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A B S T R A C T

Interploid cross is regularly observed in plants and often results in phenotypic changes, including reduced fertility
and heterosis. Yet few triploids have been observed in animals due to the rare coexistence of diploid and allo-
tetraploid populations in species. However, heterosis in growth traits and innate immunity have been detected in
the allotriploids obtained from interploid crossing of the male allotetraploids of red crucian carp and common
carp (4nAT) with the females of their inbred parents. Here, we obtained two new types of allotriploids (3nR2C and
3nRC2) by the interploid crossing of female 4nAT with the inbred parents (red crucian carp and common carp,
respectively). The embryos of the two allotriploids developed normally through the zygote, cleavage, blastula,
gastrula, segmentation and hatching stages, and high fertilization rates (3nR2C: 91.31%, 3nRC2: 84.09%) and
hatching rates (3nR2C: 72.96%, 3nRC2: 71.15%) were observed. The measured DNA content and chromosome
numbers suggested that both 3nR2C and 3nRC2 were allotriploids with 150 chromosomes. Intermediate char-
acteristics of some morphological traits, such as the body length to body height ratio (BL/BH), were observed in
3nR2C and 3nRC2. In contrast to the stage II oocytes in the ovaries of the inbred parents, cystic structures formed
by small, underdeveloped oogonia were observed in the two allotriploids. In contrast to the observation of mature
spermatids in the testes of the inbred parents, spermatids with irregular shapes that began to degrade and
disintegrate were observed in the two allotriploids. These results revealed abnormal gonad development in the
allotriploids. Taken together, our results indicate that the two new allotriploids will be significant in aquaculture.
1. Introduction

Hybridization is a genetic breeding technology for effectively
obtaining varieties with hybrid vigour in aquaculture [1]. Examples of
heterosis achieved via hybridization include the reduction of inter-
muscular bone counts in a Culter hybrid compared with Culter alburnus
and strong innate immunity detected in hybrid populations [2,3]. All of
these improved varieties not only meet consumer demands but are also
beneficial to economic efficiency [4]. Many investigators have explored
the genetic basis of heterosis at the genomic, epigenomic, and tran-
scriptional levels [5–7]. Many relevant experiments have also been
conducted to obtain improved varieties, such as reciprocal intergeneric
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hybrid lineages ofMegalobrama amblycephala and Culter alburnus and the
hybrid progenies of Ctenopharyngodon idellus (female) � Erythroculter
ilishaeformis (male) [8,9]. Diploid and tetraploid fish populations have
been obtained via hybridization, providing valuable germplasm re-
sources for genetic breeding [10].

Heterosis has often been studied in triploid plants but has rarely been
studied in fish [11,12]. Sterile fish in natural waters do not damage the
ecological environment. One study on the ovaries and testes of allo-
triploids showed that they could not produce mature eggs and sperm
[13]. Other studies using cytogenetic and molecular methods confirmed
that pachytene arrest occurred in the oocytes of allotriploid fish [14]. The
growth rate of the triploids was faster than that of their parents [15,16].
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Fig. 1. Crossing procedure and appearance of two allotriploids. (A)–(C) Parents of the two allotriploids. (D) Hybrid of 4nAT (female) � RR (male). (E) Hybrid of 4nAT
(female) � CC (male). Bar ¼ 3 cm.
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However, the slow gonadal development of the triploids suggests that a
portion of the energy originally allocated to gonadal development may be
transferred to the growth system in these individuals, leading to a faster
growth rate [17]. Under induction by physical and chemical treatments,
only low survival of triploids can be achieved because of damage to
fertilized eggs [18]. However, hybridization is an efficient method for
obtaining triploids through the interploid crossing of tetraploids and
diploids [1,19].

