GENETICS OF SEX
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ABSTRACT Sex is generally determined by sex chromosomes in vertebrates, and sex chromosomes exhibit the most rapidly-evolving
traits. Sex chromosome evolution has been revealed previously in numerous cases, but the association between sex chromosome origin
and the reproduction mode transition from unisexual to sexual reproduction remains unclear. Here, we have isolated a male-specific
seguence via analysis of amplified fragment length polymorphism from polyploid gibel carp (Carassius gibelio), a species that not only
has the ability to reproduce unisexually but also contains males in wild populations. Subsequently, we have found through FISH analysis
that males have several extra microchromosomes with repetitive sequences and transposable elements when compared to females.
Moreover, we produced sex-reversed physiological females with a male-specific marker by using estradiol hormone treatment, and two
gynogenetic families were established from them. In addition, the male incidence rates of two gynogenetic families were revealed to
be closely associated with the extra microchromosome number of the sex-reversed physiological females. These results suggest that the
extra microchromosomes in males might resemble a common feature of sex chromosomes and might play a significant role in male
determination during the evolutionary trajectory of the reproduction mode transition from unisexual to sexual reproduction in the

polyploid fish.
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EXis a common phenomenon in nature and also one of the

most important topics in life sciences, especially in evo-
lutionary biology and genetics (Graves 2008). Most vertebrates
are gonochoristic and reproduce by sexual reproduction. Dif-
ferent sex-determination systems, such as male heterogametic
XX/XY sex chromosomes and female heterogametic ZZ/ZW sex
chromosomes, as well as their numerous variants, have been
revealed (Bachtrog et al. 2014; Mei and Gui 2015). Along with
the rapid development of genomics and molecular genetic
techniques, labile sex-determination systems and rapid sex
chromosome turnovers have been noticed in both animals
and plants recently (Bachtrog et al. 2014; Chen et al. 2014;
Cortez et al. 2014; Graves 2014; Wei and Barbash 2015).
Although how neo-sex chromosomes evolved (Roberts et al.
2009; Cortez et al. 2014; Vicoso and Bachtrog 2015) and how
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unisexual and sexual reproduction modes transformed (Jokela
et al. 2009; Zhang et al. 2015) have been revealed, the asso-
ciation between sex chromosome origin and reproduction
mode transition from unisexual to sexual reproduction re-
mains unclear in vertebrates.

The gibel carp, Carassius gibelio, has a wide geographic
distribution in the Eurasian continent (Hanfling et al. 2005; Li
and Gui 2008; Gui and Zhou 2010; Jakovlic and Gui 2011;
Jiang et al. 2013) and diverse gynogenetic strains have been
identified using biological traits and genetic markers (Zhou
et al. 2000a; Yang and Gui 2004; Guo and Gui 2008). As a
hexaploid with >150 chromosomes (Zhou and Gui 2002),
the gibel carp had two rounds of polyploidy origins in its
evolutionary history, as revealed recently (Li et al. 2014b).
In contrast to other unisexual vertebrates, the gibel carp has
dual reproduction modes consisting of unisexual gynogenesis
and sexual reproduction (Zhou et al. 2000b; Gui and Zhou
2010; Wang et al. 2011; Zhang et al. 2015); and a rare but
significant proportion of males have been observed in many
natural habitats, such as northeast Asia (Jiang et al. 2013),
Russia (Abramenko et al. 2004), Greece (Liasko et al. 2010),
and Croatia (Jakovlic and Gui 2011). Thus, the gibel carp is a
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great model system to investigate the origin of sex chromo-
somes and the transition between different reproduction
modes (Gui and Zhou 2010; Liu et al. 2015).

In this study, we have isolated a male-specific genetic
marker and identified several extra microchromosomes in
males, which were revealed to be closely related to male
determination of the gibel carp. In addition, these extra
microchromosomes in males, which resemble a common
feature of sex chromosomes, might play an important role
in the origin of sex chromosomes during the transition from
unisexual to sexual reproduction in gibel carp. These findings
provide clear evidence for understanding the association be-
tween sex chromosome origin and sexual reproduction
evolution.

Materials and Methods
Experimental fish source

Gibel carp (C. gibelio) and common carp (Cyprinus carpio)
were collected from Guangiao Experimental Station of the
Institute of Hydrobiology, Chinese Academy of Sciences,
which is located in the Wuchang District, Wuhan, China.
The experimental protocols were approved by the animal
care and use committee of the Institute of Hydrobiology,
Chinese Academy of Sciences.

