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Abstract. To elucidate the role of amh and foxl2 in sex differentiation of the teleost fish Schizothorax kozlovi, the full-length cDNAs
were cloned from the mature testis and ovary by rapid amplification of cDNA ends (RACE), and their relative mRNA expression
levels were determined by quantitative real-time polymerase chain reaction among tissues and temperature groups. The complete
amh and foxl2 cDNAs of S. kozlovi were 2060 bp and 1750 bp, which encoded 568 and 306 amino acids, respectively. The amh were
expressed only in gonads, while foxl2 was expressed in the gills, brain and gonads, both exhibiting relatively high tissue specificity.
The amh exhibited sex-specific expression pattern in the gonads. No sex differences in the foxl2 expression were observed in the brain
and gonads, but significant sex differences were found in the gills. No significant differences were found in the foxl2 expression, from
the larval to the juvenile stage, and also between different temperature groups. However, significant differences were found in the
expression levels of amh from the larval (12–63 days posthatching (dph)) to the juvenile stage (190 dph), and also among the 18◦ C
and 10◦ C groups at 31 dph. This result suggested that amh plays an important role in male sex differentiation of S. kozlovi during the
early developmental stage, but no similar effect was observed in foxl2.
Keywords. amh; foxl2; expression profile; temperature effects; Schizothorax kozlovi.

Introduction
Schizothorax (Racoma) kozlovi Nikolsky (Cypriniformes:
Cyprinidae) is an endemic and economic teleost fish of the
upper Yangtze River, preferring cold and running water
environment. It is distributed only in the relatively lowaltitude area of the Tibetan Plateau and Yunnan-Guizhou
Plateau (Wu 1989; Yue 2000; Wu et al. 2010). It is usually
characterized by large mature age at sexual maturity, low
fecundity, early maturity of females than males, and no
heteromorphic sex chromosome (Zou 2009; Chen 2013).
Reproduction of S. kozlovi requires temperature above
13◦ C (Zou 2009; Chen 2013). Due to the influences of overfishing, water pollution, hydropower station and global
climate change, most of the habitats and spawning grounds
of S. kozlovi are destroyed and its ecological stability is
vulnerable (Zou 2009; Chen 2013). Previous study showed
that temperature effects could bias sex ratio of S. kozlovi
in the laboratory, such as the feminization induced by low
temperature (10◦ C) and the masculinization induced by

high temperature (26◦ C) (Y. F. He and D. G. Yang, Effects
of temperature on the sex differentiation of Schizothorax kozlovi, unpublished data). Along with temperature
changes, their populations may be more threatened. However, the sex determination system and the mechanism
underlying sex differentiation of S. kozlovi are not yet
understood. Obtaining detailed knowledge about the
mechanism underlying sex differentiation in S. kozlovi is
important for the conservation of its wild resources.
Temperature effects on the sex determination/
differentiation, which usually leads to the biased sex
ratio of populations, have been widely reported on more
than 60 fish species (Conover and Kynard 1981; OspinaÁlvarez and Piferrer 2008; Baroiller et al. 2009; Shen and
Wang 2014). Undifferentiated gonad in fish commonly
thought to have double potentials to trigger testis development or ovary development. How does temperature
regulate the gonad development direction is closely related
to the expression of sex differentiation-related genes in
the reciprocal links between different genetic modules
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(Mei and Gui 2014). There are usually two types of sex
differentiation-related genes, one involved in ovarian differentiation, includes cyp19a, foxl2, er, fst, hsd3b, star
etc; another is the genes involved in testis differentiation
includes dmrt1, sox9, amh, cyp11b, dax1, tbx1a, tbx1b etc
(Shen and Wang 2014; Díaz and Piferrer 2015). Among
these genes, foxl2, a fork-head domain transcription factor
has been confirmed its pivotal role in the development and
maintenance of female sexual characteristics from mammals to teleosts (Schmidt et al. 2004; Valenzuela 2008; Li
et al. 2014; Shen and Wang 2014). Anti-müllerian hormone
gene (amh), belonging to the transforming growth factor
β (TGF-β) family, is responsible for the regression of Müllerian ducts during male foetal development in mammals,
birds and reptiles, and plays an important role in testis
differentiation in teleost fish species (Rey et al. 2003; Fernandino et al. 2008; Ijiri et al. 2008; Shen and Wang 2014).
In general, elevated temperatures increase the expression
of male-related genes such as amh, dmrt1 or arb after
the thermosensitive period in the teleost fish species with
temperature-dependent sex determination, while decreasing the expression of female-related genes such as cyp19a,
foxl2, esr1, esr2, or erb1 (Díaz and Piferrer 2015). However, the expression patterns and levels of these genes may
variate among fish species. A differential expression analysis of a series of genes involved in sex differentiation of S.
kozlovi is very important for deciphering the mechanism
of sex differentiation.
To date, only limited knowledge of sex differentiationrelated genes in S. kozlovi is known, except for the studies
about cyp19a/cyp19b by He et al. (2016a,b). In this study,
genes amh and foxl2 of S. kozlovi were focussed. To probe
into the influences of amh and foxl2 on the sex differentiation of S. kozlovi during the early developmental stage
(thermosensitive period for sex differentiation), the complete cDNA of these two genes were cloned by RACE
method, and then RT-PCR was used for detecting their
tissue-specific and developmental stage-specific expression
patterns. Eventually temperature effects on their expression levels were deciphered in the larvae stage.

