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GENETICS

Genomic imprinting-like monoallelic paternal
expression determines sex of channel catfish

Wenwen Wang't, Yujia Yang't, Suxu Tant, Tao Zhou'-2, Yang Liu’, Changxu Tian’, Lisui Bao’,
De Xing', Baofeng Su', Jinhai Wang', Yu Zhang’, Shikai Liu’, Huitong Shi', Dongya Gao3,

Rex Dunham’', Zhanjiang Liu3*

The X and Y chromosomes of channel catfish have the same gene contents. Here, we report allelic hypermethy-
lation of the X chromosome within the sex determination region (SDR). Accordingly, the X-borne hydin-1 gene
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was silenced, whereas the Y-borne hydin-1 gene was expressed, making monoallelic expression of hydin-1 re-
sponsible for sex determination, much like genomic imprinting. Treatment with a methylation inhibitor, 5-aza-
dC, erased the epigenetic marks within the SDR and caused sex reversal of genetic females into phenotypic
males. After the treatment, hydin-1 and six other genes related to cell cycle control and proliferative growth
were up-regulated, while three genes related to female sex differentiation were down-regulated in genetic
females, providing additional support for epigenetic sex determination in catfish. This mechanism of sex deter-
mination provides insights into the plasticity of genetic sex determination in lower vertebrates and its connec-
tion with temperature sex determination where DNA methylation is broadly involved.

INTRODUCTION

Sex determination is such an important process for sexual organ-
isms that one would expect its mechanisms to be highly conserved
during evolution, but they are remarkably diverse, particularly
among fish, amphibians, and reptiles. The high levels of diversity
in the mechanisms of sex determination are partially related to
the various levels of sex chromosome differentiation. Among
lower vertebrates, various modes and genes for sex determination
have evolved. For example, of some 270 fish species where studies
of sex determination have been conducted (1), XY (male heteroga-
metic) and ZW (female heterogametic) sex determination systems
have been reported (2); monogenic and polygenic sex determina-
tion systems have been demonstrated (3, 4); and various sex deter-
mination genes have been identified, such as sdy (sexually
dimorphic on the Y chromosome) in rainbow trout (Oncorhynchus
mykiss) (5), amhy (Y-linked anti-Miillerian hormone) in Patago-
nian pejerrey (Odontesthes hatcheri) (6), amhr2 (anti-Miillerian
hormone receptor type II) in tiger pufferfish (Takifugu rubripes)
(7), amh (anti-Miillerian hormone) in silverside (Hypoatherina
tsurugae) (8), and dmrtl (doublesex- and mab-3-related transcrip-
tion factor-1) in spotted scat (Scatophagus argus) (9). Different
master sex determination genes were reported in closely related
medaka species, e.g., dmy (the DM-domain gene on the Y chromo-
some) in Japanese rice fish (Oryzias latipes) (10) and gsdfY (gonadal
soma derived growth factor on the Y chromosome) in Oryzias luzo-
nensis (11). Even within the same species of O. latipes, different
master sex determination genes were reported (12-17), suggesting
rapid evolution of sex determination mechanisms in teleosts.
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Channel catfish (Ictalurus punctatus) is a lower teleost fish
species. The genetic sex of channel catfish is determined by an
XY sex determination system (18, 19), but its sex chromosomes
are cytologically indistinguishable (20). In addition to genetic
factors, its sex determination is also elastic and can be affected by
high temperature (19) and steroid hormones (21). With a given
genetic composition, gonadal sex can be reversed by treatment
with sex hormones or elevated temperature (22-24), suggesting
that sex determination and/or differentiation can be exerted at the
level of gene expression. However, with channel catfish, only
pseudo-females (sex reversal of genetic males to phenotypic
females) have been achieved, no matter what the treatments were.
With many fish species, such as zebrafish (25), medaka (26),
tilapia (27), and half-smooth tongue sole (28), androgen and
high-temperature treatment led to sex reversal into pseudo-males,
but these treatments led to sex reversal of males into pseudo-females
with channel catfish (19, 23), suggesting that channel catfish may
have a unique mechanism for sex determination.

Through genetic linkage mapping, chromosome 4 was identified
as the sex chromosome in channel catfish (29), and the sex determi-
nation region (SDR) was mapped to an 8.9-Mb region (18). Further
fine mapping was not practically feasible due to the lack of recom-
bination within the SDR, even when unrelated wild fish were used
(18). Reference genomic sequences were generated from a double
haploid XX female fish (30) and from a YY male fish (18),
making it possible to compare the sequences of the X and Y chro-
mosomes. However, from the point of protein-coding genes, iden-
tical gene content of 950 genes was found on both sex chromosomes
(18), and identical gene content of 123 genes was found within the
SDR on X or Y chromosome, suggesting that the sex of channel
catfish is not determined by the presence of a Y-linked protein-
coding gene(s) that is absent from X chromosome.

Although genetic sex is determined at the time of fertilization,
the gonadal feminization of channel catfish starts around 19 days
post-fertilization (dpf), whereas its testicular formation starts 90
to 102 dpf (19). This differential sex differentiation offers a good
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window of opportunity to study molecular mechanisms underlin-
ing sex determination and differentiation. In the present study, we
confirmed the observation of an epigenetically marked locus within
the SDR (31) and determined allelic methylation and allelic expres-
sion of the genes within the SDR in genetic males (XY) of channel
catfish during early gonadal differentiation. Here, we report allelic
hypermethylation of the SDR on the X chromosome that silenced
the expression of the X chromosome—borne hydin-1 gene (hydro-
cephalus-inducing protein 1 or HYDIN axonemal central pair ap-
paratus protein-like 1), whereas the Y chromosome—-borne hydin-1
gene was undermethylated and expressed. Thus, in genetic females,
hydin-1 gene is not expressed, leading to sex differentiation into
females; in genetic males, the Y-borne hydin-1 is expressed,
leading to sex differentiation into males. Furthermore, blocking of
methylation using a methylation inhibitor, 5-aza-2'-deoxycytidine
(5-aza-dC), led to demethylation in many CpG sites, especially
within the SDR, making the originally hypermethylated SDR on
the X chromosome undermethylated, which in turn allowed expres-
sion of hydin-1, leading to sex reversal from genetic females to phe-
notypic males. These results indicated that the monoallelic
expression of the Y-borne hydin-1 gene, coupled with silencing of
the X chromosome-borne hydin-1 gene through methylation, was
responsible for sex determination in channel catfish. This mecha-
nism may provide insights into genetic sex determination (GSD)
and environmental sex determination (ESD), such as temperature
sex determination (TSD), in a broad spectrum of lower vertebrates,
as well as environmental modulation of sex differentiation in
various organisms.