Various gynogenetic strains of gibel carp collected from
wild populations were named in the style of A, B, C, D, etc.,
according to their biological characters or genetic markers
(Zhu and Jiang 1993; Yang et al. 2001; Zhou and Gui
2002). Also some artificial strains, such as strain DA and
strain A*, which were also main strains in aquaculture, were
generated by sexual reproduction and maintained through
successive gynogenesis (Zhou et al. 2000b; Zhou and Gui
2002; Wang et al. 2011; Gui and Zhu 2012). In this study,
artificial propagation of a maternal fish from strain DA mat-
ing with a paternal fish from strain A (DAQ X AJ) was per-
formed, as this mating could simulate hybrid-similar
reproduction (Zhang et al. 2015). Additionally, this mating
could exclude almost all influences of the paternal parent
and also generate males in the offspring (Zhang et al. 2015).
Thus, the nearly-identical genetic background in the off-
spring makes it easier to isolate sex-specific genetic markers.

Artificial propagation and fish culture

During the propagation season of the gibel carp, the selected
maternal fish were induced into spawning by intraperitoneal
injection with a mixture of acetone-dried carp pituitary, hu-
man chorionic gonadotropin, and luteinizing hormone re-
leasing hormone as described previously (Sun et al. 2010).
About 8-10 hr after injection, the experimental fish began to
ovulate and the maternal eggs released during ovulation
were inseminated with paternal sperm from common carp
or gibel carp. The embryos were incubated in culture dishes
and the fry were reared at 20° in water boxes equipped with
an inflator pump. After hatching in the incubators, they were
fed with fairy shrimp for 30 days and then maintained in an
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outdoor tank (5 m X 4 m X 1.5 m) with normal feed. The
phenotypic sex of the offspring was distinguished based on
whether they ovulated and released eggs or produced sperm
in the propagation season of the following year.

Genomic DNA extraction and analysis of amplified
fragment length polymorphism

Genomic DNA was extracted from a small piece of fin for each
sample using the Wizard Genomic DNA Purification Kit
(Promega, Madison, WI). The amplified fragment length
polymorphism (AFLP) procedure was performed as described
previously (Vos et al. 1995; Wang et al. 2009) with five main
procedures: (1) digestion of DNA with endonucleases EcoRI
and Msel and subsequent ligation of adaptors, (2) amplifica-
tion of the resulting fragments using preselective primers
with one selective nucleotide, (3) amplification of the diluted
products using selective primers with three selective nucleo-
tides, (4) electrophoretic separation of the fragments in 6%
denatured polyacrylamide gels, and (5) visualization of the
fragments via silver staining. The sequences of the adapters
and the primers are summarized in Supplemental Material,
Table S1.

To detect genomic differences between the female and
male offspring of DAQ X AJ, bulked segregant analysis
(BSA) through AFLP was carried out as described previously
(Pan et al. 2015). Nine female and nine male individuals
were used to make three respective pools, and a total of
256 EcoRI/Msel primer combinations were screened in the
six pools (male pools one, two, and three; and female pools
four, five, and six). Subsequently, a primer combination that
produced the sex-specific fragment in bulk segregant analysis
was further analyzed in individual screening using 15 female
offspring, 15 male offspring, maternal fish from strain DA,
and paternal fish from strain A. Finally, the sex-specific AFLP
fragment was cloned and sequenced.

Six randomly chosen EcoRl/Msel primer combinations, in-
cluding E4/M10, E9/M13, E9/M16, E11/M16, E15/M12,
and E13/M9, were used in AFLP analysis to evaluate the ge-
netic diversity in the offspring of DAQ X AG.