Materials and methods
Experimental fish and sample collection

One female and one male of sexually mature S. kozlovi
obtained from Wujiang River in the upper Yangtze River
basin were used for gene cloning. Larvae at 12 days
posthatching (dph) from the breeding base of wild economic fishes in Lijiang, Yunnan, China, were transported
by air to Wuhan Culturing Plant of Yangtze River Fisheries Research Institute. The culture temperature of fish
before 12 dph in the breeding base was around 16–17◦ C.
After transportation, fish at 12 dph were acclimated in
three different temperature groups (10◦ C, 14◦ C and 18◦ C)

for 24 h in three independent recirculating aquaculture
systems with nine conical polypropylene tanks (diameter,
800 mm; water volume, 300 L) and then cultured until
63 dph. After 63 dph, all the fish were exposed to the natural temperature changes. Each temperature group had
three parallels. Two individuals from each parallel were
collected at each sampling time (12, 31, 63 and 190 dph).
Then each two individuals were pooled as one sample for
detecting mRNA expression analysis. All the fish from
12 dph to 63 dph were in the larval stages, while fish at
190 dph went to the juvenile stages.
Various tissue (gill, muscle, brain, heart, liver, spleen,
kidney and gonad) samples from another 10 young individuals (five ~: five |) were collected for detecting the
tissue-specific and sex-specific mRNA expression patterns
of genes amh and foxl2. Larvae from different temperature groups (six individuals per temperature group) were
collected for revealing the possible temperature effects on
the mRNA expression levels of these two genes. Gonads
from two adult females and two adult males were used for
in situ hybridization of these two genes.
RNA isolation and cDNA synthesis

Total RNA was extracted and cDNA was synthesized
according to the method described in He et al. (2016a).
Cloning and sequence analysis

Full-length cDNAs of gene amh and foxl2 of S. kozlovi
were amplified by RACE according to the method
described in He et al. (2016a). Degenerate and gene specific primers for amh and foxl2 are listed in table 1. Multiple
sequences alignments of these two genes were performed
by DNAMAN software, and then phylogenetic tree was
constructed using Bayesian Inference method by MrBayes
3.2.2 (Huelsenbeck and Ronquist 2001). Prior to analyses,
Modeltest 3.06 (Posada and Crandall 1998) was used to
determine the most appropriate protein substitution models with akaike information criterion (AIC). In Bayesian
analyses, two independent searches were conducted for
each dataset. Four simultaneous Markov chains were run
for six million generations sampling every 100 generations using two independent analyses in parallel runs. The
first 6000 trees with nonstationary log likelihood values
represented ‘burn-in’ and were ignored. Posterior probabilities (PP) of phylogenetic inferences were determined
from remaining trees.
Relative real-time PCR

