possible that Dmrt1 exerts some influence on sox9a
expression despite not being absolutely required.

The loss of amh expression in dmrt1 mutant zebrafish suggests a potential mechanism
through which dmrt1 regulates male sex determination. The function of amh has not been
reported in zebrafish, however, several studies provide evidence that Amh signaling is
integral to sex determination in various fish species. Am#h or its receptor is the master
regulator of sex determination in some fish; the Y-chromosome am# duplication, amhy;, in
Odontesthes hatcheri and Type || Amh Receptor, amhr2, in three Takifugu species are
determinants of male sex (Hattori et al., 2012; Kamiya et al., 2012). A duplicated copy of
amh, called amhy; is also the likely male determining gene on the Y chromosome in Nile
Tilapia (Oreochromis niloticus) (Li et al., 2015). The female bias reported here in zebrafish
amrtl mutants, is due to failed initiation of and commitment to testis fate during gonadal
sex-differentiation, and is coupled to loss of amh expression. As amh has a predominant role
in sex-determination in some species, it is possible that Dmrt1 acts through am#h
transcriptional regulation, at least in part, to specify or maintain testis determination in
zebrafish.
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4.5. Generation of an artificial sex chromosome through a combination of dmrtl loss and
chromosome drive

In some families carrying the dmrt1£9m%llele, we discovered lines for which the dmrtI**to
dmrt1~""sex ratios were nearly 1:1, with males being @mrt1*/-and females being dmrt1™".
Therefore, the chromosome harboring the dmrt1£37S allele behaved as a Y sex chromosome.
This appears to be due to the combined effect of loss of the @mrt1*/* genotype in the
population together with the sex-ratio differences caused by the dmrtZ mutation. However,
the cause of the extreme male bias in heterozygotes is not clear. Our analysis of the loss of
the dmr1*/* genotype suggests that the chromosome harboring the dmrt1£5%llele contains
a segregation distorter locus (Supplemental Data). As this segregation distortion is only
apparent in some families carrying this allele and not apparent in lines carrying other dmrt1
mutations, we conclude that the segregation distortion is not due to loss of dmrtZ function,
but rather the affect of either the retroviral insertion itself or another linked locus.

Segregation distorters have been suggested to drive the rapid evolution of sex determination
mechanisms, oftentimes due to sex chromosome drive (Kozielska et al., 2010). Sex
chromosome drive leads to sex ratio bias, which can reduce fitness. Acquisition of an
alternative sex-determination mechanism can restore sex-ratios and displace the previous
method of sex determination (Kozielska et al., 2010). In our fish, we began with a system
that lacked sex chromosomes. The association of amrtZE371S with a strong chromosomal
driver led to adoption of an apparent XY sex determination system. Therefore, the
combination of a linked segregation distorter with an allele or mutation that alters sex ratios
may represent one mechanism by which sex-chromosomes can evolve.

5. Conclusions

In summary, we have shown that dmrtZ functions in male sexual fate in zebrafish and is
essential for normal development of testis tubules and spermatogenesis. These results
complement recent findings for female-promoting pathways, such as N~xBand Wnt
(Pradhan et al., 2012; Sreenivasan et al., 2014). Additionally, we provide support for
previous reports linking the chromosome 5 sub-region to sex-determination in zebrafish
(Bradley et al., 2011). We have shown some conservation of the role and relationships of
amrt1 from other animals and present novel findings that implicate a unique role for dmrt1
in zebrafish juvenile ovary-to-testis transformation and male germ cell differentiation and
maintenance. Furthermore, our analysis of the segregation distortion effect co-segregating
with the dmrt1£3S reveals a novel mechanism through which sex chromosomes may
evolve.
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Refer to Web version on PubMed Central for supplementary material.
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Fig. 1.
Dmrt1 expression in zebrafish gonads. A-C) Expression of dmrt1 by in situ hybridization on