Genomic walking and PCR amplification

Genomic walking was conducted using the Genome Walker
Universal Kit (Clontech) as described previously (Dan et al.
2013), and the genomic DNA of a male in the offspring of
DAQ X AC was used as a template. Positive PCR products
were then purified by the QIAEX II Gel Extraction Kit (QIA-
GEN, Valencia, CA) and cloned into the PMD19-T vector
(Takara) for sequencing. Sequence assembly was performed
using DNAMAN software. Repetitive sequences were detected
through the Basic Local Alignment Search Tool by comparing
the male-specific sequence with itself, and the structure of a
transposable element was detected via LTR_FINDER (Xu and
Wang 2007). The male-specific sequence characterized ampli-
fied region (SCAR) marker was obtained by placing the primer
pair Cg-MSM-F and Cg-MSM-R in 25 nl of Taq DNA Polymer-
ase (Fermentas) reaction mix. PCR cycling conditions were as
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follows: 94° for 4 min; 35 cycles of 94° for 30 sec, 58° for
30 sec, and 72° for 30 sec; 72° for 10 min; and endless 4°.
The sequence of Cg-MSM-F was 5'-GCCACACTCACTTCTGTC
TACA-3'. The sequence of Cg-MSM-R was 5’-ACTGCCATC
TAACTCAGCCC-3'. FISH probe 1 was amplified by the primer
pair Cg-FISH-F1 and Cg-FISH-R1 in 50 pl of LA Taq (Takara)
reaction mix. PCR cycling conditions were as follows: 94° for
4 min; 35 cycles of 98° for 10 sec, and 68° for 8 min; 72°
for 10 min; and endless 4°. The sequence of Cg-FISH-F1 was
5'-TCAAAATTAGTGGGCACGGTTTGTTAAACAC-3'. The se-
quence of Cg-FISH-R1 was 5'-TAAAAACAAACAAATTGAGC
CACTCACATAG-3'. FISH probe 2 was amplified by the primer
pair Cg-FISH-F2 (5'-TAGTATTGGAGGCTCAAGGCAGGA
TCAGTG-3") and Cg-FISH-R2 (5'-ATCTAGTTAAACTGCCA
TCTAACTCAGCCC-3") in 50 pl of LATaq (Takara) reaction
mix. PCR cycling conditions were as follows: 94° for 4 min;
35 cycles of 98° for 10 sec, 65° for 5 min, and 72° for
10 min; and endless 4°. The positive PCR products were then
purified using the QIAEX II Gel Extraction Kit (QIAGEN) for
subsequent FISH analyses.

Chromosome preparation and FISH

Chromosome preparations were obtained through the
method of head-kidney cell-phytohemagglutinin culture
in vivo as described previously (Zhu et al. 2006). FISH anal-
ysis was performed according to the method described pre-
viously (Yi et al. 2003), with minor modifications. In brief,
purified fragments were labeled with Biotin-16-dUTP by
using the Biotin-Nick Translation Mix (Roche). The slide
with chromosome metaphase spreads was first treated at
65° for 2 hr and then exposed to RNase A solution at a final
concentration of 100 wg/ml in 2X SSC. The slide was dena-
tured in 70% deionized formamide/2X SSC for 3 min at
72°; dehydrated in a precooled 70, 90, and 100% ethanol
series for 5 min each; and lastly air-dried. A 60 wl hybrid-
ization mixture containing a 100 ng labeled probe, 50%
deionized formamide, 20% dextran sulfate, 0.5 wg/pl
sheared salmon sperm DNA, 0.1% SDS, and 2X SSC was
denatured in boiling water for 10 min and then put in ice
immediately. The denatured mixture was dropped on the slide
and covered with a coverslip. Next, hybridization was carried
out in a moist chamber at 37° for ~20 hr. The slide was washed
for 10 min in each of the following: 2X SSC, 2X SSC with 50%
formamide, and 0.1X SSC with 0.1% Tween 20. It was then
washed three times for 5 min each in 1X PBS at room
temperature. The probe with Biotin was first stained with
ExtraAvidin-Cy; antibody (Sigma Chemical, St. Louis, MO)
and the signal was amplified by orderly adding monoclonal
Biotin-conjugated anti-avidin antibody (Sigma Chemical) and
ExtraAvidin-Cy; antibody. Lastly, the slides were stained with
0.25 pg/ml DAPI in 1X PBS solution, and then the images
were observed and acquired under confocal microscopy
(NOL-LSM 710; Carl Zeiss, Thornwood, NY) as described (Li
et al. 2014b). The number of microchromosomes stained by
the FISH probe was relatively dispersed because of the high
chromosome numbers of gibel carp (Zhou and Gui 2002).

Thus, the number of microchromosomes in each tested fish
was obtained according to the most frequent number by count-
ing 100 metaphases.

DAPI staining of nuclear behavior in the fertilized eggs

The ovulated eggs of the female from strain DA in the gibel
carp were inseminated by sperm from strain A or from another
species, red common carp. The fertilized eggs were digested
by 0.25% trypsin to remove their shells and then incubated at
23° for cytological observation. The fertilized eggs of differ-
ent developmental stages were fixed with 4% paraformalde-
hyde in PBS at 4° overnight. After washing with PBS three
times, the nuclei were stained using DAPI, and the images
were acquired under confocal microscopy as described
(Wang et al. 2013; Li et al. 2014a).