RESULTS

The SDR was differentially methylated

The XY sex determination system of channel catfish predicted a Y-
linked factor for sex determination, but extensive comparative anal-
ysis of genomic sequences of the X and Y chromosome revealed no
differences in gene contents (18). We hypothesized that monoallelic
expression of some gene(s) on the Y chromosome may provide the
basis for sex determination. Sex can be determined at the level of
gene expression where one or more Y chromosome-borne
gene(s) were expressed, but their counterpart(s) on the X

Table 1. Protein-coding genes in the EML expressed at higher levels
(>2.0 fold) in genetic males compared to females of channel catfish, I.
punctatus, at 3, 16, and 135 dpf. Gene abbreviations: hydin-1,
hydrocephalus-inducing protein homolog 1; spred3, sprouty related EVH1
domain containing 3; sphkap, SPHK1 interactor, AKAP domain containing;
carmil2, capping protein regulator and myosin 1 linker 2.

Gene Differential expression Allele-specific
expression
Fold change Fold change (male Y/
(male/female) male X)
3 16 135 3 16 135
dpf dpf dpf dpf dpf dpf

9.8

carmil2 2.1 2.2
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chromosome were not expressed; this monoallelic expression may
be controlled by differential methylation. To test this hypothesis,
we conducted whole-genome bisulfite sequencing (WGBS) and
RNA sequencing (RNA-seq) analyses. A total of 11.1 billion
WGBS reads were obtained (table S1). An average of 25.6 Gb of
data (~32x genome coverage) were obtained for each sample
(n = 63). Across the genome, the levels of methylation were
similar between genetic females and males (table S2). However,
most of differentially methylated sites (DMSs) between females
and males were found on the sex chromosome, suggesting involve-
ment of DNA methylation in sex determination in channel catfish.
As shown in Fig. 1, a differentially methylated region was identified
within the SDR, with hypermethylation in genetic females and hy-
pomethylation in genetic males, making the SDR epigenetically
marked. The differential methylation was not only most obvious
early in development and sex differentiation at 3 and 9 dpf but
also visible at 12 and 16 dpf. Even after the gonadal differentiation
at 135 dpf, levels of methylation in the SDR were still higher in
genetic females than in genetic males (Fig. 1).

The differential methylation in the SDR is allele specific and
inherited

Not only the SDR was differentially methylated, but also methyla-
tion was allele specific. We developed 8791 X allele— and Y allele—
specific single-nucleotide polymorphisms (SNPs) (table S3), which
allowed tracing of X and Y alleles in males. As shown in Fig. 2A, the
X alleles were hypermethylated within the SDR, while the Y alleles
were hypomethylated. This allele-specific methylation (ASM) was
observed throughout the period of sex differentiation, as deter-
mined at 3, 9, 12, 16, and 135 dpf. To determine whether the meth-
ylation patterns were inherited, ASM profiles of sperm were
determined and compared to those of embryos or fingerlings at 3,
9, 12, 16, and 135 dpf. In sperm, the X alleles within the SDR were
hypermethylated, with most of the CpG sites being methylated at
around 90%, whereas the Y alleles were hypomethylated, with
most of the CpG sites being methylated at less than 10%
(Fig. 2B), with the same patterns as observed in genetic males at
3,9, 12, 16, and 135 dpf (Fig. 2A), indicating that the allelic meth-
ylation patterns were inherited from the parents.

Allelically methylated genes within the SDR are
differentially expressed

Parallel to the WGBS analysis, we conducted RNA-seq analysis to
determine differentially and allele-specifically expressed genes
within the SDR. A total of 3.67 billion reads were generated, and
the detailed information of RNA-seq samples is summarized in
table S4. As shown in Table 1, of the 123 genes within the SDR,
four genes, hydin-1, spred3 [sprouty-related Ena/Vasodilator-stim-
ulated phosphoprotein homology-1 (EVH1) domain containing 3],
sphkap [sphingosine kinase 1 (SPHK1) interactor, A-kinase anchor-
ing protein (AKAP) domain containing], and carmil2 (capping
protein regulator and myosin 1 linker 2), were differentially ex-
pressed at 3 dpf between genetic females and genetic males.
Hydin-1 gene was markedly differentially expressed between
genetic females and genetic males, with 84.8, 9.8, and 23.2 times
more expression in genetic males than in genetic females at 3, 9,
and 135 dpf, respectively (Table 1). The other three genes were dif-
ferentially expressed at one or more time points, but only two to
three times more in genetic males than in genetic females (Table 1).
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Fig. 1. Epigenetically marked locus within the SDR of channel catfish, I. punctatus. The distribution of differentially methylated sites (DMSs) between genetic females
and males on chromosome 4 at positions as shown along x axis. Samples are marked on the left margin, with three genetic female samples (F1, F2, and F3) and three
genetic male samples (M1, M2, and M3) at each time point of 3 days (3d), 9 days (9d), 12 days (12d), 16 days (16d), and 135 days (135d) after fertilization. SDR is highlighted
with a black box. Levels of methylation at DMSs are indicated on the y axis with the color codes as marked on the right margin, ranging from blue (low) to red (high). Note
hypermethylation in genetic females and hypomethylation in genetic males within the SDR. EML, epigenetically marked locus.

Hydin-1 was the only gene that was not only differentially meth-
ylated and differentially expressed between genetic females and
males but also allele-specifically methylated and monoallelic pater-
nally expressed at all tested times (Table 1). Eight CpG sites within
the hydin-1 gene were hypermethylated with the X allele at 3 dpf as
compared with the Y allele, and this pattern, for the most part, con-
tinued at 16 dpf (Fig. 3A). Treatment with 5-aza-dC, a methylation
inhibitor, led to reduce levels of methylation such that methylation
was no longer differential between X and Y alleles at several CpG
sites (Fig. 3B). This reduction of methylation of the X alleles was
correlated with increased expression of hydin-1 gene in the
treated females. However, expression from X alleles was still low,
as compared with high levels of expression of the Y chromo-
some-bearing hydin-1 (Fig. 3, C and D).

