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A B S T R A C T

In distant hybridization of fishes, there is a low hatching rate of hybrid progenies. To further understand the
causes of low hatchability, in this article, cross-breeding between zebrafish (ZF) and crucian carp (CC) are
generated, in which the hatching rate of cross progenies (ZF♀� CC♂, ZC) is 35.67%, while that of reciprocal cross
progenies (CC♀� ZF♂, CZ) is about zero. The structures and SDS-PAGE protein pattern of egg envelopes in hybrid
early embryos are like their maternal fish, however, during the process of embryo development, some differences
are detected between the CZ and CC. The hatching enzyme gene 1 (he1) nucleotide sequences from ZF and CC
were 85.1% identity, while that of 99.6% identity was between the ZF and ZC, and 98.4% from CC and hybrid of
CZ. There are differences in predictive protein physicochemical properties of he1 between CZ and CC, but no
significant change in he1 mRNA levels during embryonic development. Our data furtherly verify that the char-
acteristics of egg envelope and hatching enzyme in hybrid progenies are inherited from maternal fish. Moreover,
there are obvious differences between CZ and maternal parent in both egg envelope and hatching enzyme during
embryonic development, which are considered to be related to its low hatching rate.
1. Introduction

Hybridization, or cross-breeding, is the result of combining the
qualities of two organisms of different breeds or species through sexual
reproduction. According to the parental genetic relationship, hybridiza-
tion can be categorized into two types, close hybridization and distant
hybridization. Breeding practices confirmed that the distant hybridiza-
tion, a cross between parents that differ by species or higher classifica-
tions, has a greater potential for breeding new groups and even new
species [1–7]. However, there is a low hatching rate in distant hybrid
progenies [2].

As an oviparous (egg-laying) animal, fish embryo develops within the
egg envelope. Kendall et al. [8] believed that the period from spawning to
hatching of fish should be an egg stage instead of using an embryonic
stage, due to there are aspects to do with the egg envelope besides em-
bryonic development. Egg envelope, a non-cellular envelope, is the
protective adventitia of embryos [9]. In fish, egg envelope has several
layers, usually the outer layer is thinner, and the inner layer is thicker
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[10–12]. After the embryo develops to a certain stage, it must be freed
from the envelope to further grow and develop, which is named hatching
[13]. If the envelope breaking is not timely, the growth and development
of the fish will be seriously disrupted, resulting in the decrease of
hatching rate and growth rate.

It is generally considered that egg envelope breaking is involved two
mechanisms, i.e., mechanical hatching and enzymatic hatching [14]. The
mechanical hatching of fish is mainly through the movement of embryos,
such as the flexion and extension of the embryo body [15]. The enzy-
matic hatching is the process of enzymatic choriolysis by hatching
enzyme, secreting from the gland cells [16,17]. But there reported that
embryos inhibited by exercise could still hatch [18]. Thus, it is generally
believed that enzymatic hatching plays a decisive role in the hatching
process of fish [18,19].

Crucian carp (Carassius auratus), a common omnivorous freshwater
fish in Eurasia, is an important economic aquaculture fish. By hybridi-
zation, some new breeds of aquaculture have been obtained, such as gibel
carp (Carassius auratus gibelio♀� Cyprinus carpio♂) [20], allotriploid
ater Fish, Hunan Normal University, Changsha, 410081, China.
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Fig. 1. Hybrid embryos of zebrafish (ZF) and crucian carp (CC). ZC was the
hybrids of cross-ZF (♀)� CC (♂), and CZ was the hybrids of reverse cross-CC
(♀)� ZF (♂). 1 to 5 were the embryos at the stages of blastula, gastrula, opti-
cal vesicle, eye pigmentation, and body pigmentation, respectively. The scale
bar of ZF and ZC¼ 0.2 mm, and scale bar of CC and CZ¼ 0.3 mm.
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crucian carp (Carassius auratus red var♀� allotetraploid Carassius
auratus♂) [21], and hefang crucian carp (Carassius auratus cuvieri Tem-
minck et Schlegel♀� Carassius auratus red var♂) [22]. However, the phe-
nomenon of low hatchability was still widespread in distant
hybridization [2]. Due to strong reproductive capacity, short sexual
maturity cycle, especially large-scale positive gene saturation mutation
and screening, zebrafish is one of the important model vertebrates in
revealing the molecular mechanism of embryonic and tissue organ
development, and yet establishing toxicological and aquatic breeding
models to study of environmental and agricultural problems. In this
study, we designed a cross-breeding between crucian carp (Carassius
auratus, 2n¼ 100, abbreviated as CC) and zebrafish (Barchydanio rerio
var, 2n¼ 50, abbreviated as ZF). Considering the critical effects of egg
envelope and hatching enzyme on embryo hatching, we investigated the
characteristics of egg envelope and hatching enzymes among parents and
their hybrid progenies, not only the crosses (Zebrafish♀� Crucian
carp♂), but also reciprocal crosses (Crucian carp♀� Zebrafish♂). The
results on the characteristics of egg envelope and hatching enzyme of
distant hybridization offspring may be helpful to distant hybridization
breeding.