Artificial sex reversal

A female was mated with a male in strain DA to produce male
offspring through sexual reproduction (Gui and Zhou 2010;
Zhang et al. 2015). The fish fry were fed with fairy shrimp
that had been placed in estradiol (Sigma Chemical) at a final
concentration of 20 pg/liter for 0.5 hr. The duration of treat-
ment lasted for 40 days from the hatching date, and then the
treated fry were maintained in an outdoor tank (5 m X
4 m X 1.5 m) with normal feed. After treatment with estra-
diol, some genotypic males were transformed into pheno-
typic females. The phenotypic sex of these fish was
distinguished based on whether they ovulated and released
eggs or produced sperm in the propagation season of the
following year, and the genotypic sex was detected by the
male-specific SCAR marker. Thus, the mature sex-reversed
physiological females with the male-specific marker (genetic
male but phenotypic female) were selected to establish gy-
nogenetic families with male offspring.

Data availability

The male-specific sequence in gibel carp (Cg-M-s) has been
submitted to GenBank with accession number KT260068.

Results
Isolation of a male-specific DNA sequence in gibel carp

We used a female from strain DA mating with a male from strain
A (DAQ X AJ) in gibel carp, and 19 males and 71 females
were observed in the offspring, for which the male ratio was
21.1%. To screen the genetic difference between females and
males, we employed an AFLP-based screening approach (Pan
et al. 2015) using 256 EcoRI/Msel primer combinations (Table
S1). All the primer combinations produced almost identical
AFLP patterns between pools of males (pools one, two, and
three) and pools of females (pools four, five, and six), except
the E15/M5 primer combination, which was able to be used
to produce a male-specific AFLP band (Figure 1A). The
male-specific fragment was present in 15 randomly-picked
male individuals and the paternal fish from strain A, whereas it
was absent in 15 randomly-picked female individuals and the

Microchromosomes and Sex Determination 1417


http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.185843/-/DC1/TableS1.pdf
http://www.genetics.org/lookup/suppl/doi:10.1534/genetics.115.185843/-/DC1/TableS1.pdf

Figure 1 Isolation of the male-specific genetic marker in gibel carp. (A) BSA of the male pools and female pools. Lines 1, 2, and 3 indicate male pools
(), while lines 4, 5, and 6 indicate female pools (?). Primer combinations from left to right are: E10/M16, E10/M15, E10/M14, E15/M7, E15/M6, and
E15/M5. The black box shows the differentially-amplified fragment between females and males. (B) Individual screening of 15 females and 15 males
using the primer combination of E15/M5. The arrow indicates the male-specific AFLP fragment. (C) PCR detection analysis of the male-specific SCAR
marker in the 19 randomly-picked males and the 19 randomly-picked females in the offspring, as well as of the parental individuals. @, female; &, male;

M@, maternal fish from strain DA; PJ, paternal fish from strain A.

maternal fish from strain DA (Figure 1B). Subsequently, the
male-specific AFLP fragment was cloned, and its flanking se-
quence was obtained via genomic walking. A male-specific
sequence with a total of 8335 bp was obtained, and a 515 bp
male-specific SCAR marker was converted from the sequence to
check its specificity for males (Figure 1C).

Extra microchromosomes in males are closely related to
male determination

A 7687-bp fragment of a male-specific sequence (Figure 5A)
was used as probe 1 to perform FISH detection on metaphases
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prepared from the offspring of DAQ X AJ. Interestingly,
some chromosomes were positively stained by the probe in
both metaphases from the females and males, but the num-
bers of positively stained chromosomes were different be-
tween females and males. There were generally 9 positive
chromosomes stained by the FISH probe in female meta-
phases (Figure 2A and Figure S1A), whereas there were
~12 in the male metaphases (Figure 2, B and C, and Figure
S1B). A total of three females (Figure 2D) and three males
(Figure 2E) in the offspring were examined for statistical
analysis, and the numbers of positive chromosomes were
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Figure 2 Discovery of extra microchromosomes in males via FISH analysis. (A) FISH analysis in metaphase of female 1. (B) FISH analysis in metaphase of
male 1. (C) FISH analysis in metaphase of male 3. (D) Statistical data of microchromosome number in females. (E) Statistical data of microchromosome
number in males. The number of microchromosomes is shown on the x-axis, and the percentage of total cells is shown on the y-axis. Three females and
three males in the offspring were used in statistical analysis, and a total of 100 metaphases were counted for each tested individual. (F) Morphological
comparisons of microchromosomes in (A-C). Extra microchromosomes in males are indicated in the white box. The probe was labeled with Biotin, and
red fluorescence was produced. All metaphase chromosomes were counterstained with DAPI and appeared blue.