Blocking of methylation caused sex reversal

A methylation inhibitor, 5-aza-dC, was used to determine the effect
of genome methylation on sex differentiation of channel catfish.
Genetic sex was determined using polymerase chain reaction
(PCR), where homozygous XX genotype of genetic females pro-
duced one PCR band, while heterozygous XY genotypes of
genetic males produced two bands (32). Phenotypic sex cannot be
determined until after gonadal differentiation. Although female
gonadal differentiation starts around 19 dpf, male gonadal
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differentiation starts between 90 and 102 dpf, and phenotypic sex
cannot be determined until 110 dpf (19). We determined phenotyp-
ic sex at 135 dpf and found sex-reversed fish that had the genotype
of females with just one PCR band but exhibited male phenotypic
sex with testes rather than ovaries (Fig. 4A). At the highest tested
concentration of aqueous exposure of 24 uM, sex reversal from
genetic females to phenotypic males (pseudo-males) was observed,
although at low proportions. One fish was identified as a sex-re-
versed pseudo-male at 24 uM aqueous exposure followed by
feeding with pellets containing 5-aza-dC at 3 mg/kg, and two fish
were identified as sex-reversed pseudo-males at 24 uM aqueous ex-
posure followed by treatment with feed containing 5-aza-dC at 12
mg/kg (Fig. 4B). Treatments at even higher concentrations were
prohibited because of mortalities. Treatment with 5-aza-dC had a
major effect on survival, causing substantially more mortalities, es-
pecially after 20 dpf (Fig. 4C). This effect was correlated with the
concentrations of 5-aza-dC, as greater percentages of fish died,
and died earlier, when the aqueous exposure of 5-aza-dC was at
24 puM than at 12 and 6 pM (Fig. 4C). Because phenotypic sex
could not be determined before 110 dpf, it was apparent that the
high mortality rate prohibited the opportunity to detect additional
sex-reversed fish.
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Fig. 2. ASM of EML was inherited from gametes in channel catfish, I. punctatus. (R) ASM between X and Y chromosomes in normal females and males at 3,9, 12, and
16 dpf. (B) ASM between X and Y chromosomes in sperms. SDR is located within the black box. F1, F2, and F3 are genetic female samples 1, 2, and 3, respectively. M1, M2,
and M3 are genetic male samples 1, 2, and 3, respectively. X, alleles from the X chromosome; Y, alleles from the Y chromosome. Positions along chromosome 4 are
indicated on x axis, whereas the levels of methylation at DMSs are indicated on the y axis with color codes as shown on the right margin, ranging from low (blue) to

high (red).

Methylation inhibitor caused an overall reduction of
genome methylation

The effect of 5-aza-dC on methylation was observed with reduced
levels of methylation at C, CpG, CHG, and CHH sites (fig. S1). The
levels of methylation at CpG sites were initially increased at 3 dpf
after treatment of 5-aza-dC, presumably due to exposure to the
adverse treatment but were significantly reduced at 9, 12, and 16
dpf, with the largest reduction in genetic females at 12 and 16
dpf. At 135 dpf, the levels of methylation at CpG sites were just
slightly lower in 5-aza-dC—treated samples than controls, regardless
of genetic females or males (Fig. 4D). The distribution of

Wang et al., Sci. Adv. 8, eadc8786 (2022) 21 December 2022

methylation reduction was found on all 29 chromosomes, without
a particular pattern (Fig. 4E).

Methylation inhibitor erased the epigenetic marks within
the SDR

One obvious question was if the treatment of 5-aza-dC influenced
the epigenetic marks within the SDR and, consequently, on the ex-
pression of genes within the SDR. When differentially methylated
CpG sites between genetic females and males were mapped along
the 29 chromosomes, the treatment of 5-aza-dC diminished the
strong epigenetic marks of differentially methylated CpG sites
between genetic females and males, especially at 12 and 16 dpf
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Fig. 3. ASM and expression of hydin-1 gene during early sex differentiation of channel catfish, I. punctatus. (A and B) Comparison of methylation levels at DMSs
between X and Y alleles of hydin-1 gene at 3 and 16 dpf in control females and males (A) and in 5-aza-dC—treated females and males (B). Blue rectangular boxes represent
exons of hydin-1 gene, whose positions on chromosome 4 are indicated on the x axis (in kb), and the levels of methylation at DMSs are indicated on the y axis with color
codes as shown on the right margin. (C and D) Comparison of expression levels between X and Y alleles of hydin-1 gene at 3 and 16 dpf in control females and males (C)
and in 5-aza-dC—treated females and males (D). The positions of RNA-seq reads are indicated on the x axis, and read depths are indicated on the y axis, with reads from the
X allele shown in orange and reads from the Y allele shown in blue. All samples are indicated on the left margin: C, control group; AZA, 5-aza-dC—treated group; F, female;

M, male.

(Fig. 5A). Most of these were caused by the reduction of hyperme-
thylation in genetic females. In control fish, the SDR was epigenet-
ically marked with hypermethylation on the X alleles and
hypomethylation on the Y alleles. Treatment with 5-aza-dC
notably reduced the level of differential methylation between
females and males, especially in the SDR (Fig. 5B). The hyperme-
thylated sites were notable at 9 dpf, and this trend continued such
that the epigenetic marks were almost completely erased at 12 and
16 dpf (Fig. 5B).

Differentially methylated genes (DMGs) in the SDR after treat-
ment are listed in table S5. Fifty-nine genes of a total of 123 within
the SDR were differentially methylated. Most of the DMGs within
the SDR were hypomethylated after treatment, and those that were
hypermethylated were mostly limited to one time point, 3 dpf, again

Wang et al., Sci. Adv. 8, eadc8786 (2022) 21 December 2022

presumably as an immediate response to the adverse treatment. Of
the 59 DMGs within the SDR, only three genes, hydin-1, rasgrfl
(ras-specific guanine nucleotide-releasing factor 1), and nectinl
(nectin cell adhesion molecule 1), were hypomethylated after treat-
ment at all time points of 9, 12, and 16 dpf and in both females and
males (table S5).