Both red crucian carp (RR) and common carp (CC) [20,21], belonging
to the Cyprinidae family, are important common aquaculture species in
China. In a previous study, an allotetraploid population derived from the
intergeneric crossing of RR (female) with CC (male) was proven to show
bisexual fertility [22]. There are some types of triploid fish generated by
crossing the male allotetraploid with female diploids, including white
crucian carp [17], CC [23], and RR [24]. In this study, we obtained two
allotriploids derived from the interploid crossing of allotetraploid hy-
brids (4nAT, female) with the inbred parents (RR and CC). We investi-
gated some biological characteristics of the two allotriploids, including
their embryonic development, DNA content, chromosome numbers,
morphological traits, gonadal development and mitochondrial genome.
The two allotriploids may become new varieties used in aquaculture and
could provide models for research on the mechanism of heterosis.

2. Material and methods

2.1. Ethics statement

All experiments conducted in this study were approved by the Animal
Care Committee of Hunan Normal University and followed the stated
guidelines of the Administration of Affairs Concerning Animal Experi-
mentation of China and ARRIVE. Fish collection and crossing were
approved by the Animal Care Committee and Protection Station of
Polyploidy Fish of Hunan Normal University (approval ID: 03/2018). The
fish were deeply anaesthetized with 100 mg/L MS-222 (Sigma-Aldrich,
St.LOUIS, MO, USA) prior to dissection.
2.2. Animals and cross breeding

All the RR, CC, and 4nAT individuals referenced in this study were
raised in the Engineering Research Center of Polyploid Fish Breeding
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and Reproduction of the State Education Ministry at Hunan Normal
University. Mature parent fish were selected during the breeding
season (from March to May). The interploid crosses were performed in
two groups. In one group (3nR2C), 4nAT and RR were used as the
female and male parents, respectively. In the other group (3nRC2), the
male parent was changed to CC. Embryos were produced by artificial
fertilization and developed in culture dishes at a water temperature of
18–20 �C. Six culture dishes for each group were selected at random
for continuous observation of embryonic development and photo-
graphed with a Pixera Pro 600 ES digital camera (Nikon, Japan). In
each group, approximately 2000 embryos were randomly chosen to
examine the fertilization rate (number of embryos at the blastula
stage/total number of eggs � 100%) and hatching rate (number of
hatched fry/number of eggs � 100%). The hatched fry were trans-
ferred to a pond for further culture.
2.3. Measurement of DNA content and preparation of chromosome spreads

Peripheral blood samples of RR, CC, 4nAT, 3nR2C and 3nRC2 were
collected to measure the DNA content using a flow cytometer (Cell
Counter Analyser, Partec, Germany). All blood samples were processed
according to the method described in a published paper [25]. Each
sample was measured under the same conditions. To examine the devi-
ation in the ratios of the DNA content of the hybrids to the sum of con-
tents of the parents, we employed the χ2 test with Yate's correction.

Kidney tissues were used to detect chromosome number in RR, CC,
4nAT, 3nR2C and 3nRC2. The applied method followed that found in a
published paper [26] withminor modifications. After culturing for two to
three days at 20–22 �C, the samples were injected one to three times with
phytohemagglutinin (PHA) at a dose of 6–15 μg/g body weight at an
interval of 12–24 h. Two to three hours prior to dissection, each sample
was injected with colchicine at a dose of 4–6 μg/g body weight. The
kidney tissue was ground in 0.9% NaCl and subjected to hypotonic
treatment with 0.075 M KCl at 37 �C for 40–60 min and then fixed three
times in 3:1 methanol-acetic acid. The cells were added dropwise to cold,
wet microslides and stained with 4% Giemsa stain for 40–60 min.
Chromosome shapes and numbers were assessed under a light micro-
scope. One hundredmetaphase spreads (10 spreads per sample) in 3nR2C
and 3nRC2 were examined. Thirty metaphase spreads in the parents were
examined.



