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Focusing on adaptation of aquatic organisms, especially fish, can help elucidate complex dynamics in freshwater ecology. The
differences in genetic and epigenetic regulation between diploid and triploid Carassius auratus affect survival under eu-
trophication. To identify the underlying mechanisms that lead to better adaption of triploids than diploids, we compared mRNA
and microRNA (miRNA) expressions in liver tissue of diploid and triploid individuals obtained from the Dongting lake water
system in central China. Differential expression analysis revealed that 566 transcripts were significantly up-regulated, whereas
758 were down-regulated in triploids; of these differentially expressed transcripts, 33 transcripts including cacna1d, nfkb2, hspa1
and fgfr4 were involved in the MAPK signaling pathway, and eight transcripts were determined to be regulated by seven
miRNAs. Additionally, four of 25 differential expressed (DE) transcripts (mhc1, irf7, nfkb2 and pik3c) involving the viral
carcinogenesis pathway were regulated by four miRNAs. Furthermore, genetic polymorphisms analysis showed that more
heterozygous mutations were detected in triploids than diploids. The dN/dS results revealed that 21 genes were under positive
selection (dN/dS>1) in C. auratus complex. We hypothesize that these changes related to genetic and epigenetic regulation may
be caused by abiotic stresses, and facilitate adaptation to environmental changes.

triploid, adapting, positive selection, differential expression

Citation: Ren, L., Gao, X., Yang, C., Tan, H., Cui, J., Wang, S., Li, W., Zhang, C., Tao, M., Qin, Q., and Liu, S. (2018). Comparison of diploid and triploid
Carassius auratus provides insights into adaptation to environmental change. Sci China Life Sci 61, https://doi.org/10.1007/s11427-017-9358-7

INTRODUCTION

Industrial waste, sewage effluent, agricultural run-off and
decomposition in biological wastes may cause changes in
water composition (Jin et al., 2017). Increasing concentra-
tions of the total nitrogen and phosphorus in the Dongting
lake water system and accompanying increase of phyto-
plankton abundance ultimately resulted in ecological mod-
ifications, including of the types and proportions of fish
populations (Lu et al., 2007; Wang et al., 2014). Carassius
auratus is a common economically important freshwater fish

in China, and is widely used to monitor environmental
quality (Qin et al., 2016; Xiao et al., 2011; Yoshida et al.,
2005; Zhu et al., 2008). From 2005 to 2009, the ratio of
diploid to triploid populations (1.00:1.56) gradually reduced
(Xiao et al., 2011), reflecting that the triploid populations
were more tolerant to environmental changes. However, the
underlying mechanism is poorly known and needs to be
elucidated.
The phenomenon of heterosis has been observed in triploid

plants (Hochholdinger and Hoecker, 2007; Yao et al., 2013)
and fishes (Arkhipchuk and Garanko, 2005; Chen et al.,
2009; Tiwary et al., 2004). Heterosis leads to shorter trunks
and longer tails in triploid Gasterosteus aculeatus (Swarup,
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1959), smaller heads in triploid Ictalurus punctatus (Wolters
et al., 1982); and affects a variety of traits, including body
depth, predorsal length, width of gape, fin ray, and scale
counts, in triploid Ctenopharyngodon idella (Bonar et al.,
2010). However, diploid and triploid C. auratus do not differ
significantly in their morphology (Xiao et al., 2011).
Therefore, molecular level analysis was performed to in-
vestigate the differences between diploid and triploid C.
auratus.
Triploid individuals can be obtained in different ways in-