Demethylation of genes in the SDR is correlated with their
activated expression

A total of 10 genes within the SDR were differentially expressed after
5-aza-dC treatment, as compared to controls, of which six genes
were differentially expressed at 3 dpf, three genes at 16 dpf, and
one gene, hydin-1, at both 3 and 16 dpf (Table 2). All the 10
genes were differentially expressed after treatment in females, and
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Fig. 4. Effects of 5-aza-dC on phenotypic sex, survival and genomic methylation of channel catfish, Ictalurus punctatus. (A) Identification of genetic and pheno-
typic sex at 135 dpf: Females had genotypes with one PCR band and well-differentiated ovaries (top panel showing three individuals); males had genotypes with two PCR
bands and testes (middle panel with three individuals); sex-reversed pseudo-males had genotypes with one PCR band (genetic females) but testes (phenotypic males)
(bottom panel with three individuals). bp, base pair. (B) Percentages of females, males, and pseudo-males at 135 dpf. (C) Effect of 5-aza-dC on survival rate. (D) Percentage
of methylated CpG sites at 3,9, 12, 16, and 135 dpf with control females, control males, and 5-aza-dC—treated females, males, and pseudo-males (24 uM aqueous before
hatching, followed with 12 mg/kg in the feed). Asterisk (*) indicates statistical significance using Student's t test. *P < 0.05 and **P < 0.01. (E) Percentage of methylated

CpG sites across the 29 chromosomes, using all methylation data.

only one gene, tsnaxipl (translin-associated factor X-interacting
protein 1), was also differentially expressed in males. Seven of the
10 differentially expressed genes (DEGs), hydin-1, spred3, sphkap,
carmil2, slitrk3 (SLIT and NTRK-like family member 3), hsf4
(heat shock transcription factor 4), and tsnaxip1, were up-regulated
after 5-aza-dC treatment, and three genes, esrrg (estrogen-related

Wang et al., Sci. Adv. 8, eadc8786 (2022) 21 December 2022

receptor gamma-like), pard6a (par-6 family cell polarity regulator
alpha), and actrt3 (actin related protein T3), were down-regulated.
The levels of differential expression were not notable, mostly
between twofold and threefold (Table 2). Of particular interest
was the differential expression of hydin-1 after treatment with the
methylation inhibitor as compared to controls. After the treatment
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Fig. 5. Distribution of differentially methylated CpG sites after treatment of 5-aza-dC in channel catfish, I. punctatus. (A) Distribution of DMSs, expressed as DMS
per 500 kb, between females and males on 29 chromosomes in control and 5-aza-dC—treated fish at 9, 12, and 16 dpf, as marked on the left margin. Positions along the 29
chromosomes are indicated on the x axis, and densities of DMSs, expressed as the number of DMSs per 500 kb, are indicated on the y axis. (B) Comparison of DMSs on
chromosome 4 between females and males of control and 5-aza-dC—treated fish at 9, 12, and 16 dpf, with the SDR being highlighted in the black box. X axis indicates the
positions along chromosome 4, and y axis indicates the levels of methylation at DMSs with color codes as shown on the right margin.
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Table 2. DEGs within the SDR after treatment of 5-aza-dC in channel
catfish, I. punctatus, at 3 and 16 dpf. Gene abbreviations: hydin-1,
hydrocephalus-inducing protein homolog 1; spred3, sprouty related EVH1
domain containing 3; sphkap, SPHK1 interactor, AKAP domain containing;
carmil2, capping protein regulator and myosin 1 linker 2; hsf4, heat shock
transcription factor 4; slitrk3, SLIT and NTRK-like family member 3; esrrg,
estrogen-related receptor gamma-like; actrt3, actin-related protein T3;
pardéa, par-6 family cell polarity regulator alpha; tsnaxip1, translin-
associated factor X-interacting protein 1.

Gene Up- or down- Sex Time Fold
regulated point change
hydin-1* Up/up Female/ 3 dpf/ 2.2/33
female 16 dpf

3.0/3.1

Female/
male

tsnaxip1 16 dpf/

16 dpf

*These four genes were differentially expressed in males as compared with
females without treatment as well (see Table 1).

of 5-aza-dC, the expression of the X chromosome—borne hydin-1
was up-regulated 2.2-fold at 3 dpf and was up-regulated 3.3-fold
at 16 dpf (Table 2), although its expression from the X allele was
still miniscule as compared to that from the Y allele (Fig. 3, C and
D). It was also noteworthy with the up-regulation of three other
genes, spred3, sphkap, and carmil2, after treatment of 5-aza-dC
because these three genes, along with hydin-1, were differentially
expressed between genetic females and males, with greater levels
of expression in genetic males, without treatment.

Methylotypes in the SDR of pseudo-males are compatible
with its genotypes

The treatment of methylation inhibitor, 5-aza-dC, caused sex rever-
sal from genetic females to phenotypic males, but the sex phenotype
could not be determined until gonadal differentiation at 110 dpf.
We investigated the DNA methylation profiles in female (XX)
ovaries, male (XY) testes, and pseudo-male (XX) testes at 135 dpf.
As shown in Fig. 6A, principal components analysis (PCA) indicat-
ed that the whole-genome methylation profiles of the pseudo-males
were more similar to those of normal females and males than to
those of treated females and males. At 135 dpf, hypermethylation
was still detected within the SDR in normal females as compared
with normal males; pseudo-males exhibited hypermethylation in
many sites within the SDR as compared to normal males, but not
when compared with normal females (Fig. 6B), suggesting that the
methylation profiles within the SDR in pseudo-males were more
similar to those of normal females than to those of normal males.
However, the number of DMSs between pseudo-males and normal
males was much less than that between normal females and males,
as well as DMGs (table S6).