Fig. 2. Early embryonic development of 3nRC2. (A) Zygote of 3nRC2. (B)–(C) Cleavage stage. (D)–(F) Blastula stage. (G)–(I) Gastrula stage. (J) Segmentation stage.
(K)–(L) Pharyngula stage. (M) Fry of 3nRC2. Bar ¼ 0.1 mm.

Table 1
Fertilization rate and hatching rate.

Hybridization groups Fertilization rate (%) Hatch rate (%)

3nR2C 91.31% 72.96%
3nRC2 84.09% 71.15%
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2.4. Measurement of morphological traits and body weight

Thirty 3nR2C and thirty 3nRC2 individuals at one year of age were
randomly selected for the study of morphological traits. Quantitative
characteristics of the scales and fins, including the numbers of lateral
scales, upper lateral scales, lower lateral scales, dorsal fins, abdominal
fins and anal fins of each fish, were recorded. The recorded quantitative
characteristics of appearance included whole length (WL), body length
24
(BL), body height (BH), head length (HL), head height (HH), caudal
peduncle length (CPL) and caudal peduncle height (CPH). Moreover, we
translated the measurable data into proportional data to more clearly
represent the morphological traits. SPSS Statistics 17.0 (IBM Corp., NY,
USA) was used to perform ANOVA and pairwise comparisons of the data.
After feeding for eight months, the body weights of the two allotriploids
and their inbreed parents (RR and CC) were measured (n ¼ 30).
2.5. Observation of gonadal structure

Twenty individuals of 3nR2C and 3nRC2 were randomly sampled at
the age of eight months for the examination of gonad development by
histological sectioning. The gonad samples, including three ovarian and
testis samples of RR and CC, were selected as controls. The gonads were
fixed in Bouin's solution, embedded in paraffin, sectioned and stained



Fig. 3. Cytometric histogram of DNA fluorescence for RR, CC, 4nAT, 3nR2C and 3nRC2. (A) Mean DNA content of RR (peak 1: 99.97). (B) Mean DNA content of CC
(peak 1: 100.31). (C) Mean DNA content of 4nAT (peak 1: 206.35). (D) Mean DNA content of 3nR2C (peak 1: 150.99). (E) Mean DNA content of 3nRC2 (peak
1: 154.07).

Table 2
Mean DNA content of RR, CC, 4nAT, 3nR2C and 3nRC2.

Fish type DNA content Ratio

Observed Expected

RR 99.97
CC 100.31
4nAT 206.35
3nR2C 150.99 (4nAT þ RR)/3nR2C ¼ 2.02a 2
3nRC2 154.07 (4nAT þ CC)/3nRC2 ¼ 1.99a 2

a The observed ratio is not significantly different (p > 0.05) from the expected
ratio.

Fig. 4. Metaphase chromosome spreads of 3nR2C and 3nRC2. (A) Metaphase chromosome spreads of 3nR2C (3n ¼ 150). (B) Metaphase chromosome spreads of 3nRC2

(3n ¼ 150). Bar ¼ 3 μm.

Table 3
Chromosome numbers of RR, CC, 4nAT, 3nR2C and 3nRC2.

Fish type Distribution of chromosome numbers

No. of metaphase <100a 100 <150a 150 <200a 200

RR 30 4 26
CC 30 7 23
4nAT 30 6 24
3nR2C 100 16 84
3nRC2 100 11 89

a The chromosome number is less than what they should be, owning to the loss
of chromosomes in the procedure of chromosome preparation.
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Table 4
Quantitative characters of the scales and fins of RR, CC, 4nAT, 3nR2C and 3nRC2.

Fish
type

Lateral
scales

Upper
lateral
scales

Lower
lateral
scales

Dorsal
fins

Abdominal
fins

Anal
fins

RR 28–30 6 6 IIIþ18-
20

8–9 IIIþ7

CC 35–38 5–6 5–6 IIIþ17-
19

8–9 IIIþ6-
7

4nAT 30–32 5–6 6–7 IIIþ18-
19

8–9 IIIþ6-
7

3nR2C 28–32 6 6 IIIþ16-
18

9–10 IIIþ7

3nRC2 28–34 6 6 IIIþ17-
21

8–9 IIIþ7

Table 5
Quantitative characters of the appearance of RR, CC, 4nAT, 3nR2C and 3nRC2.