Gene specific primers for amh/foxl2 and internal control
gene β-actin (table 1) were designed for relative real-time
PCR to reveal their expression levels. To validate the stability of the β-actin gene expression across the samples,
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Table 1. Primers designed for cloning and expression of amh and foxl2 of S. kozlovi.
Primer name
amh-P
amh-5 -P1
amh-5 -P2
amh-5 -P3
amh-3 -P1
amh-3 -P2
amh-RT-PCR
β-actin-RT-PCR
foxl2-P
foxl2-5 -P1
foxl2-5 -P2
foxl2-5 -P3
foxl2-3 -P1
foxl2-3 -P2
foxl2-RT-PCR

Sequence (5 –3 )

Usage

AMRCAGDCBGTDTGYATTTC
CMCYBARGAACYTYTKCAGCTCACA
CCGAAGCTCAGACACA
GGGTTTCGGCTTGTTTTC
AGTTTAAGGTGAACGTGGGC
GAGAAAGGTAGATGGCAGCAATGTGTCA
TCTCTGACCGTGATGAGCAAAGGACA
AAACAAGCCGAAACCCAGTG
GTCCTTTGCTCATCACGGTC
TAGCCTCTCTCGGTCAGGAT
ACACTGTGCCCATCTACGAG
GARAAGCGYCTBACKCTGTC
ATRCCGTTRTAAGWGTTCA
CTTGATGAAGCACTCG
CAGGTTGTGTCGGATGCT
TCTGCCATCCTTTTTTGTTC
CCTCCTGTCAGATGAGCAGTGGGAACTT
GCCGTCCTCGTACAATCCGTACTCG
CGCCTATGCCCTATACCTCC
GATGATGGTGGCTCATTCCG

Fragment PCR

standard curves of genes β-actin, amh and foxl2, based
on the serial dilutions of their recombinant plasmids were
constructed. It showed that the correlation coefficients
(R2 ) of three standard curves of β-actin, amh and foxl2
were 0.999, 0.986 and 0.997, respectively, and amplification efficiency of three pairs of primers of these three genes
were above 90%. It implied that three pairs of primers met
the requirements of RT-PCR. Then, 11 samples of this
study were randomly chosen for detecting the copies of
β-actin. The results showed that there were no significant
differences of copies of β-actin in every ng cDNA among
different samples (P > 0.05). In a word, the expression of
β-actin in S. kozlovi was stable, and suitable for reference
gene in RT-PCR.
The relative real-time PCR procedure and the expression level calculations were both according to the method
described in He et al. (2016a). All of the gene expression
levels were presented in mean ± standard error. Oneway ANOVA with Duncan’s multiple comparison test and
Kruskal–Wallis test were used to reveal the differences of
relative expression levels of amh and foxl2 among different groups. Before conducting the ANOVA analysis, the
homogeneity test was done. When the homogeneity test
showed that the data were with the heterogeneity of variance, the Kruskal–Wallis test was chosen for the expression
analysis among different groups. Significance level was set
at P < 0.05.

5 RACE PCR
5 RACE PCR
5 RACE PCR
3 RACE PCR
3 RACE PCR
Relative real-time PCR
Relative real-time PCR
Fragment PCR
5 RACE PCR
5 RACE PCR
5 RACE PCR
3 RACE PCR
3 RACE PCR
Relative real-time PCR

(Takara SP6/T7, Takara, Japan; F. Hoffmann-La Roche,
Mannheim, Germany). The amh and foxl2 expression plasmids were constructed by ligating each cDNA into the
pGM-T Vector. Gonads from two adult females and two
males were fixed in FAA-fixing solution overnight, dehydrated in graded ethanol, and embedded in paraffin. Serial
4–10 μm thick sections were prepared. After deparaffinization and rehydration, the sections were treated with
1 μg/mL proteinase K in PBS. After dehydration in graded
ethanol, the sections were prehybridized at 42◦ C for 3 h
and then hybridized with a DIG-labelled sense or antisense
RNA probes at 42◦ C overnight. The hybridized sections
were washed twice with a 2× SSPE buffer at 42◦ C for
15 min and twice with a 0.2× SSPE buffer at 57◦ C for
30 min. The washed sections were blocked with blocking
buffer at 23◦ C for 40 min, and then were incubated with
anti-DIG-AP Fab fragments (F. Hoffmann-La Roche) for
2 h. After completing immune reactions, the sections were
washed at 23◦ C in 1× Blocking buffer for 15 min and thrice
in BSA washing buffer for 15 min. Finally, the sections
were coloured in TNM-50/NBT for 3–5 h in the dark and
then washed thrice in TE buffer for 5 min. After dehydration in graded ethanol and xylene, the sections were
photographed in Olympus microscope.