Wang et al., Sci. Adv. 8, eadc8786 (2022) 21 December 2022

Transcriptome of pseudo-males are compatible with its
phenotypes

Genome-wide transcriptome analysis revealed that expression pro-
files of pseudo-males were much more similar to those of normal
males than to normal females. As shown in Fig. 6C, PCA revealed
that time after fertilization explained the largest fraction of differ-
ences in expression. Thus, females and males, with or without treat-
ment, were clustered close together at 3 and 16 dpf. At 135 dpf,
when phenotypic sex was identified, sex had the largest influence
on the profiles of gene expression. Pseudo-males had an expression
profile that was more closely clustered together with males than
females (Fig. 6C), which was also determined by pairwise compar-
ison of DEGs (Fig. 6D). At 135 dpf, a total of 14,791 genes were dif-
ferentially expressed between normal females and males. While
8838 DEGs were identified between pseudo-males and control
females, only 25 genes were differentially expressed between
pseudo-males and control males (table S7). The number of DEGs
was the smallest when comparing pseudo-males with 5-aza-dC—
treated males, with only 21 genes (table S7) being differentially ex-
pressed (Fig. 6D).

Of the 25 and 21 DEGs between pseudo-males and control males
and between pseudo-males and 5-aza-dC—treated males, a common
set of eight DEGs were found, of which three were overexpressed,
and five were underexpressed in pseudo-males (table S7). The over-
expressed genes in pseudo-males included hydin-1, vsigl (V-set and
immunoglobulin domain-containing protein 1), and mybpcl
(myosin binding protein C1). The underexpressed genes in
pseudo-males included cypI19al (cytochrome P450 family 19 sub-
family A member 1), hsd17b1 (hydroxysteroid 17-B dehydrogenase
1), tubb5 (tubulin beta-5 chain), tcergll (transcription elongation
regulator 1 like), and znf341 (zinc finger protein 341). Apparently,
the overexpressed genes in pseudo-males were enriched in mascu-
linization, and the underexpressed genes in pseudo-males are en-
riched in feminization. For example, hydin-1, a key gene for sex
differentiation into males as shown above, was expressed 60 and
120 times higher in pseudo-males than in 5-aza-dC—treated males
or control males, respectively; and visgl, a gene that has been shown
to be predominantly expressed in testicular germ cells, although not
indispensable for spermatogenesis in male fertility in mice (33), was
expressed 34 and 48 times higher in pseudo-males than in 5-aza-
dC-treated males or control males, respectively. In contrast,
cypl9al, encoding the enzyme catalyzing estrogen biosynthesis,
was expressed over 300 times lower in pseudo-males than in 5-
aza-dC—treated males or control males, respectively; and hsd17b1,
encoding the enzyme catalyzing the last step in estrogen activation,
was expressed over 2000 times and 73 times lower in pseudo-males
than in 5-aza-dC-treated males or control males, respectively
(table S7).

The enriched terms of changes of transcriptome profiles after
treatment of 5-aza-dC confirmed the similarity of expression in
pseudo-males to that in males. As summarized in Fig. 6E, the en-
riched terms of up-regulated, DEGs in females as compared to those
of normal males and pseudo-males were very similar. These en-
riched terms were biased toward functions of cellular growth and
proliferation, such as DNA replication, DNA metabolic process,
chromosome segregation, mitotic cell cycle process, organelle
fission, and nuclear division. In contrast, the enriched terms of
down-regulated, DEGs in females as compared to those of normal
males and pseudo-males were very similar. These enriched terms
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were biased toward development and sex differentiation, such as an-
atomical structure morphogenesis, ameboidal-type cell migration,
multicellular organismal development, external encapsulating
structure organization, extracellular structure organization, extra-
cellular matrix organization, blood vessel development,

Wang et al., Sci. Adv. 8, eadc8786 (2022) 21 December 2022

angiogenesis, and transmembrane receptor protein tyrosine
kinase signaling pathway. In the SDR, gene expression in pseudo-
males was also similar to males. Together, it appeared that female-
biased genes related to oocyte development in pseudo-males had
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been suppressed, leading to expression profiles with functions
similar to those of normal males.

DISCUSSION

Sex determination is one of the most fascinating areas of scientific
research not only because of its fundamental importance to biology
of sexual organisms but also because of the tremendous diversity of
mechanisms. Here, we report an epigenetic mechanism of sex de-
termination in channel catfish, where allele-specific hypermethyla-
tion of the SDR on the X chromosome silenced hydin-1 gene
expression in genetic females, whereas the SDR on the Y chromo-
some was hypomethylated, and the Y-borne hydin-1 gene was ex-
pressed at high levels. This epigenetically regulated monoallelic,
paternal origin of expression behaved much like genomic imprint-
ing, which has never been reported from any egg-laying vertebrates
such as birds or fish (34, 35). This work demonstrated how impor-
tant DNA methylation is for sex differentiation and thus for biology.
Its importance is further elevated by the fact that environmental
factors greatly affect methylation, and therefore, they can have a fun-
damental impact on the very existence of organisms such as fish,
especially in face of climate change.

Genomic imprinting is essential to mammalian development,
and it is one of the mechanisms to regulate sexual traits (36).
However, there were no reports of monoallelic expression in
teleost fish. The availability of chromosome-specific SNPs in
channel catfish allowed trace of allelic expression on the sex chro-
mosome. Although fish do not have as many sexual traits as
mammals, most fish species, including channel catfish, exhibit
some levels of sexual dimorphism, especially with growth and
body size. Nonetheless, sex itself is surely a sexual trait, and there-
fore, there should be at least one difference in gene expression
between genetic females and males. With channel catfish, our pre-
vious studies using genetic linkage mapping and genome-wide as-
sociation studies provided solid evidence for genetic XY sex
determination, and the sex determination locus was mapped to
the SDR (18, 29). Because of the lack of recombination within the
SDR, genetic approaches are incapable to delineate to the sex deter-
mination gene. Within the SDR, however, identical gene contents
were found on the X and Y chromosomes (18). In the present
study, we provided evidence that several genes in the SDR were dif-
ferentially expressed at higher levels in genetic males during early
development at 3 and 16 dpf, before sex differentiation of channel
catfish, where female gonadal differentiation starts around 19 dpf,
and male gonadal differentiation starts between 90 and 102 dpf (19).
These DEGs in males include hydin-1, spred3, sphkap, and carmil2
(Table 1), which were of interest for their potential roles in sex
determination.