2. Materials and methods

2.1. Ethics statement

Animal experimenters were licensed after attending a training course
on laboratory animals held by the Institute of Experimental Animals,
Hunan Province, China. Fish work was performed in strict accordance
with the recommendations in the Guidelines for the Care and Use of
Laboratory Animals of the National Advisory Committee for Laboratory
Animal Research in China and was approved by the Animal Care Com-
mittee of Hunan Normal University.
2.2. Fish

Zebrafish and crucian carp were maintained at the State Key Labo-
ratory of Developmental Biology of Freshwater Fish, College of Life
Sciences, Hunan Normal University. The fertilized zebrafish eggs and the
cross progenies (zebrafish♀� crucian carp♂, abbreviated as ZC) were
cultured in 28 �C water, however, the fertilized eggs of crucian carp (CC)
and the reciprocal cross progenies (crucian carp♀� zebrafish♂, abbre-
viated as CZ) were in 24 �C water.
2.3. Preparation of scanning electron microscope samples

Pieces of fresh envelopes were torn from different stage eggs by sharp
tweezer. For electron microscopy, the envelope pieces were fixed at 4 �C
in 2.5% glutaraldehyde solution for 2 h, then, treated by 1%OsO4 for 1 h.
After dehydration through an ethanol series, the specimens were treated
by the freeze dryer (Japan, JFD-310), sprayed with gold (JFC-1600,
Japan), then were examined by scanning electron microscope (JSM-
6360LV, Japan).
2.4. SDS-PAGE analysis of egg envelope proteins

Egg envelopes were collected separately from six different stage
embryos, e.g. blastula, gastrula, optical vesicle, muscle differentiation,
eye pigmentation, and body pigmentation. They were subsequently
digested in SDS-PAGE (dimensional sodium dodecyl sulfate-
polyacrylamide gel electrophoresis) sample loading buffer by boiling in
water, then, handled with the ultrasonic cell crusher. The SDS-PAGE,
10% (w/v) separating gel and 4% (w/v) stacking gel, was carried out
according to the procedures described by Laemmli [23]. After electro-
phoresis, the gel was stained with Coomassie Brilliant Blue G �250.
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2.5. RT-PCR

Total RNAs were extracted from eggs at different embryo stages (e.g.
gastrula, optical vesicle, muscle differentiation, eye pigmentation, and
body pigmentation) using Trizol Reagent (TaKaRa, Japan) following the
manufacturer's protocol. In the reverse transcription-linked polymerase
chain reaction (RT-PCR), β-actin primers were used as control to deter-
mine expression of the HE (hatching enzyme) gene, and the reaction was
performed for 30 cycles. All the primers used in this study were listed in
Table S1. Each experiment was repeated more than 3 times.
2.6. Molecular cloning of hatching enzyme CDS (coding sequence)

A reverse transcription linked polymerase chain reaction (RT-PCR)
cloning technique was used to clone the hatching enzyme cDNA from
crucian carp and hybrids. The RT-PCR was conducted with a kit (Invi-
trogen, USA) with 2 μg total RNA. The PCR was followed by 30 cycles of
94 �C for 30s, 50 �C for 30s, and 72 �C for 60s. The amplified products
were gel-purified and cloned into pMD18-T vector (TaKaRa, Japan), and
the obtained pMD18-HE-T plasmid was used for DNA sequencing.
2.7. Plasmid construction