sections of adult gonads. A) In adult ovaries, dmrtI expression was observed primarily in
stage Ib oocytes; staging according to Selman et al. (Selman et al., 1993). B) Adult testis had
amrt1 expression in nearly all stages of spermatogenesis, except spermatozoa (sz). C) In
testis devoid of germ cells (& germ line (gl)), dmrtZ was detected primarily in cells lining
the testis tubules, indicative of Sertoli cell expression. D-F) Whole mount /n situ
hybridization on gonads from 5 weeks post fertilization (wpf) fish. D) Dmrt was not
detected in gonads with ovarian morphology as judged by presence of many early stage
oocytes (inset shows an early stage oocyte). E-F) Dmrt1 expression was detected in gonads
that morphologically resembled testes (E) and in gonads devoid of germ cells (F). G) RT-
PCR on gonadal tissue at 7 wpf, 11 wpf and 28 wpf. At 7 wpf, gonads could not easily be
distinguished as ovary or testis during tissue harvesting, therefore, all gonads were mixed at
this stage. By 11 wpf, dissected gonads were chosen that resembled either ovaries or testis as
judged by morphology during dissection. RT-PCR was also performed on gonads that lacked
germ cells (< gl) to detect expression in somatic tissues. RT-PCR for the ziwi transcript
demonstrated that germ cells were present in intact gonads but absent from germ cell
depleted gonads (< gl) at all ages (shown for 7 wpf and 11 wpf). Dmrt1 expression was
detected by RT-PCR in all samples. Control RT-PCR samples (ctrl) were samples where no
reverse-transcriptase was added to the reaction. For 28 wpf samples, two independent
samples were run for each: each ovary sample was derived from a single individual while
each testes sample contained testes from 4 or more individuals. RT-PCR results for these 28
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wpf samples for ziwiand b-actin were previously published (Siegfried and Nusslein-
Volhard, 2008). scale bars =50 um.
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A
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mouse MPNDDTFGKP-——-—~, E B TPTEVPHAPGAPPQGKAGGY SKAAGAMAGAAGGSGAGGS—- 50
human MPNDEAFSKP=====~ S==mmm=—a TPSEAPHAPGVPPQGRAGGFGKASGALVGAASGSSAGGSSR 52
zebrafish = — ——-eceeeas eI MRKPSRMPKCSRCRNHGFVSPLEGHKRFCNWRDCQCQKCRLIAERQRVMAA 63
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mouse [elertoleiley e lafet e KK SPRLPKCARCRNHGY ASPLEGHKRFCMWRDCQCEKCSLIAERQRVMA 115
human [eleletslellen b Mer e KK SPRLPKCARCRNHGY ASPLEGHKRFCMWRDCQCEKCNL IAERQRVMAR 117
kpkhkadhkdhdkhds whdkhdkdddad dokdkak *k dkhkk AhkEhd
zebrafish AR e e e A (eI S P INLS -GS DTLVENEAVGE--NVFTLSSGPPSPAS-SSATASPTNL 123
medaka AR el e A A S PEAS S ~-GPEVTVENETGAD--CLFSMEGRSGTPGV-PPNP-~-LSARA 126
tilapia A ENA el e A AR S PV S LS -GSEMMVENEVGAD--CLFSVEGRSPTPTS-HAT---5AVT 129
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human o rA el e AR g HP T PLPSAAELLVEKRENNGSNPCLMTECSGTSQPP--PASVPTTAA 179
ok k kR gk, Wk T D s . .
B
A
ATGAGTGAAGAAGAGCAGACTAACGGGTCGCTGTCCATCAGGAARACCGTCCCG m CGAAG 63
=M==5-=E=-=E-=E-=0--T=-=-N-=-G-=5--L-=5--T - i Gl it hatd Lt bt it 15 21
—
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CTTTCCGGTTCAGACACTCTGGTGAAGAACGAGGCCGTGGGTGAAAACGTGTTTACTCTTAGC 315
-L--5--G--5--D--T--L--V--K--N--E--A--V--G--E--N--V--F--T--L--5- 105
TCAGGACCGCCATCACCCGCCAGCAGCAGTGCCACCGCCTCTCCAACCAACCTA 369
-5--G--P--P--5--P--A--5--§--5--A--T--A--5--P--T--N--L- 123

Fig. 2.

M?Jtations disrupting the dmrt1 locus are predicted to disrupt the conserved DM domain. A)
The DM domain, boxed in black, of Dmrt1 is highly conserved across species. B) The four
mutations disrupting zebrafish dmrt1 are shown: a retroviral insertion after the 8th
nucleotide of the coding sequence (wedge); a cytosine to adenine generating a nonsense
mutation at codon 10; two TALEN-mediated deletions of nucleotides 122-128 (top bracket)
and 123 - 131 (bottom bracket) of the coding sequence, both resulting in a premature stop at
codon 41. A putative alternative ATG that may be used for translation initiation in the S10X
allele is boxed. All sequences shown correspond to exons 1 and 2 of zebrafish admrtl.
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Fig. 3.