Results
Cloning and characterization of amh and foxl2

In situ hybridization

The amh and foxl2 RNA probes of S. kozlovi were synthesized using the digoxigenin (DIG) RNA labelling kit

The complete cDNA sequence of amh (GenBank accession no. KX610686) from S. kozlovi was 2060 bp, with an
open reading frame (ORF) of 1707 bp, a 5 -untranslated
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Figure 1. Nucleotide and deduced amino acid sequences of amh (a) and foxl2 (b) of S. kozlovi. The upper sequence indicates the
nucleotides and the lower shows the amino acids. The poly-A signal is shaded in gray; the terminal aataaa signal is underlined;
the start codon ATG is bold; the stop codon is indicated by (*); the lowercase indicated 5 - and 3 -UTR; the regions of TGF_beta
superfamily (amh) and fork head (FH) superfamily (foxl2) are shown in solid-line box.
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Figure 2. Phylogenetic tree based on amino acid sequences of amh (a) and foxl2 (b) of S. kozlovi and other organisms based on
Bayesian Inference method.
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Figure 3. Relative mRNA expression levels (mean ± standard
error, n = 5) of amh (a) and foxl2 (b) in different tissues of S.
kozlovi. Significant differences between females and males are
indicated by * (P < 0.05).

region (UTR) of 11 bp and a 3 -UTR of 342 bp (figure 1a). The ORF of amh encodes a polypeptide of 568
amino acids with predicted molecular weight of 62.8 kDa.
The amh-deduced amino acids contained the characteristic anti-Mullerian hormone, N-terminal region (AMH_N)
superfamily and the characteristic (transforming growth
factor beta like domain (TGF_beta) superfamily.
The complete cDNA sequence of foxl2 (GenBank accession no. KX610687) from S. kozlovi was 1750 bp, with an
ORF of 921 bp, a 5 -UTR of 126 bp and a 3 -UTR of
703 bp (figure 1b). The ORF of foxl2 encodes a polypeptide of 306 amino acids with predicted molecular weight of
34.2 kDa. The foxl2-deduced amino acids contained the
characteristic fork head protein (FH) superfamily.
Multiple sequences alignment and phylogenetic analysis

Compared with other animals, the per cent identity of
the deduced amh amino acids of S. kozlovi were relatively

Figure 4. Relative mRNA expression levels (mean ± standard
error, n = 6) of amh (a) and foxl2 (b) in the S. kozlovi larvae and
juveniles during different ages. Significant differences between
different ages indicated with (*) (P < 0.05).

low (26–44%), except for cyprinid fish (69–88%). Bayesian
inference phylogeny showed that the deduced amh amino
acids of S. kozlovi clustered closest to the cyprinid fish,
next to Perciformes and Gasterosteiformes, and finally to
sturgeon and other vertebrates (figure 2a).
Compared with other animals, the per cent identity of
the deduced foxl2 amino acids of S. kozlovi were relatively
high (65–98%). The per cent identity of foxl2 amino acids
between S. kozlovi and cyprinid fishes were the highest
(93–98%), which was proved by Bayesian inference phylogenetic tree (figure 2b).
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Figure 5. Location of amh and foxl2 mRNA expression determined by in situ hybridization (b/e), negative control (c/f) and haematoxylin and eosin staining (a/d) of adult S. kozlovi gonads. Arrows showing the positive signal.

Tissue-specific and developmental stage-specific expressions of
amh and foxl2

signals were observed in the gonads when foxl2 or amh
sense RNA probe was used (figure 5, c&f).