moderately variable between male individuals (Figure S1B).
As shown in Figure 2, the red positive chromosomes stained
by the FISH probe appear to be smaller than the rest of the
chromosomes, no matter if they were from females or males;
thus, they are called microchromosomes. Six microchromo-
somes show slightly stronger FISH signals than the others
and exist identically in both females and males (Figure 2F).
In comparison with female metaphases, the male metaphases
have three or four extra microchromosomes with slightly
weaker FISH signals (Figure 2F), which indicates that the
extra microchromosomes are associated with male determi-
nation in gibel carp.

Moreover, we used DAPI staining to observe nuclear be-
havior in the fertilized eggs by different sperms. When the eggs
of maternal fish from strain DA were fertilized by the sperm
from strain A, several early nuclear events; including second
polar extrusion, sperm nucleus swelling, and fusing with the
female pronucleus (Figure 3A); were similar to the classical
nuclear events of sexual reproduction in bisexual fishes.
However, when the fertilized egg entered first mitosis, it un-
derwent an unusual hybrid-similar development behavior in

which the male pronucleus failed to integrate into the first
zygotic mitosis and became the divorced chromatin (Figure
3B). When the eggs of maternal fish from strain DA were
fertilized by the sperm from C. carpio, the typical process of
unisexual gynogenesis, in which the sperm nucleus remains
in a condensed status throughout the whole process, oc-
curred (Figure 3, C and D). The significant nuclear difference
also implies an association of hybrid-similar developmental
behavior and extra microchromosome occurrence in strain
DA eggs fertilized by strain A sperm.

Male incidence is associated with extra
microchromosome number of parents

In gibel carp, all-female offspring are easily produced by
unisexual gynogenesis in response to sperm from another
species, whereas males generally result from sexual repro-
duction in response to sperm from male gibel carp (Gui and
Zhou 2010; Zhang et al. 2015). To reveal the association
between microchromosomes and male incidence, we first
produced sex-reversed physiological females with a male-
specific marker from genetic males via estradiol treatment.

Microchromosomes and Sex Determination 1419
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Figure 3 DAPI-stained nuclear behavior in two eggs with different types
of development at 30 min and 42 min after fertilization. (A and B) Nuclear
behavior in hybrid-similar development eggs of a DA-strain female in-
seminated by strain A sperm. (C and D) Nuclear behavior in gynogenetic
eggs of a DA-strain female activated by C. carpio sperm. The thin arrow
indicates the sperm nucleus or male pronucleus. The thick arrow indicates
the female pronucleus. The arrowhead indicates the second polar body.
The corresponding time (min) after fertilization is shown in the right
corner.

Subsequently, these sex-reversed physiological females with
the male-specific marker [Q(+)] were used as maternal par-
ents, and the eggs of each maternal parent were inseminated
by the sperm of common carp (C. carpio) to establish gyno-
genetic families (Figure S2). In comparison with common
gynogenetic offspring, which consisted of all-female individ-
uals (Gui and Zhou 2010; Zhang et al. 2015), these gynoge-
netic families produced a high incidence of male individuals
(Figure S2).

The ratios of male occurrence were also found to be vari-
able and related to the number of microchromosomes in these
gynogenetic families. As shown in Figure 4, the first gynoge-
netic family, which comes from one sex-reversed physiologi-
cal female [Q(+) I] with 13 microchromosomes (Figure 4,
A and B, left panel), comprises ~81.9% males (113 males in
138 individuals) (Figure 4C, left panel); while the second
gynogenetic family, which is reproduced from the other sex-
reversed physiological female [@(+) II] with 11 microchro-
mosomes (Figure 4, A and B, right panel), contains ~51.6%
males (47 males in 91 individuals) (Figure 4C, right panel).
Additionally, all the examined males from the two gynoge-
netic families carry the male-specific marker, while the
marker is absent in all the examined females (Figure 4D).
Compared with normal genetic females with nine micro-
chromosomes (Figure 2, A and D), the Q(+) I should pos-
sess four extra microchromosomes, while the @(+)II has
only two extra microchromosomes. The meaning of this is
just that the more extra microchromosomes there are in the
maternal parent, the higher the male incidence in the gyno-
genetic offspring. Therefore, these results indicate that male
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incidence is closely associated with the number of extra
microchromosomes.