Fish
type

WL/BL BL/BH BL/HL HL/HH CPL/
CPH

HH/
CPH

RR 1.23 �
0.02

2.20 �
0.16

3.72 �
0.27

1.18 �
0.04

0.79 �
0.02

1.60 �
0.04

CC 1.22 �
0.07

2.94 �
0.01

4.10 �
0.02

1.23 �
0.07

1.15 �
0.10

1.86 �
0.02

4nAT 1.15 �
0.01

2.77 �
0.01

4.20 �
0.01

0.93 �
0.03

1.05 �
0.02

1.79 �
0.03

3nR2C 1.24 �
0.09

2.41 �
0.17

3.34 �
0.08

1.23 �
0.06

1.11 �
0.09

1.65 �
0.07

3nRC2 1.29 �
0.03

2.54 �
0.08

3.43 �
0.21

1.16 �
0.14

0.99 �
0.18

1.85 �
0.29

Whole length to body length ratio (WL/BL), body length to body height ratio
(BL/BH), body length to head length ratio (BL/HL), head length to head height
ratio (HL/HH), caudal peduncle length to caudal peduncle height ratio (CPL/
CPH), and head height to caudal peduncle height ratio (HH/CPH).
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with haematoxylin and eosin. Gonadal structures were observed and
photographed with a Pixera Pro 600 ES digital camera (Nikon, Japan).

2.6. Genomic DNA extraction, PCR and sequencing

Total genomic DNA was extracted from the peripheral blood cells of
3nR2C and 3nRC2 fish using a Universal Genomic Blood DNA Extraction
kit (TaKaRa, Dalian, China). Twenty-two pairs of primers were synthe-
sized to amplify the mitochondrial DNA (mtDNA) by polymerase chain
reaction (PCR) [27,28]. The PCR products were separated on a 1.2%
agarose gel using TBE buffer. The targeted fragments were purified using
a gel extraction kit (Sangon, Shanghai, China) and ligated into the
pMD18-T vector (TaKaRa, Dalian, China). The plasmids were trans-
formed into E.coli DH5α cells and purified. The targeted fragments
inserted into the pMD18-T vector were sequenced with an automated
DNA sequencer (ABI PRISM 3730). All sequences were analysed using
the BLAST, Clustal W (http://www.ebi.ac.uk/) and MEGA 4.0 programs
to determine identity.

3. Results

3.1. Embryonic development, fertilization rate and hatching rate

The two allotriploids (3nR2C and 3nRC2) were obtained via the
interploid crossing of 4nAT females with their inbred parents (RR and
CC) (Fig. 1D and E). The embryonic development of the two allotriploids
was observed from the zygote to hatching stages (Fig. 2 and Supple-
mentary Fig. S1) [29]. We observed that each stage of embryonic
development took more time in the two allotriploids than in RR (Sup-
plementary Table S1). Higher fertilization and hatching rates were
detected in 3nR2C than in 3nRC2 (Table 1).
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3.2. Detection DNA content and chromosome numbers

To determine the ploidy level of the two allotriploids, the measure-
ment of erythrocyte DNA content and chromosome spread preparation
were performed in RR, CC, 4nAT, 3nR2C and 3nRC2 (one year old)
(Fig. 3). The DNA content of 3nR2C was equal to the sum of that of RR
and half of that of 4nAT, while the DNA content of 3nRC2 was equal to
the sum of that of CC and half of that of 4nAT (p > 0.05) (Table 2).
Additionally, a chromosome number of 150 was observed in both 3nR2C
and 3nRC2 based on the results of the analysis of metaphase spreads
(Fig. 4 and Table 3).