The amh was expressed only in the gonad but not in gills,
muscle, spleens, livers, kidneys, hearts and brain. Significant sex difference of amh expression in the gonad was
found (ANOVA, P < 0.05) (figure 3a), such as the expression levels in the testes and ovaries were 775.52 ± 252.21
and 1.75 ± 0.38, respectively. The foxl2 was expressed in
the gills, brain and gonads, but not in muscle, spleens,
livers, kidneys and hearts. There were no significant sex differences of foxl2 expression in the gills and brain (ANOVA,
P > 0.05), but significant sex difference was found in the
gonads (ANOVA, P < 0.05) (figure 3b).
As shown in figure 4a, the expression levels of amh significantly increased from the larval (12–63 dph) to the juvenile
stages (190 dph) (ANOVA, P < 0.05), while no significant differences from 12 to 63 dph (ANOVA, P > 0.05)
(figure 4a). There were no significant differences of foxl2
expression levels between any two developmental stages
(Kruskal–Wallis test, P > 0.05) (figure 4b).

Temperature effects on the expressions of amh and foxl2

Expression location of amh and foxl2 by ISH

The fixed sections of gonads from adult female and male
fish were subjected to haematoxylin and eosin staining
(figure 5, a&d) as well as in situ hybridization (figures 5,
b, c, e & f). The foxl2 was detected in the cytoplasm of
oocytes and granulosa cells in the adult ovary of S. kozlovi
(figure 5e), whereas amh was localized in the Sertoli cells
around germline cells in the adult testis (figure 5b). No

As shown in figure 6a, significant difference of the expression levels of amh was especially found between the 18◦ C
and the 10◦ C groups at 31 dph (ANOVA, P < 0.05). However, there were no changes in expression levels of foxl2
among different temperature groups during the whole larval stage of S. kozlovi (ANOVA, P > 0.05) (figure 6b).

Discussion
Expression profiles of foxl2 in S. kozlovi

Difference and consistence both existed in the foxl2 tissue expression of S. kozlovi when compared with other
vertebrates. The present study revealed that foxl2 was
expressed in the gill, gonad and brain of S. kozlovi. This tissue expression pattern is similar with half-smooth tongue
sole (Cynoglossus semilaevis) (Dong et al. 2011), sablefish
(Anoplopoma fimbria) (Smith et al. 2013) and northern
snakehead (Channa argus) (Wang et al. 2015). In fact, in
most mammals, birds and fishes, foxl2 is mainly expressed
in the ovary, but only a small amount in the testis (Wang
et al. 2004; Ashida et al. 2013; Wang et al. 2015). However, the highest foxl2 expression level in S. kozlovi was
found in the gill, an organ unique to aquatic fish, which
may indicate a possible new function of foxl2 in vertebrate
evolution. Moreover, there was no significant sex differences of the foxl2 expression level in the gill and brain,
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play important roles in the sex differentiation of S. kozlovi
during the early developmental stage.
Expression profiles of amh in S. Kozlovi and their response to
temperature

Figure 6. Relative mRNA expression levels (mean ± standard
error, n = 6) of amh (a) and foxl2 (b) in the S. kozlovi larvae among different temperature groups. Significant differences
between the temperature groups indicated with (*) (P < 0.05).

which is similar to protogynous wrasse (Halichoeres trimaculatus) (Kobayashi et al. 2010). As of yet there is no
clear explanation for this pattern.
Foxl2 is usually considered to be a promoter gene and
key regulatory factor in the ovarian development of most
vertebrates (Oshima et al. 2008). It is not only involved in
the early differentiation of ovary, but also in the maintenance of adult ovarian function (Nakamota et al. 2006).
For example, foxl2 is involved in the early ovarian differentiation of many teleost fish, such as sablefish, northern
snakehead and Nile tilapia (Oreochromis niloticus) (Liu
et al. 2013; Smith et al. 2013; Wang et al. 2015). It usually influences their sex determination through different
ways, such as an aromatase way and a sox9 way. However,
no significant differences were found in foxl2 expressions
from the larval to the juvenile stages, and also between different temperature groups. It suggests that foxl2 may not