Moreover, we also examined three females and three males
in the offspring of the two gynogenetic families of @ (+)I and
Q(+)IL In the offspring of the gynogenetic family of @ (+)I,
the tested females had 9 microchromosomes, whereas the
tested males possessed 12-13 microchromosomes (Figure
S3A). In the offspring of the gynogenetic family of @ (+)II,
the examined females also had 9 microchromosomes, while
the examined males contained 11-12 microchromosomes
(Figure S3B). Again, the data further validate the male de-
termination role that the extra microchromosomes play in
males.

Detection of repetitive sequences in male-
specific sequence

Strong fluorescence appearance on almost whole microchro-
mosomes in both males and females (Figure 2) implicates the
existence of repetitive sequences in the isolated male-specific
sequence. As a result, three kinds of repetitive sequences
(Figure 5A) and a similar LTR retrotransposon sequence
without reverse transcriptase and integrase domains (Lerat
2010) (Figure 5B) were detected in this male-specific se-
quence. The first kind of repetitive sequence is 137 bp in
length; in it there are five intact repeats and four incomplete
repeats in the male-specific 8335 sequence (Figure 5, A and
C). The second kind of repetitive sequence is composed of
320 or 318 bp (Figure 5, A and D), and the third kind of
repetitive sequence contains 140 bp (Figure 5, A and E).
Besides its characterized repeats, such as target site repeats
(TSR), LTR, primer binding sites, and the polypurine tract
(PPT); significantly, the similar LTR retrotransposon se-
quence even includes two intact repeats of the first repetitive
sequence in each of the two LTRs (Figure 5B and Table S2).
Thus, these results indicate that that the microchromosomes
contain numerous repetitive sequences and transposable el-
ements, which display a common feature similar to neo-sex
chromosomes (Kaiser and Bachtrog 2010; Zhou et al. 2013;
Palacios-Gimenez et al. 2015). In addition, these extra micro-
chromosomes in males, which are closely related to male
determination, might evolve to sex chromosomes or provide
primary material for the origin of sex chromosomes in gibel
carp.

Discussion

For fishes with unisexual reproduction modes of gynogenesis
or hybridogenesis, the existence of rare males was noted in
Poecilia formosa (Hubbs et al. 1959; Lamatsch et al. 2010),
Squalius alburnoides (Sousa-Santos et al. 2007), Phoxinus
eos-neogaeus (Goddard and Dawley 1990), Cobitis sp.
(Vasil’ev et al. 2003), and Misgurnus anguillicaudatus (Itono
et al. 2006). In comparison with the minor proportion of males
in the above fishes, the gynogenetic gibel carp was observed
to have variable male incidences in natural habitats (Gui and
Zhou 2010), and an unusual high male incidence of up to 23%
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was even found in a northeast Asian river (Jiang et al. 2013).
Even though the evolutionary implications and mechanisms
had been discussed (Jiang et al. 2013), the genetic evidence
for why and how the lineages were able to produce variable
proportions of males was still undiscovered. In this study,
we isolated a male-specific sequence from the polyploid
gibel carp (Figure 1) and identified several extra microchro-
mosomes in males (Figure 2). Furthermore, these micro-
chromosomes, which resemble a common feature of sex
chromosomes (Figure 5), were revealed to play an important

role in male determination (Figure 2 and Figure 4) in gibel
carp.