3.3. Detection of morphological traits and growth traits

The appearances of 3nR2C and 3nRC2 are shown in Fig. 1. Red or steel
grey coloration was observed on the bodies of RR and CC, respectively.
However, the two allotriploids both showed steel grey coloration.
Additionally, RR and CC showed no barbels or two pairs of barbels,
respectively. Interestingly, 3nR2C and 3nRC2 also showed no barbels or
two pairs of barbels, respectively. We observed hybrid phenotypes (in-
termediate types between RR and CC) of some quantitative traits,
including scales, fins, and body length to body height ratio, in 3nR2C and
3nRC2 (Table 4 and Table 5). Mean body weights of four types of fish are
shown in Fig. S2. The mean body weight of the two hybrids is bigger than
their inbred parents.

3.4. Fertility detection of the two triploids

The observation of histological sections (obtained at eight months of
age) showed that the ovaries of RR and CC developed normally and were
mainly composed of oocytes at stage II (Fig. 5A and B). However, the
ovaries of 3nR2C and 3nRC2 were occupied by small volume of under-
developed oogonias, which were usually grouped together to form cystic
structures. Among these small cells, there were some primary oocytes in
which no mature eggs were observed (Fig. 5C–F). The observation of
histological sections (eight months of age) further showed that the testes
of RR and CC were full of mature spermatids (Fig. 6A–B, 6E-F). The testes
of 3nR2C and 3nRC2 were mainly composed of seminiferous tubules,
some of which contained spermatids, but the spermatids showed irreg-
ular shapes. They were not clear and began to degrade and disintegrate.
Mature spermatids could not be observed (Fig. 6C–D, 6G-H). These re-
sults revealed that the gonads of 3nR2C and 3nRC2 fish developed
abnormally.

3.5. Sequence analysis of mitochondrial genome

The complete mtDNA sequences of the two allotriploids were ob-
tained through Sanger sequencing. The mtDNA sequences of 3nR2C and
3nRC2 were both circular molecules of 16,580 bp and contained one
noncoding control region (D-loop), 22 transfer RNA (tRNA) genes, two
ribosomal RNA (rRNA) genes and 13 protein-coding genes (Supple-
mentary Table S2). The nucleotide sequence alignment of the mito-
chondrial genes were compared between the inbred parents and the two
allotriploids (Supplementary Table S3). Similarity rate of mtDNA se-
quences was higher in the comparsion of 3nRC2 vs. maternal 4nAT
(99.5%) than 3nRC2 vs. paternal CC comparsion (89.8%). Similarity rate
of mtDNA sequences was similar between 3nR2C and its parents (99.4%
and 99.6%). Moreover, mitochondrial protein-coding genes were ana-
lysed between the hybrids and the inbred parents (Table 6). These results
suggest that maternal inheritance was detectable in the mtDNA of the
two allotriploids.

4. Discussion

An intergeneric cross between RR (female) and CC (male) was per-
formed to establish an allotetraploid population [22]. The two previously

http://www.ebi.ac.uk/


Fig. 5. Ovary microstructure of RR, CC, 3nR2C and 3nRC2. (A) Histological section of the ovary of RR. Bar ¼ 60 μm. (B) Histological section of the ovary of CC. Bar ¼
60 μm. (C) Histological section of the ovary of 3nR2C. Bar ¼ 60 μm. (D) Histological section of the ovary of 3nRC2. Bar ¼ 60 μm. (E) Further magnified view of (C). Bar
¼ 30 μm. (F) Further magnified view of (D). Bar ¼ 30 μm.
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existing types of allotriploids were obtained from two crosses: 1) RR
(female) x 4nAT (male) and 2) CC (female) x 4nAT (male) [30]. The
characteristics of fast growth and strong innate immunity have been
beneficial in commercial fish breeding for many years. In our studies, we
obtained two new types of allotriploids: 1) 4nAT (female) x RR (male)
and 2) 4nAT (female) x CC (male). Our goal is to obtain commercial fish
with heterosis. Our next work will focus on the growth traits and innate
immunity of the two allotriploids.