The p-EGFP-N1 plasmid as vector backbone, digested with restriction
enzymes Nhe I and Hind III (Thermo, USA) and purified. The pMD-HE-
18-T plasmid contains the HE gene CDS, and digested with restriction
enzymes Nhe I and Hind III (Thermo, USA), after purification, the CDS
fragment of the HE gene was obtained. The p-EGFP-N1 backbone and HE
gene CDS fragment were ligated by T4 ligase (TaKaRa, Japan) to create
the new plasmid, hereafter referred to as p-HE-EGFP-N1.
2.8. Plasmid microinjection

The fertilized eggs of carassius auratus was predigested with 0.25%
trypsin solution for 3min, then were in a 1.5% agar plate containing
Holtfreter's solutions. The plasmid was diluted with DEPC (diethyl
pyrocarbonate) water to 80 ng/μl and placed on ice for further used. The
fertilized eggs were injected under the OLYMPUS microinjector (SZX-
ILLK200, Japan) before the first cleavage.



Table 1
Fertilization rate and hatching rate of Zebrafish (ZF), Crucian carp (CC), Zebra-
fish ♀� Crucian carp ♂ (ZC) and Crucian carp♀� Zebrafish♂ (CZ).

Group Fertilization, (%) Hathing, (%)

ZF 93.40% 97.80%
91.80% 97.16%
92.77% 95.55%

CC 84.62% 95.03%
88.49% 97.75%
91.56% 95.90%

ZC 92.56% 34.23%
94.55%% 36.77%
92.80% 36.00%

CZ 76.82% 0
80.71% 0
80.68% 0
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3. Results

3.1. Hybrid progenies of crucian carp and zebrafish with low hatchability

Crossings were performed by zebrafish (ZF) and crucian carp (CC)
Fig. 2. Comparative observation of the egg envelope structure of ZF and CC and their
egg envelope of crucian carp; egg envelope surface of ZF (E, F, G, H), CC (I, J, K, L)
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(Fig. 1). In the cross-ZC, which ZF was used as maternal parent and CC as
paternal fish, there existed 93.3% fertilization rate and 35.67% hatching
rate. By contrast, in the reverse cross-CZ, the fertilization rate of embryos
was decreased to 79.4%, and no one could hatch (Table 1).

3.2. Observation of egg envelopes in hybrid and parents

Egg envelopes of the ZF, CC and their hybrids were observed by
scanning electron microscopy. As shown in Fig. 2, the egg envelope of CC
was about 4.80 μm (Fig. 2A and B), which was thicker than the ZF (about
0.80 μm) (Fig. 2C and D). Lots of circular holes uniformly distributed in
the outer and near the outer layers of the egg envelope, but not existed in
the inner layer (Fig. 2). We also noticed that some ridges were on the
outer surface of egg envelope in CC (Fig. 2I), while no ridge in ZF
(Fig. 2E). As for the hybrid offspring, the structure of egg envelopes were
like their maternal fish (Figure 2M,N,Q,R).

We further observed the structure changes of egg envelope in the
process of embryonic development. It showed that the inner surface of
egg envelopes still maintained dense state in somatic pigment embryos of
ZF, CC and their hybrids (Fig. 2H,I,P,T). And no obvious different in outer
envelope were found between blastocyst and somatic pigmentation
hybrids by scanning electron microscopy. (A, B) Egg envelope of zebrafish; (C, D)
, ZC (M, N, O, P) and CZ (Q, R, S, T), respectively.



Fig. 3. SDS-PAGE patterns of egg envelope
from ZF (A), CC (B), ZC (C), and CZ (D). The
gel was stained with Coomassie Brilliant Blue
G. “M” refers to the molecular markers. Lane
1 to 5 refers to egg envelopes from eggs at
the stages of blastula, gastrula, optical
vesicle, eye pigmentation, and body
pigmentation, respectively. At the stage of
blastula, the protein band 1 (b1, red arrow),
band 2 (b2, green arrow) and band 3 (b3,
blue arrow) were three major bands in the
egg envelopes of CC and CZ, but only the b2
was high expression in the ZF and ZC.
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embryos in ZF, CC and hybrid ZC (Fig. 2G, K, O), except there existed
some deformations, such as the disappearance of ridges and irregular-
shaped of holes in the CZ (Fig. 2S).