Microchromosomes were also reported in other fishes and
most of these microchromosomes were considered to be
supernumerary chromosomes, which were suggested to have
an effect on the phenotype of host species, especially the sex
(Schartl et al. 1995; Noleto et al. 2012). In Chilomycterus
spinosus (Noleto et al. 2012) and one clone of P. formosa
(Lamatsch et al. 2000; Lamatsch et al. 2010), they were
revealed to be associated with male determination; whereas
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Figure 5 Repetitive sequence analysis in the male-specific sequence (Cg-M-s). (A) Schematic diagram of repetitive sequences in the male-specific
sequence (Cg-M-s). Arrows and arrowheads with the same color indicate repetitive sequences of similar sequences. The sites of primers including
Cg-MSM-F and Cg-MSM-R are marked by black arrows. The FISH probes are marked by black line arrows. The red arrow shows the position of the male-
specific sequence found in the AFLP analysis. (B) Schematic diagram of the predicted LTR retrotransposon sequence revealed by LTR_FINDER. Red boxes
indicate TSR. Gray boxes indicate LTR. Purple boxes indicate primer binding sites. Blue boxes indicate the PPT. The positions and sequences of the above
elements are given in Table S2. (C-E) The alignment of repetitive sequences is indicated by arrowheads or arrows with the same color. The similar
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in Sphoeroides spengleri, they were found to be related to
female determination (Noleto et al. 2012). Intriguingly, the
extra microchromosomes in male gibel carp are dispensable
for a normal life cycle, and their number and morphology
varies between individuals (Figure 2 and Figure S1). More-
over, these microchromosomes can be lost or accumulated
during their inheritance, as evidenced by the number of
microchromosomes in some offspring being different from
that of the maternal parents (Figure 4 and Figure S3). These
microchromosomes are autonomously independent from the
host genome, which makes the extra microchromosomes
in males resemble supernumerary chromosomes (Camacho
2005; Martis et al. 2012; Bauerly et al. 2014; Houben et al.
2014). Recently, the supernumerary chromosomes that
are restricted to females in a Lake Victoria cichlid species,
Lithochromis rubripinnis, have been revealed to have a func-
tional effect on female determination (Yoshida et al. 2010).
In contrast with the shown effect in cichlid fish, these extra
microchromosomes in males may play a role in male deter-
mination in gibel carp.

On the other hand, these extra microchromosomes might
be able to exude from the male pronucleus and incorporate
into the zygotic nucleus more easily than other chromosomes
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with a normal size during the hybrid-similar developmental
process (Figure 3, A and B). Also, this hybrid-similar devel-
opment (Figure 3, A and B) might be the stage of transition
from unisexual gynogenesis (Figure 3, C and D) to sexual
reproduction (Zhang et al. 2015), which might cause a
nearly-identical genotype in the offspring individuals (Figure
S4) except for a male-specific sequence (Figure 1). Thus,
these data further indicate that extra microchromosomes in
males are closely related to male determination in gibel carp,
even though their number is variable in different male
individuals.

As male requirement is a strong selective pressure for the
unisexual polyploid gibel carp, these microchromosomes with
arole in male determination may be selected and preserved.
These microchromosomes in males indeed display a common
feature similar to neo-sex chromosomes because they contain
numerous repetitive sequences and transposable elements
(Figure 5). In insects and fishes, the accumulation of repeti-
tive sequences has been revealed to be the initial stage of neo-
sex chromosome evolution (Zhou and Bachtrog 2012; Zhou
et al. 2013; Palacios-Gimenez et al. 2015), and the expansion
of repetitive sequence repeats can trigger heterochromatin
formation, restrict recombination, and lead to subsequent
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chromosomal rearrangements (Kaiser and Bachtrog 2010;
Zhou et al. 2013; Palacios-Gimenez et al. 2015). The current
data in polyploid gibel carp indicate that the extra microchro-
mosomes with repetitive sequences and transposable ele-
ments in males play a male determination role in gibel
carp, and they might evolve to sex chromosomes or provide
primary material for the origin of sex chromosomes during
the reproduction mode transition from unisexual gynogene-
sis to sexual reproduction (Zhang et al. 2015).

However, it is still unclear how these extra microchromo-
somes are related to male sex determination in gibel carp. One
explanation might be that the presence of extra microchro-
mosomes creates a genetic imbalance between males and
females and thereby leads to male development. Another
explanation might be that some extra microchromosomes
may contain a male-specific locus with a male determination
role. The second explanation seems to be more likely than the
first one, as the male-specific sequence has been identified
(Figure 1) and it is always related to male occurrence in gibel
carp (Figure 1 and Figure 4D). Unfortunately, we cannot yet
identify the male-specific extra microchromosomes using the
male-specific sequence (FISH probe 1). We even used the
nonrepetitive part of the male-specific sequence to design
another probe (FISH probe 2, Figure 5A) for FISH analysis,
but all of the microchromosomes were still stained by red
fluorescence (Figure S5), and the male-specific extra micro-
chromosomes could not be distinguished. The reasons might
derive from two characteristics. One might be that only a lower
genetic differentiation exists between this male-specific
sequence and the corresponding female-homologous se-
quence, as reported in other fish species (Dan et al., 2013;
Panetal., 2015). Another might be related to the LTR retro-
transposon sequence and various repetitive sequences (Fig-
ure 5): perhaps it is the complicated retrotransposon and
repetitive sequences and their accumulation (Estep et al.
2013) in the polyploid gibel carp, especially after two
rounds of polyploidy (Li et al., 2014b), that leads to the
difficulty in discrimination. Of course, our ongoing com-
plete genome sequencing will be of benefit in solving these
problems (Gui and Zhu 2012).
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Figure S2. Establishment of gynogenetic families containing males.