The sex determination gene of channel catfish should meet the
following requirements: It is located within the SDR (18, 29), and it
is expressed in XY males, but not expressed or expressed at low
levels in XX females. Hydin-1 met these requirements and had
the essential characteristics of a sex determination gene: (i) It was
expressed in genetic males but not in genetic females under
normal conditions; (ii) it was monoallelically expressed exclusively
from the Y chromosome; (iii) among all genes within SDR, it was
the earliest differentially expressed, detected as early as 3 dpf, well
ahead of sex differentiation in channel catfish; (iv) its ASM and reg-
ulated expression were inherited. In addition, hydin-1 was markedly
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overexpressed in sex-reversed pseudo-males (table S7). However,
hydin has not previously knownas a sex-determining gene in any
organism, although its expression has been reported to be associat-
ed with male functions. Its mutation causes hydrocephalus in
humans; it encodes a structural protein within the axoneme of
sperm flagellum required for ciliary motility (37) and for spermio-
genesis in mice (38—40). These known functions are related to male
functions, but they are functions downstream of sex determination.
We do not know what functions hydin has in early sex differentia-
tion. Possibilities include its effect on expression of other genes in
the genome that regulate sex differentiation; its roles as a promoter
of proliferative growth and cancer-associated antigen (41) are com-
patible with its role as a sex determination gene. With channel
catfish, female sex differentiates much earlier than male sex, and
genetic males continue proliferative growth until 90 to 102 dpf
when male sex starts to differentiate, while female gonadal differen-
tiation starts 19 to 25 dpf (19). Enhanced proliferative growth would
interfere with sex differentiation, allowing development into males.
Future research is warranted to determine what functions hydin has
and how it functions early after fertilization before sex
differentiation.

Methylation inhibitor experiments supported the candidacy of
hydin-1 gene as the sex determination gene in channel catfish.
The use of 5-aza-dC not only erased the epigenetic marks within
the SDR but also caused sex reversal from genetic females to phe-
notypic males ( pseudo-males). This sex reversal into pseudo-males
is a "breakthrough” in channel catfish because, to date, sex reversal
was only possible to produce pseudo-females no matter what the
treatments have been, such as high temperature, sex hormones,
and even androgens (22, 23). In the present study, only a small pro-
portion of treated fish was sex-reversed from genetic females to phe-
notypic males. This could be related to effective timing and effective
concentrations of the treated fish as sex differentiation is irrevers-
ible. Once the differentiation occurred, sex reversal was no longer
possible. Sex reversal was only observed in the treatment of the
highest aqueous concentration (24 pM) of the methylation inhibi-
tor, but not at lower concentrations, suggesting that critical concen-
tration of the inhibitor when applied at the earliest timing may be
required for sex reversal. We attempted to test concentrations
higher than 24 pM, such as 48 uM, but all fish died after treatment
before phenotypic sex can be identified, prohibiting the use of
higher concentrations of the methylation inhibitor. The toxic
effect of 5-aza-dC was reported in several other fish species includ-
ing zebrafish (25, 42) and Japanese rice fish (43). With channel
catfish, as shown in Fig. 4C, mortality rates were very high, even
at lower concentrations tested in this study, suggesting that the
methylation inhibitor was generally toxic, presumably because
proper methylation is a requirement of normal development and
growth. This elevated sensitivity of channel catfish to 5-aza-dC
could also be due to the naked body without scales, making adsorp-
tion more efficient in channel catfish as compared to fish with
scales. One would expect that this sensitivity of channel catfish
would increase sex reversal, but the treatment of 5-aza-dC was
removed after 30 dpf because of the high mortality rate. In addition,
female gonadal differentiation in channel catfish occurs much
earlier, at 19 to 25 dpf, than male gonadal differentiation, at 90 to
102 dpf. This lengthy period of sex differentiation would have
reduced the efficiency of sex reversal after the removal of the meth-
ylation inhibitor treatment. We realize the limitations we have with
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the nonmodel species where gene knockout and knockdown
systems are limited. Therefore, caution must be exercised for func-
tional inference from the treatment of DNA methylation inhibitors
because 5-aza-dC caused global demethylation that may have
caused genomic deregulation of the overall development processes.
Future studies are warranted to develop targeted depletion of the
candidate genes through RNA interference knockdown, CRISPR
knockout, or epigenomic editing.

The methylation inhibitor 5-aza-dC was used to determine epi-
genetic regulation of sex in zebrafish (25). One may argue that the
effect on sex is just a general effect of 5-aza-dC, but opposite effect
on sex reversal in zebrafish and channel catfish argues against that.
The methylation inhibitor caused sex reversal into pseudo-females
with zebrafish but into pseudo-males with channel catfish. These
results supported an effect of methylation inhibitor on sex differen-
tiation through demethylation of key genes involved in sex determi-
nation and differentiation. It makes sense that opposite direction of
sex reversal was observed with zebrafish and channel catfish because
zebrafish has a ZW/ZZ sex determination system (44), whereas
channel catfish has a XX/XY sex determination system.