3.3. SDS-PAGE analysis of egg envelope in hybrids and their parent

Proteins of egg envelope were further analyzed in the hybrids and
their parents by SDS-PAGE. As shown in Fig. 3, the SDS-PAGE patterns of
the proteins in egg envelopes were existed obvious contrast between the
ZF, CC (Fig. 3A and B). For example, at the stage of blastula, the protein
band 1 (b1), band 2 (b2) and band 3 (b3) were three major bands with
high expression levels in the egg envelopes of CC (Fig. 3B), but only the
b2 was high level in the ZF (Fig. 3A). The protein profile of egg envelopes
also changed in different stages of embryonic development (Fig. 3). In the
ZC, the envelop protein patterns of different development stages embryos
were similar to its maternal parent, not paternal parent (Fig. 3A, C).
However, there existed significant differences between CZ and its
maternal parent (CC) in the envelop protein patterns of different devel-
opment stages embryos, e.g. in comparing with blastula, the levels of b3
were decreased obviously in the CC at the stages of gastrula, and optical
vesicle, and eye pigmentation, however, in the CZ, there was litter
change of b3 level among those different stage embryos (Fig. 3B, D).

3.4. Analysis of hatching enzyme gene cDNA and its physicochemical
properties

In the ZF, two hatching enzyme homologues were reported, zhe1 and
zhe2, which zhe1 was mainly expressed in pre-hatching embryos [24].
According to the zh1 nucleotide sequence (GenBank No.
NM_001045174), two he1.1 oligo primers were designed (see Table S1)
to clone the CDS of hatching enzyme gene from CC and hybrids. The
hatching enzyme gene 1 (he1) CDS of CC was 786 bps coding for 261
amino acids (GenBank accession No. MH202659). As shown in Fig. 4A,
the he1 CDS nucleotide sequences from ZF and CC were 85.1% identity,
while that of 99.6% identity was between the ZF and ZC, and 98.4% from
CC and hybrid of CZ. Using ClustalW (https://www.genome.jp/tools-bin
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/clustalw), the sequence alignment analysis was shown that the amino
acid residues of he1 among hybrids and their parents, 57 were
non-conservative, with a mutation rate of 22% (Fig. 4B).

Using the Protparam tool (http://web.expasy.org/proparam/), the
protein physicochemical properties of he1 in hybrids and their parents
were analyzed. The relative molecular weight of he1 in ZF and hybrid ZC
were all 29448.44, their theoretical PI value was 6.52, and molecular
formula was C1309H2057N359O396S9. In the CC and hybrid CZ, the he1's
relative molecular weights, theoretical PI values and their molecular
formulas were 29686.40 and 299771.33, 6.31 and 6.17,
C1303H2031N367O404S12 and C1301H2022N372O407S12, respectively.
3.5. Expression characteristics of hatching enzyme gene in hybrids and
parents

According to the ZF genome project, three orthologues were clustered
in the genome, named he1a, he1b and he2 [25]. To understand the
expression characteristic of hatching enzyme gene in the distant hy-
bridization offspring, we further analyzed the expression of three
hatching enzyme genes (he1a, he1b and he2) at different development
stages of embryo. All the primers used in this study were listed in
Table S1. In ZF and the ZC, he1a and he1b genes were high expression in
the embryos of muscle differentiation stage, then, were reduced signifi-
cantly before hatching (Fig. 5A, C). However, in CC and the CZ, the
expression levels of he1a and he1b gene were increased from gastrula to
pre-hatching stages (Fig. 5B, D). We noted that the he2 gene was only
expressed in the ZF and ZC from optical vesicle stage to eye pigmentation
stage embryo, but not expressed in embryos of the CC and CZ (Fig. 5).

To further identify the expression characteristics of he1 gene, we
constructed a vector named p-HE-EGFP-N1 plasmid, and the expression
of he1 was enhanced by CMV promoter (Fig. 6A). As shown in Fig. 6C,
EGFP was appeared obviously at the neuro-embryo stage, then, were
increased gradually with embryo's development. After hatching, the
fluorescence could be seen in the ventral yolk of the fry (Fig. 6F,K). These
expression characteristics of he1 gene in CC were consistent with reports
in other fish species [26,27].

https://www.genome.jp/tools-bin/clustalw
https://www.genome.jp/tools-bin/clustalw
http://web.expasy.org/proparam/


Fig. 4. Multiple nucleotide sequence (A) and amino acid sequence alignment (B). Comparison of the CDS nucleotide sequences and amino acid sequences he1 gene of
ZF, CC, ZC, and CZ. Sequence alignment of hatching enzyme protein using the ClustalW, each color represents a class of amino acid residues with similar structure
and function.