cluding cold-shock treatment (Swarup, 1956) and hy-
bridization (Chen et al., 2009). Of these, the type of triploid
(autotriploids and allotriploids, respectively) was inferred
based on the heterozygosity and genetic polymorphism
(White, 1970). Enzyme locus analysis revealed a higher
frequency of heterozygotes in allotriploid compared with
diploid in rainbow trout (Salmo gairdneri), which led to in-
creasing of developmental stability (Stanley et al., 1984). A
similar phenomenon was observed in C. auratus based on tf
allele analysis (Liu et al., 2017). However, diploid Lilium
lancifolium Thunb. has higher genetic diversity than auto-
triploids, which was determined based on SSRP and IRAP
molecular markers (Lee et al., 2016). One study on the C.
auratus complex concluded that triploid individuals may
have undergone multiple independent polyploidy origins
from sympatric diploids (Liu et al., 2017), whereas another
study based on micro chromosome analysis revealed that
triploid populations may have originated from hybridization
or gynogenesis (Xiao et al., 2011).
Here, we conducted a novel integrated analysis of mRNA

and miRNA expression to investigate triploid C. auratus
adaptation to the constantly changing ecological environ-
ment of the Dongting lake. We identified numerous mRNAs
and miRNAs that were differentially expressed (DE) be-
tween diploids and triploids based on the mRNA-seq, real-
time quantitative PCR (qRT-PCR) and miRNA-seq. Ad-
ditionally, we inferred regulatory networks between mRNAs
and miRNAs for investigating the underlying molecular
mechanism that facilitates adaptation to water change. Fur-
thermore, we explored the distribution of heterozygous loci
and positively selected genes in diploids and triploids. The
differences we identified in genetic and epigenetic regulation
may be responsible for the increased immunity and higher
survival rate of triploid C. auratus.

RESULTS

Differential mRNA expression between diploids and
triploids

To examine changes in the global transcriptome profiles
between diploid and triploid C. auratus, six liver tran-
scriptomes were obtained with paired-end sequencing

(PE×125). The transcriptome data were submitted to NCBI
(accession number: SRR6001365, SRR6001366, SRR-
6001367, SRR6001371, SRR6001437, and SRR6001438).
After initial adapter trimming and quality filtering, 346.29
million cleaned reads from the six libraries were collected
(Table S1 in Supporting Information). When the cleaned
reads (46.11 Gb, 346.3 million reads) were mapped against
the C. auratus red var. reference genome (http://rd.biocloud.
org.cn/) using Tophat (Table S2 in Supporting Information),
29,380 and 29,386 transcripts were detected in diploid and
triploid C. auratus, respectively (Figure S1A in Supporting
Information). Further investigation of the DE data revealed
566 and 758 up-regulated transcripts in triploids and di-
ploids, respectively, based on the parameters FDR≤0.05 and
log2FC>2 (Figure S1B in Supporting Information).
To investigate the underlying function of DE transcripts in

diploid and triploid C. auratus, we performed GO and
KEGG functional enrichment analysis on the 1,324 DE
transcripts (Figure S2 in Supporting Information). Of the
1,324 DE transcripts, eight transcripts were associated with
negative regulation of transcription from RNA polymerase II
promoter (GO: 0000122), whereas six transcripts were as-
sociated with signal transduction (GO: 0007165) (Figure
S2A in Supporting Information). KEGG analysis revealed
that these genes were distributed in 308 pathways. The top 20
pathways are shown in Figure S2B in Supporting Informa-
tion. Thirty-three DE transcripts were enriched in the mito-
gen-activated protein kinase (MAPK) signaling pathway
(ko04010), which elicit many of the cell responses by en-
vironmental changes (Chen and Thorner, 2007) (Figure 1,
Table S3 in Supporting Information). In addition, 25 DE
transcripts were distributed in the viral carcinogenesis
pathway (ko05203), which is related to cellular defense and
occurrence of carcinogenesis (Chen et al., 2014) (Table S4 in
Supporting Information).