Epigenetic control of sex determination was described with Dro-
sophila melanogaster (45), where the m6A pathway facilitates sex de-
termination, and female identity in germ cells is maintained by
H3K9 methyltransferase setdbl (46). Epigenetic control was also re-
ported for TSD of both plants and animals (47), but not for GSD. In
fish and reptiles, DNA methylation—-mediated control plays essen-
tial roles in TSD (48-50). In European sea bass, juvenile males have
doubled DNA methylation levels in the promoter of gonadal aro-
matase (cypl9a) as compared to females; when exposed to high
temperature, DNA methylation in the promoter region of gonadal
aromatase cypl9a was increased in females (48). Recently, the epi-
genetic control of key genes for sexual development (cyp19ala and
dmrtl) in European sea bass has been reported (51). Considering
the evolutionary position of channel catfish as a lower teleost, it is
possible that such a sex determination mechanism could be operat-
ing in other lower vertebrates as well, especially those whose sex is
highly vulnerable to environmental factors, such as temperature,
which could function through their effects on genome methylation
(28, 48, 50, 52—-54). Our study here has implications to connecting
control mechanisms of GSD and ESD (especially TSD), in many
lower vertebrates, and environmental modulation of sex differenti-
ation in various organisms. In addition to hydin-1, several other
genes in the SDR were differentially expressed during early sex dif-
ferentiation. These included spred3, sphkap, and carmil2 (Table 1).
All these four genes were up-regulated after 5-aza-dC treatment in
genetic females. In addition, hsf4 and slitrk3 were also up-regulated
in genetic females after the treatment of the methylation inhibitor
(Table 2). While these genes may be also important for sex differ-
entiation, they were not exclusively expressed in genetic males. As a
matter of fact, the levels of differential expression were modest, only
two to three times during sex differentiation. Spred3 encodes a
protein with a C-terminal Sprouty-like cysteine-rich domain and
an N-terminal EVHI domain; it is a member of a family of proteins
that negatively regulates mitogen-activated protein kinase signaling,
particularly during organogenesis (55). Although the heat shock
transcriptional factor hsf4 could have been up-regulated in response
to the adverse exposure to the methylation inhibitor, its specific up-
regulation in genetic females, but not in genetic males, indicated its
role in the negative regulation of female sex differentiation. Slitrk
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encodes a transmembrane protein that is involved in controlling
neurite outgrowth (56); it is up-regulated in tumor cells in favor
of cell proliferation, consistent with the sex reversal and masculin-
ization after the treatment of the methylation inhibitor. Three
genes, esrrg, actrt3, and pard6a, were specifically down-regulated
in genetic females after 5-aza-dC treatment (Table 2). Their
down-regulation paralleled to the masculinization and the
slowing down of gonadal differentiation of females.

The patterns of methylation and expression in pseudo-males
also suggested that methylation and expression may be quite inde-
pendent. While genome expression appeared to be largely dictated
by functional requirement, the memories of methylation patterns
may be inherited. Hence, the methylation profiles of pseudo-
males were much more similar to those of females than to those
of males at 135 dpf, suggesting that “genetic memories” existed
for these pseudo-males that were genetic females. This was more
evident in the SDR where hypermethylation persisted throughout
the 135 dpf in females and pseudo-males, but hypomethylation
was found in control or treated males (Fig. 6). It should be noted
that the treatment of 5-aza-dC was removed after 30 dpf. While
this treatment caused demethylation in the SDR and elsewhere
and had its effect on masculinization and sex reversal, the treatment
was not long enough to go beyond the entire period of sex differen-
tiation and methylation reprogramming. This is consistent with the
results from zebrafish where DNA methylation reprogramming was
found after sex differentiation (57). In contrast to the situation of
the methylome, the genome expression profile of pseudo-males
was more similar to that of males than to that of females. These
results clearly indicated the independence of genome methylation
and genome expression, with regard to SDR. The “genetic
memory” observed here is different from that observed in tongue
sole, where methylation modification with treatment of high tem-
perature in sex-reversed pseudo-males is globally inherited in their
offspring, which can develop as pseudo-males without temperature
incubation (28). Although we could not breed the sex-reversed
pseudo-males because of mortalities, the preservation of the
female profiles of methylation within the SDR of pseudo-males sug-
gested that they would inherit the epigenetic marks as genetic
females do.

In conclusion, this study demonstrated the involvement of meth-
ylation in the sex differentiation of channel catfish. The use of meth-
ylation inhibitor resulted in reduced levels of methylation,
especially in hypermethylated female genomes. The reduced meth-
ylation in the SDR was observed in females, and accordingly, a
number of genes in the SDR were up-regulated. Among the demeth-
ylated and up-regulated genes after treatment, hydin-1 was demon-
strated to be allele-specifically hypomethylated and monoallelically
expressed in males. The treatment of methylation inhibitor caused
up-regulation of numerous genes that were preferentially expressed
in normal males and down-regulation of a large number of genes
that were preferentially expressed in normal females, revealing
genome expression signatures leading to sex reversal from genetic
females to phenotypic males.

MATERIALS AND METHODS

Ethical statement

The collection and treatment of fish in this study were approved by
the Institutional Animal Care and Use Committee at Auburn
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University. All animal procedures were carried out according to the
Guide for the Care and Use of Laboratory Animals and the Animal
Welfare Act in the United States.

Treatment with 5-aza-dC

The channel catfish females and males used as parents were reared
at the Fish Genetics Research Unit at the EW Shell Fisheries Re-
search Center, Auburn University. Artificial spawning and fertiliza-
tion were conducted as described in Gima et al. (58). Fertilized eggs
were placed in suspended mesh baskets in a flow-through trough
with paddle wheels until about 12 hours before hatching. During
this period, embryos were taken out of the mesh basket and
treated in tubs for 4 hours per day (2 hours in the morning and 2
hours in the afternoon) with 5-aza-dC (no. 11166, Cayman, Mich-
igan, USA) at different concentrations (6, 12, and 24 uM). 5-aza-dC
is a nucleoside-based DNA methyltransferase inhibitor (59). Near
hatching, eggs and the fry were reared in tubs with clean pond water
and treated with different treatment concentrations (6, 12, and 24
uM) for 4 hours daily. After fry started to eat feed, they were reared
in flow-through troughs and fed with the 5-aza-dC diets (3, 6, and
12 mg/kg) four times a day. Treatment lasted until 30 dpf. Control
groups were handled in the same way as the experimental groups
except for not receiving 5-aza-dC treatment. At 135 dpf, all fish
were collected, and the genetic sex was determined by PCR and
gel electrophoresis. The phenotypic sex was assessed by dissecting
and observing the gonads.

Sample collection and DNA/RNA extraction

The samples from the high concentration treatment group (24 uM,
12 mg/kg) were collected at 3, 9, 12, and 16 dpf. At 135 dpf,gonads
in all treatment groups were collected. Fish were euthanized with
tricaine mesylate (MS-222) before sample collection. Each sample
was placed in a 1.5-ml tube, put into liquid nitrogen immediately,
and stored at —80°C for subsequent DNA and RNA extractions. The
control samples at each time point were also collected.