Fig. 5. RNA expression patterns of hatching enzyme gene from ZF (A), CC (B), ZC (C), and CZ (D). Lane 1 to 5 refers to embryos at the stages of gastrula, optical
vesicle, muscle differentiation, eye pigmentation, and body pigmentation.
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4. Discussion

In this study, cross-breeding between zebrafish (ZF) and crucian carp
(CC) were generated with low hatchability, in especial in hybrid proge-
nies from Crucian carp♀� Zebrafish♂(Fig. 1). Our results showed that
the characteristics of egg envelope in hybrid progenies were inherited
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from maternal fish, while there were obvious differences in predictive
protein physicochemical properties of he1 between the CZ and CC.
During the process of embryo development, we also founded some
obvious differences between the CZ and CC, not only in the structures and
SDS-PAGE protein pattern of egg envelopes, but also he1 mRNA levels
(Figs. 2, 3 and 5). Hatching enzyme, secreted by hatching gland cells, is



Fig. 6. Expression of EGFP-labeled hatching enzyme in different stage embryo of CC. (A) showed the construct of p-HE-EGFP-N1 plasmid. Embryos were observed at
the stages of neurula (C,H), optical vesicle (D,I), body pigmentation (E, J), and hatched fry (F,K). (B, G) showed the control group at stage of somite. The
scale bar¼ 0.3mm.
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one of proteolytic enzymes determining embryo hatching [36-41]. In
medaka, it has reported that two kinds of hatching enzyme have been
identified, named the high choriolytic enzyme (HCE) and low choriolytic
enzyme (LCE) [43,44]. The HCE can swell the egg envelope by its pro-
teolytic action [43,45], while the LCE effectively digest the swollen inner
layer of egg envelope under pretreatment of HCE. Therefore, during the
hatching, the egg envelope inner layer effectively digest by the cooper-
ation of HCE and LCE [46]. Two hatching enzyme homologues, ZHE1 and
ZHE2, were reported in the zebrafish, which ZHE1 was identified as an
ancestral hatching enzyme [24,42]. In our data, RT-PCR analysis was
revealed that he1a and he1b were highly expressed in embryos of ZF, CC,
and hybrids. The he2 was rarely expressed in pre-hatching embryos, but
was expressed in CC embryos at stage of muscle differentiation, and in CZ
embryos at stages of optical vesicle, muscle differentiation, and eye
86
pigmentation (Fig. 5). It is considered that the hatching of zebrafish
embryo was performed by a single enzyme [24]. Therefore, the biological
function of HE2 needs further study.

Furthermore, fish egg envelope is the outer proteinaceous layer of fish
[28]. Themorphological structure of egg envelope could be not only used
to distinguish fish family or genus [29,30], but also directly related to the
stability of the environment within the embryonic development, such as
protecting or fixing the embryo body [31], material and even gas
exchanging can be carried out in the pores on the surface of the egg
envelope [32,33], and participating in the fertilization process [34]. Our
previous report also showed that egg envelopes of CC had strong ability
to block Cd and could protect embryos from Cd stress damage [35]. In
this study, there were obvious differences between ZF and CC in the
characteristics of egg envelope (Figs. 2 and 3). We noticed that the inner
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egg envelope maintained a dense structure, which is considered to
maximize the stability of the internal environment of embryo and could
ensure embryo safety. Our results also showed that there existed obvious
differences in the outer surface structure of egg envelope between CC and
ZF (Fig. 2). We considered that the non-smooth outer surface of egg
envelope might be related to the characteristics of adhesive egg in CC,
while the smooth surface of ZF egg envelope adapts to its non-adhesive
egg.

In summary, in this study, we furtherly demonstrated that the egg
envelope and hatching enzyme in hybrid progenies were inherited from
the maternal fish, and thought that the low hatchability of CC♀� ZF♂
might be due to the changes of he1 gene expression levels and its protein
physicochemical properties in cross progenies. These results provide in-
sights for further establishing the strategies of distant hybridization
breeding.
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