Dmirt1 mutants exhibit female-biased sex ratios. A-E) All data are from progeny derived
from heterozygous incrosses, except for (E), which are progeny from homozygous mutant
females crossed to heterozygous males. A-C) Charts show the sex ratios of a given genotype.
All homozygous mutants, with the exception of Pair 3 in B, displayed significantly female
biased sex ratios compared to wild-type siblings based on Fisher’s Exact Test (NS=not
significant). A) Progeny of multiple crosses were pooled prior to raising. Sex-ratios of two
populations of mixed backgrounds carrying dmrt7519X are shown; population 1 is a mixed
Tue/Wik background; population 2 is a mixed Tue/Wik/TLF background. B) Sex-ratios of
progeny derived from three independent pairs carrying dmrt1E3ins, C) Sex ratios of progeny
derived from multiple pairs carrying dmrtI©41X. D) Genotypic ratios of populations
represented in A-C. Only segregation of the dmrtZE3is allele deviated significantly from
expected Mendelian ratios (X2 goodness of fit test, ** P < 0.02; *** js P < 0.002). E) Sex
ratios of progeny derived from crossing @mrtZE3inS —/- females to +/- males. Embryos from
each cross were split into two groups and either injected with a morpholino oligonucleotide
targeting the dead end gene to deplete the germ line (& gl) or were not injected (+ gl). Sex
was scored in adult fish. The female bias in homozygous dmrt1 mutants was completely
reversed by depletion of the germline (N =32 and 31 for + gl and & gl, respectively).
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Fig. 4.
Adult homozygous dmrtl mutants have disorganized testes with reduced germ cells. A-F) H

& E staining of adult male gonads. A) Wild-type adult testes are organized into tubules, with
cysts of differentiating germ cells surrounding lumens containing spermatozoa (sz). B and
C) Dmirt1519X mutants form enlarged testis tubules with reduced numbers of germ cells and
no spermatozoa. Tubules have large lumens devoid of germ cells (e.g. black asterisk). D)
dmrt1£3ins and E) dmrt1¢*X mutant testes exhibit similar phenotypes, often displaying
increased stroma (e.g. arrows in D, F), with few germ cells and retention of ovarian cavities
(white arrowheads). Neither genotype organizes testis tubules nor forms lumens. F) A
transheterozygous amrtIE3ins/CA1X mytant looks highly similar to both dmrt1E3%and
amrt1%#Xhomozygotes. Spermatogonia=black arrowhead; lumen filled with
spermatozoa=sz; lumen lacking spermatozoa=black asterisk; stroma=arrow; ovarian
cavities=white arrowhead. Scale bar=50 pm.
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Fig. 5.
Dmrt1 is required for normal testis development and gonadal sex-differentiation. A-N) H &

E staining of dmrt1E3ins heterozygous and homozygous mutant siblings throughout
development. Specimens are progeny from a amrt homozygous female and heterozygous
male of from the Pair 1 family of Fig. 3B. These crosses consistently produced progeny with
a strong female bias in mutants. A-B) At 3 wpf, mutant gonads typically had fewer apoptotic
cells compared to heterozygous siblings (white arrowhead). Immunohistochemistry to detect
Cleaved caspase 3 positive cells revealed half the quantity of apoptotic cells in mutant
gonads compared to heterozygotes (2.03% vs. 4.04%, respectively, P value < 0.0001; N=16
gonads). C-F) 5 wpf heterozygotes progressed to early ovary (C) and testes (D) stages, as
indicated by developing oocytes in females (oc), and loss of oocytes combined with lumen
formation (asterisk) in males. Mutant gonads were either apparently normal ovaries (E) or
testes with no lumens that were typically reduced in size compared to heterozygotes (F). G-
J) At 7 wpf heterozygotes were fully committed female (G) and male (H) gonads, whereas
mutants that were not clearly female formed either intersex gonads (J) (marked by dying
oocytes alongside clustering spermatogonia (arrowhead)), or presumptive testes (not shown).
The latter were never observed to form tubules or lumens, and had severely reduced
spermatocytes. K-N) By 10 wpf heterozygotes were maturing with ova (K) or spermatids
(L). The mutant males (N) were marked by increased stroma (black arrows), and lack of
spermatogenesis, although clusters of germ cells were apparent (white arrow). E, I, M) All
mutant females developed normally with no detectable phenotype. O) Quantification of the
number of gonads in each histological category shown in panels A-N. The number of
individuals, “N”, analyzed for each age group is shown in the table. Categories of gonad
development observed in each age group reveal delayed transition to testes fate in mutants.
Ovary=comprised mainly of oocytes of various stages; transitioning=one or more of the
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following: apoptotic cells, lumen formation, loss of oocytes, gonial cell clustering;
intersex=containing maturing oocytes in addition to testis-like gonial clusters and stroma;
testis=containing clusters of spermatogonia (or spermatocytes), having no oocytes, lumen if
heterozygous. Apoptotic cells=white arrowhead; spermatogonia=black arrowhead,;
lumen=black asterisk; oocyte=oc; stroma=black arrow; germ cell cluster=white arrow;
liver=L. Scale bar=50 um.
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Fig. 6.