Differential miRNA expression profiles

To detect the miRNA expression profile differences between
diploid and triploid C. auratus, we evaluated the miRNA
liver transcriptome data. After adaptor removal and quality
control, clean reads (37.04 million) were mapped to miR-
Base (version 21.0) (Table S5 in Supporting Information).
Among these, 1,868 known miRNAs were identified from
the 6,500,318 clean reads in diploids, whereas 1,889 known
miRNAs were detected from 10,314,077 clean reads in tri-
ploids (Table S6 in Supporting Information). miRNA com-
parison between diploids and triploids revealed 1,632 shared
miRNAs (Figure S3A in Supporting Information). We pre-
dicted 428 and 410 novel miRNAs in diploids and triploids,
respectively. After clean reads were mapped to miRBase and
the reference genome, a total of 34.06 million (92.0%) reads
were used to calculate the miRNA expression level of di-
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ploids and triploids (Figure S3B in Supporting Information).
Then, differential expression analysis showed that 52 and
347 up-regulated miRNAs in triploids and diploids, respec-
tively.

Functional analysis of miRNA-mRNA co-expression

Based on DE miRNA analysis, 267 miRNAs regulated dif-
ferential expression of 5,977 target transcripts, and 110 of the
transcripts were regulated by two miRNAs and exhibited
dual-direction regulation. Moreover, 7,615 DE pairs (miR-
NA-mRNA) were obtained by diploid and triploid compar-
ison. miRNA target prediction showed that 52 up-regulated
miRNAs were associated with 478 expression changes

transcripts in triploids, whereas 347 down-regulated mi-
RNAs regulated expression of 7,137 transcripts. Correlation
analysis showed more positively correlated miRNA-mRNA
pairs (122) than negatively correlated miRNA-mRNA pairs
(86).
GO enrichment analysis showed that the target mRNAs

regulated by DE miRNAs were mainly associated with the
molecular functions of ATP binding (122 genes), metal ion
binding (114 genes), and DNA binding (97 genes). Ad-
ditionally, 33 DE transcripts were detected in the MAPK
signaling pathway; among these, eight transcripts related to
six genes (cacna1d, map3k5, nr4a1, nfkb2, hspa1 and fgfr4)
were affected by differential expression of seven miRNAs
(Figure 2, Table 1). In the viral carcinogenesis pathway, four

Figure 1 The DE genes in MAPK signaling pathway in comparison of diploid and triploid C. auratus. The red symbol represents down-regulated
expression genes in triploids. The green symbol represents up-regulated expression genes in triploids. The yellow symbol describes the silencing genes in
diploids.
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of the 25 DE transcripts (mhc1, irf7, nfkb2 and pik3c) were
regulated by four miRNAs, including miR-466i-5p, miR-
2898, novel miRNAs of scaffold114_3546, and scaf-
fold721_8985 (Figure 2, Table 1). Additionally, the expres-
sion values of 4 DE transcripts (cacna1d, nr4a, hspa1 and
fgfr4) were validated by RT-qPCR based on the primers in
Table S7 in Supporting Information. And the similar ex-
pression trends in three genes (nr4a, hspa1 and fgfr4) were
detected in our results (Figure 3). However, the opposite
expression trend of cacna1d was detected (Figure 3). The
sequencing preferences of illumina may result in no reads
detected of cacna1d in diploids, which led to an error result
similar to gene silencing. Then, we validated the expression
levels of three miRNAs (scaffold1720_12188, miR-187-3p
and miR-133c-3p) by RT-qPCR. Compared to the miRNA-
seq result, there was a similar relative expression between
diploids and triploids in miR-187-3p and miR-133c-3p, and a
difference was found in expression of miRNA scaf-
fold1720_12188 (obtained from C. auratus red var. genome)
(Figure 3).