Compared with foxl2 gene in the present study, the
deduced amino acid sequence of gene amh in S. kozlovi
is the least similar to amh sequences in other species.
This low level of identity among amh sequences is not
altogether surprising given that this has been reported
in some other studies (Western et al. 1999; RodríguezMarí et al. 2005; Smith et al. 2013). Tissue distribution
analyses of amh in adult S. kozlovi showed predominant
expression in the testis, but low level in the ovary and undetectable level in any nongonadal tissues, which is similar as
seen in several species of teleosts such as zebrafish (Danio
rerio), Nile tilapia, Squalius sp. and sablefish (RodríguezMarí et al. 2005; Ijiri et al. 2008; Pala et al. 2008; Smith
et al. 2013). But it is different with the amh expression
pattern in other fish species, i.e. no sexually dimorphic
expression in the gonad is observed in medaka (Oryzias
latipes) (Klüver et al. 2007), and amh is not detected in
the gonads of adult females in Japanese flounder (Paralichthys olivaceus) (Yoshinaga et al. 2004). Further, the
localization of amh expression is reported in granulosa
cells of early follicles in the ovary, and in the Sertoli cells
around early germline cells in immature and adult testes
of several fishes, such as zebrafish, Squalius sp., and rainbow trout (Oncorhynchus mykiss) (Rodríguez-Marí et al.
2005; Pala et al. 2008; Vizziano et al. 2008; Skaar et al.
2011). The amh expression in gonads of S. kozlovi shows
similar localization pattern. Both its tissue expression
pattern and its localization pattern indicates an important role for amh in the male sex differentiation of S.
kozlovi.
The amh mRNA was expressed in the larvae of S.
kozloviat 12 dph, which had undifferentiated gonads. Then
it was significantly elevated in the juveniles at 190 dph relative to the larvae, showing more than 100-fold higher
levels. It is similar with amh mRNA expression in several fish species such as tilapia, Japanese flounder and
rainbow trout (Yoshinaga et al. 2004; Baron et al. 2005;
Ijiri et al. 2008). In fact, elevated amh levels in male
gonads with ongoing juvenile development are a common feature in fish, indicating an involvement in male
sex differentiation (Pfennig et al. 2015). Moreover, the
undifferentiated gonads usually show low levels of amh
expression in both prospective sexes of teleost fish. However, relationship between amh expression and gonad
development in teleost fish is still unclear. The onset of amh
expression between sexes of S. kozlovi is unknown. Only
in medaka, it suggests that the contact between somatic
gonadal precursor cells and PGCs is a prerequisite for
somatic amh expression (Nakamura et al. 2006; Klüver
et al. 2007).
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In addition, an upregulation of amh expression is also
with temperature induced masculinization in Japanese
flounder, Nile tilapia and pejerrey (Kitano et al. 2007; Fernandino et al. 2008; Poonlaphdecha et al. 2013), and a
downregulation is accompanied with oestrogen-induced
feminization in fathead minnow (Pimephales promelas)
(Filby et al. 2007). However, an interesting feature is
that only a downregulation of amh expression at 31 dph
in the 18◦ C group found during the larval stage of S.
kozlovi, compared with the 10◦ C group. Studies by authors
revealed that histological gonadal differentiation of S.
kozlovi appeared at 60 dph in the 18◦ C temperature group
(He et al. 2016a,b). Actually, low temperature (10◦ C) could
result in the feminization and high temperature (26◦ C)
could result in the masculinization of S. kozlovi, but no
biased sex-ratio were found in the 18◦ C group (Y. F. He and
D. G. Yang, Effects of temperature on the sex differentiation of Schizothorax kozlovi, unpublished data). In recent
years, the downregulation of amh expression correlated
with the onset of meiosis are found in some fish species
such as medaka (Morinaga et al. 2007) and Japanese flounder (Yoshinaga et al. 2004). Therefore, it may suggest that
the downregulation of amh expression in S. kozlovi could
be related to both the meiosis and the temperature. However, whether the amh expression during the larval stage of
S. kozlovi is correlated with the temperature-induced masculinization or feminization or not is worth further study.
In conclusion, both amh and foxl2 in the present study
were isolated from S. kozlovi. The amh was only expressed
in the gonads, while foxl2 was expressed in the gills, brain
and gonads, both presenting relatively high tissue specificity. No significant differences were found in the foxl2
expression, not only from the larvae to juvenile stages but
also among different temperature groups. However, significant differences of the expression levels of amh were found
not only from the larval to the juvenile stages, but also
between the 18◦ C and 10◦ C groups at 31 dph. It indicates
an important role of amh in the male sex differentiation of
S. kozlovi during the early developmental stage.
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