Efpression of anti-Miillerian hormone (amh) is dependent on dmrtZ in adult testes. A) RT-
PCR on RNA derived from ovaries (?) and testes () from 3 month old (3 mo) and 7 month
old (7 mo) adults showing standard markers of gonad cell lineages: dna=germline; amhand
sox9a=Sertoli cells; cyplici=Leydig cells; cypl9ala (aromatase)=granulosa cells. Gonads
from heterozygous (+/-) and homozygous (/=) dmrtIE37S mutants were analyzed. Amh
expression was undetectable from 3 months onward in dmrtZ mutant testes. Expression of
the germ cell-specific gene dndwas retained in 3 month old mutant testis, but was lost by 7
months. All other gonad markers were expressed as expected. B) Depletion of the germline
( gl), mediated by injection of a morpholino targeting the dnd gene, demonstrated that loss
of amh expression resulted from its dependence on dmrt1 and not lack of germ cells.
Depletion of the germ line was confirmed by the absence and expression, a germ cell-
specific gene. All primers were designed such that amplification from genomic DNA would
give a larger band than that expected from cDNA amplification.
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FoxI2is antagonized by dmrt1 in zebrafish gonads. A-B) Quantitative RT-PCR of adult
ovaries and testes from adult fish. A) Comparison of adult wild-type ovaries to testes showed
that fox/2 expression was 68 fold higher in ovaries compared to testis, therefore exhibited
ovary-enriched expression. The expected upregulation of the granulosa cell marker,
cypl9ala, and diminished expression of the Sertoli cell marker sox9a were also observed in
these samples. B) Comparison of adult amrtZ£3S mutant ovaries to wild-type ovaries (left)
and mutant testes to wild-type testes (right) revealed a 4-fold increase in fox/2 expression in
ovaries and a 41-fold increase in fox/2in testes in dmrtI mutants compared to wild-type. C-
N) /n situ hybridization on adult dmrt1¢#2X +/- and —/- gonad cryosections. C-E are serial
sections of the same testis. G-I are serial sections of the same gonad and J is an H & E stain
of panel I. K-M are serial sections of the same gonad and N is an H & E stain of M.
Headings designate the probe used. C-E) Dmrt1 heterozygous testes showed expected
localization of dmrt1 (C) and amh (D) in germ cells and Sertoli cells, respectively, whereas
fox/2 (E) was not detected. F) In wild-type ovaries, fox/2transcript localized to the somatic
cells of pre-vitellogenic and vitellogenic oocytes, a vitellogenic oocyte is shown. G-N) Two
amrtl male mutant gonads are shown. G-J) A testis-like gonad with scant residual oocytes.
K-N) An intersex gonad containing pre-vitellogenic oocytes. G, K) Dmrt1 was expressed in
residual oocytes, but was not detected in all germ cells (arrow). H, L) Am#A was not detected.
I, M) Misexpression of fox/2was found interstitially, in presumptive gonial cells but not in
the follicles, as supported by H & E staining (J, N). Detection of dmrtZ transcript in
homozygous mutants is attributed to the amrt1¢#X allele producing mRNA. Scale bars=20
um.
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Fig. 8.

Agmodel for the requirement of dmrt1 in zebrafish testis development. Wild-type juvenile
zebrafish gonads are bipotential with immature oocytes until a sexual differentiation event
occurs between 3 and 4 weeks post fertilization. Determined females will develop normal
ovaries with oogonia that proceed through oocyte maturation. Fish that will become male
undergo a transitional stage, during which a wave of apoptosis depletes oocytes.
Undifferentiated germ cells will undergo a male-specific program and develop into
spermatogonia and ultimately become organized within the testes tubules. In the absence of
amrtl, male transitioning gonads retain ovarian tissues, and have reduced apoptosis. Testis
lumen formation, which forms the testis tubules, is also not initiated. A majority of the
damrtl -/~ transitioning fish retain maturing oocytes alongside nascent spermatogonia in a
state we term intersex. In this model, these intersex fish revert to ovary development and
become normal females, accounting for the biased sex ratios we report. A small subset of
amrt1 -/~ fish will become male, although they are sterile and never develop normal testis
structures, ultimately losing all germ cells. Female dmrt1 -/~ fish develop normal ovaries.
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