The offspring of sex reproduction were treated with estradiol for 40 days since hatch.
Some genotypic males with male-specific marker (J(+)) were reversed to phenotypic
females (2(+)). These sex-reversed physiological females with male-specific marker
(2(+)) produced males offspring via gynogenesis. @: female; J: male; (+): with

male-specific marker; (-): without male-specific marker; G: Generation.
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Figure S4. AFLP profiles between offspring and parental individuals in the family of
DAQ x Ad

20 randomly picked offspring and parental individuals were used for this analysis by
the primer combinations of E13/M9 (left) and E9/M13 (right). It is indicated that each
tested specimen in the offspring had an identical AFLP pattern with maternal fish
from strain DA, which has different patterns with paternal fish from strain A. M%:
maternal fish from strain DA; PJ': paternal fish from strain A; Offspring: 20 randomly

picked offspring individuals; bp: base pair.
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Figure S5. FISH analyses using FISH probe 2

(A) FISH analysis in metaphase of Female 1. (B) FISH analysis in metaphase of Male
1. (C) FISH analysis in metaphase of Female 2. (D) FISH analysis in metaphase of
Male 3.Male metaphase contains extra microchromosomes than female metaphase.
Probe 2 was labeled with Biotin and appeared red fluorescence. All metaphase

chromosomes were counterstained with DAPI and appeared as blue.



Table S1. AFLP adaptors and primers used in this study

EcoRI adaptor

Msel adaptor

EcoRI+1 primer

EcoRI+3 primers

Msel+1 primer

Msel+3 primers

5’-CTC GTA GAC TGCGTA CC-3’
3’-CAT CTG ACG CATGG TTAA-5’
5-GACG ATG AGTCCT GAG-3
3-TAC TCA GGA CTCAT-5
5-GACTGCGTACCAATTCA-3'

5'-GACTGCGTACCAATTCANN-3'

E1-AAC E5-ACC E9-AGA
E2-AAG E6-ACG E10-AGT
E3-ACA E7-AGC E11-ATC
E4-ACT E8-AGG E12-ATG

5-GATGAGTCCTGAGTAAC-3'
5-GATGAGTCCTGAGTAACNN-3'

M1-CAA MS5-CTA M9-CCA
M2-CAC M6-CTC M10-CCG
M3-CAG M7-CTG M11-CCT

M4-CAT MB8-CTT M12-CCC

E13-AAA
E14-AAT
E15-ATA
E16-ATT

M13-CGA
M14-CGT
M15-CGC
M16-CGG




Table S2. Elements of the predicted LTR retrotransposon structure

Element
5’LTR

3’LTR

TSR

PBS
PPT

Position
709 -1001

7022-7307

704 - 708,
7308 - 7312
1049-1070
6994-7008

Sequence
TGTAACTTTTCATGCAAAAGTGACCAATTCTGCCTAAAATGC
TCCCAGGGGCATGCATATGATGACACTAGCTGTTTTAAAGCA
TATCTAGCACAGGACAGCGTTTCTGAGAGAGAATAGCATATT
TCTAGTGGCAATGTAACTTTTCATGCAAAAGTGACCAATTCT
GCCTAAAATGCTCCCAGGAGCATGCATATGATGAAACTAGCT
GTTTTAAAGCATATCTAGCTCAGAACAGCATTTCTGAGTGAG
AATAGCATATTTCTAGTGGCAATGTAACTCAGAACTGGTCA
TGTAACTTTTCATGCAAAAGTGTCCAATTCTGCCTAAAATGC
TCCCAGGAGCATGCATATGATGAAACTAGCTGTTTTAAAGCA
TATCTACCACAGAACAGCGTTTCTGAGAGAGAATAGCATATT
TCTGGTGGCAATGTAACTTTTCATGCAAAAGTGACCAATTCT
GCCTAAAAAGCTCCCAGGAGCATGCATATGATGAAACTAGCT
GTTTTAAAGCATATCTAGCACAGAACAGCGTTTCTGAGTGAG
AATAGCATATTTCTAGTGGCAATGTAACTTTTCA

TGCAA

GGACTCTTCAAGATGATCCTTG
AGTGAGAATAGCATA
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