At 3 dpf, each sampled egg was split into two equal parts. At 9,
12, and 16 dpf, the head and tail were cut off, and the abdomen was
then divided into two equal parts from the spine for each fry. At 135
dpf, the gonad of each fish was also divided into two parts. In ad-
dition, sperm samples were collected from sexually mature male
channel catfish. Genomic DNA from one part of each sample was
extracted using the DNeasy Blood & Tissue Kit (Qiagen) following
the manufacturer’s protocol. RN A was extracted from the other part
by the RNeasy Plus Universal Tissue Mini Kit (Qiagen). Genomic
DNA and RNA were quantified using Nanodrop 2000 and qualified
by 1% agarose gel electrophoresis. Small amount of DNA was used
to determine genetic sex of each sample via PCR validation using
the sex-linked microsatellite marker AUEST0678 (32).

WGBS and data analysis

For each time point (3, 9, 12, 16, and 135 dpf), each sex type
(female, male and pseudo-male), and each group (control and treat-
ment), an equal amount of genomic DNA from five fish was pooled
for WGBS library construction. Three replicates were conducted.
Genomic DNA from each pseudo-male was used to construct li-
braries because only three pseudo-males were identified in treat-
ment groups at 135 dpf. A total of 63 libraries (2 sexes x 5 time
points x 2 treatments X 3 replicates + 3 pseudo-males) were
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prepared and sequenced by Illumina NovaSeq platform with
paired-end (PE) 150 (CD Genomics, Shirley, NY, USA).

Quality assessment was performed on raw sequencing reads
using FastQC (www.bioinformatics.babraham.ac.uk/projects/
fastqc/). Raw reads were then trimmed to remove adaptor sequenc-
es, ambiguous nucleotides, short length (<36 bp), and low-quality
reads (quality score < 20) using Trimmomatic v0.37 (60). High-
quality reads were mapped to the channel catfish reference
genome IpCoco_1.2 (30) using the bisulfite alignment program
Bismark v0.22.1 (61). The two strands of channel catfish reference
assembly have been modified in silico to convert all C's to T's using
“bismark_genome_preparation” tool with indexing format follow-
ing Bowtie2 requirements (62). Methylation level on each site was
determined using “bismark_methylation_extractor” tool. Overall
levels of methylation in CpG, CHG, and CHH context and their
percentages were calculated on the basis of the output of Bismark.

Methylation calls were analyzed using SeqMonk v1.45.2 (www.
bioinformatics.babraham.ac.uk/projects/seqmonk/). Methylation
sites located on reads from the 29 chromosomes of channel
catfish were imported to SeqMonk, and sites covered by at least
10 reads were retained for further analysis. Methylation percentages
were calculated using the "bisulfite methylation over feature” pipe-
line in SeqMonk with default parameters. The distribution of hypo-
methylated/hypermethylated CpGs per chromosome was also
generated by SeqMonk. To identify DMSs between two groups,
the logistic regression of proportion-based statistics in SeqMonk
was carried out with P value of <0.01 and a percentage difference of
>25%. The identified genes with DMSs on their promoter [the 2 kb
region upstream of transcription start site (TSS)] and gene body
were selected as DMGs.

The CpG methylation clustering based on the similarity of the
methylation profiles, PCA, for WGBS samples were generated
using per CpG site methylation by methylKit (63) and plotted
using ggplot2 in R (64). In addition, CpG methylation percentage
in 3-kb region upstream and downstream of the TSS and in promot-
ers, exons, introns, and intergenic regions was characterized on the
basis of the report from Bismark.

Transcriptome sequencing and data processing

Total RNAs of nine females and nine males from the control and
treatment group (24 pM, 12 mg/kg) at 3, 16, and 135 dpf were ex-
tracted, and an equal amount of RNA from three fish was pooled per
replicate (three replicates) for Ribo-Zero (ribosomal RNA deple-
tion) and strand-specific RNA-seq library construction. The RNA
from one pseudo-male was used to build library as one replicate
at 135 dpf. There are also three duplicates for pseudo-male group.
A total of 39 RNA libraries (2 sexes x 3 time points x 2 treatments X
3 replicates + 3 pseudo-males) were prepared and sequenced by II-
lumina NovaSeq platform with PE150 (CD Genomics, Shirley,
NY, USA).

Adapters and low-quality reads (quality score < 20) were
trimmed by Trimmomatic v0.37 (60). Quality control of sequencing
reads was carried out before and after trimming using FastQC
(www.bioinformatics.babraham.ac.uk/projects/fastqc/). All
trimmed reads were mapped to the channel catfish reference
genome IpCoco_1.2 (30) using HISAT2 v2.1.0 (65). HTSeq
v0.11.0 was used to quantify the number of expressed transcripts
(66). DESeq2 (67) was used to identify DEGs with | log,(fold
change) | > 1 and adjusted P value of <0.05. Gene Ontology and
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Kyoto Encyclopedia of Genes and Genomes enrichment analyses of
the DEGs were performed by clusterProfiler (68).

SNP calling and allele assignment

After aligning WGBS data to the channel catfish reference genome,
Bis-SNP was used to call SNPs. Bis-SNP is based on the GATK
framework to construct a bisulfite SNP calling model. Identified
SNPs were filtered using the “VariantFiltration” function in
GATK and "VCFpostprocess” function in Bis-SNP. Using
Bismark (61) and HISAT2 v2.1.0 (65), WGBS and RNA-seq reads
were respectively aligned to a customized catfish genome, with X
allele- and Y allele—specific SNPs masked by the ambiguity base
“N." Mapped reads were separated on the basis of X allele- and Y
allele—specific SNPs using SNPsplit (69). The allele-specific reads
were extracted from SNPsplit output using Picard/SamToFastq
for further analysis of ASM and expression.

Identification of allele-specific DNA methylation and
expression

The allele-specific reads from WGBS and RNA-seq datasets were
aligned against the catfish reference genome IpCoco_1.2 using
Bismark (61) and HISAT2 (65), respectively. ASM occurredwhen
different methylation patterns were exhibited between parental
alleles with a cutoff value of 80% methylation difference and adjust-
ed P value of <0.01 (70). CpG sites with ASM were identified and
visualized in SeqMonk (Babraham Bioinformatics, UK). The allele-
specific expression was quantified using cufflinks (71) with aligned
allele-specific RNA-seq reads.
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