The distinct types of mitochondrial and nuclear genomes present in
the four types of allotriploids provide us with an excellent model for
investigating interactions between the mitochondrial and nuclear ge-
nomes, which are conserved from yeast to mammalian cells [31]. Addi-
tionally, the R (originally from RR) and C (originally from CC)
subgenomes were detected in 4nAT. Our most recent studies identified
genomic variations (e.g., homoeologous recombination) in these sub-
geneomes [22]. One set of the R and C subgenomes found in 4nAT was
inherited in all four types of allotriploids, while the R or C subgenome
with no homoeologous recombination was obtained from RR or CC,
respectively. The various genotypes and phenotypes obtained from the
above breeding strategies will be useful for further studies on interactions
between the mitochondrial and nuclear genomes.

Nucleo-cytoplasmic incompatibility is an interesting phenomenon
[32]. Different traits of embryonic development, including the timing of
27
embryonic development, and fertilization and hatching rates, were
observed in the allotriploids and their inbred parents. Comparative an-
alyses of expression regulation in these fish also provided us with an
excellent basis for future work.

The two subgenomes originating from two species (100 chromosomes
originating from RR and 50 ones originating from CC in 3nR2C, 50
chromosomes originating from RR and 100 ones originating from CC in
3nRC2) were the key causes of sterility for the two allotriploids (Figs. 5
and 6). A recent study reported that abnormal meiosis at metaphase I was
the potential cause of abnormal testicular development for an allotriploid
of Carassius auratus � Cyprinus carpio [33]. However, a fertile triploid
Carassius auratus (chromosome number: 150) in natural water exhibited
sexual and gynogenetic reproduction modes [34].

A reduced expression of fertility-related genes (e.g. cyp11c1, esr2b,
krt18b, napsa, prkacba) and increased expression of activin βA and βB in
allotriploid of Carassius auratus � Cyprinus carpio may exert a key role in
aberrant ovarian development and lead to female sterility [35,36]. The
hub miRNAs (e.g. let-7a, miR-100, miR-122) play roles in endocrine
secretion and gamete maturation and may lead to the sterility of the
allotriploid of Carassius auratus � Cyprinus carpio [37]. These results
provide valuable evidences to investigate gonad development and ste-
rility in allotriploids.



Fig. 6. Testis microstructure of RR, CC, 3nR2C and 3nRC2. (A) Histological section of the testis of RR. Bar ¼ 30 μm. (B) Histological section of the testis of CC. Bar ¼
30 μm. (C) Histological section of the testis of 3nR2C. Bar ¼ 30 μm. (D) Histological section of the testis of 3nRC2. Bar ¼ 30 μm. (E) Further magnified view of (A). Bar
¼ 12 μm. (F) Further magnified view of (B). Bar ¼ 12 μm. (G) Further magnified view of (C). Bar ¼ 12 μm. (H) Further magnified view of (D). Bar ¼ 12 μm.
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Table 6
Amino acid sequence alignment of 13mitochondrial protein-coding genes among
4nAT, 3nR2C and 3nRC2.

Region 3nR2C vs. 4nAT
(%)

3nRC2 vs. 4nAT
(%)

3nR2C vs. 3nRC2

(%)

Complete
genes

99.2 99.5 99.7

ND1 100 100 100
ND2 98.5 98.5 100
COX I 99.8 100 99.8
COX II 100 100 100
ATP8 100 100 100
ATP6 100 100 100
COX III 100 100 100
ND3 100 100 100
ND4L 100 100 100
ND4 100 100 100
ND5 99.4 99.8 99.6
ND6 95.5 95.5 100
Cytb 99.4 100 99.4
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