Genetic differences between diploids and triploids

Compared with the reference genome, we detected 1,128,104
and 1,102,052 mutations in diploids and triploids, respec-
tively (Table S8 in Supporting Information). Among these,
only 3,451 of 1,128,104 loci were heterozygous mutations
(HMs) in diploids, whereas 3,544 of 1,102,052 loci were
HMs in triploids. HMs were distributed in 2,547 and 2,594
transcripts in diploids and triploids, respectively (Figure 4A
and C). The GO enrichment analysis exhibited that the dif-
ferences in distribution (biological process level) were
mainly associated to developmental process (GO: 0032502)
and metabolic process (GO: 0008152) (Figure S4 in Sup-
porting Information). Compared with diploids, we found
novel HMs in triploids that were distributed in 1,783 tran-
scripts (Table S9 in Supporting Information). Of these, the
more than 2 HMs were detected in 27 genes including pr1,
mhc2, and man1 (Table S10 in Supporting Information).
Additionally, 131,156 and 125,379 InDels were detected in
diploids and triploids, respectively (Table S11 in Supporting
Information), and the common InDels of diploids and tri-
ploids were distributed in 4,584 scaffolds (Figure 4B and C).
In addition, a differential number of InDels (≥10) between
diploids and triploids were detected in 426 transcripts (Table
S12 in Supporting Information).

Positive selection detected in diploid and triploid
C. auratus

After screening the 4,090 single-copy orthologs shared in
three fish, we have obtained the dN/dS information from
only 3,141 gen. Of these, 21 genes (ω>1), including il21,

fam213a, and itch (ω>2), were under positive selection in
diploid and triploid C. auratus (Figure 5, Table 2). These
genes were related to biological processes, including im-
mune response (GO: 0006955 in il21) and cell death (GO:
0008219 in fam213a) (Table 2). Compared with diploid C.
auratus red var., we also found 17 and 26 positively selected
genes in diploid and triploid C. auratus, respectively.

DISCUSSION

A recent study showed that changes in the population ratio of
diploid and triploid C. auratus could be affected by en-
vironmental change (Xiao et al., 2011). Compared with the
diploid population, the triploid population has a wider geo-
graphic distribution and more easily adapts to environmental
change (Liu et al., 2017), including eutrophication that is
caused by increased nitrogen and phosphorus, in the
Dongting lake water system (Wang et al., 2014). This may be
related to higher nucleotide diversity in triploids compared
with diploids (Liu et al., 2017). However, only slight genetic
structure differences between diploids and triploids were
detected by gene flow analysis (Luo et al., 2014). These
findings demonstrate molecular genetic mechanisms can
play an important role in ecological adaptation. Therefore,
we performed mRNA-seq, qRT-PCR and miRNA-seq to
investigate underlying regulatory mechanisms.
Differential adaptation to harmful environmental changes

is commonly observed in fish with different ploidy levels. A
study on rainbow trout (Oncorhynchus mykiss) showed that
triploids differed from diploids in their stress response and
the changes induced by acute stress (Benfey and Biron,
2000). Under high-temperature conditions, distinct traits
differ between diploids and triploids, including ovarian de-
velopment, muscle growth and survival ratios were further
described in both rainbow trout (Ojolick et al., 1995;
Sumpter et al., 1991) and Atlantic salmon (Salmo salar L.)
(Johnston et al., 1999). These differences could be affected
by underlying mechanisms, including differential expression
of mRNAs, miRNAs and proteins related to specific func-
tions (Marie et al., 2006). Comparison of diploid and triploid
C. auratus, revealed that 33 out of 1,324 significantly DE
transcripts were associated with the MAPK signaling path-
way, which is a key pathway of cellular proliferation and
apoptosis regulation (Table S3 in Supporting Information).
Moreover, we detected 25 DE transcripts in the viral carci-
nogenesis pathway (Table S4 in Supporting Information),
which induced reprogramming and reduced genomic in-
stability, including DNA damage accumulation that results
from environmental agents (Chen et al., 2014). In addition,
miRNAs are a class of small RNAs that regulate the mRNA
expression, by influencing stability and translational effi-
ciency of target mRNAs (Ambros, 2004). In this study, a
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total of 12 DE transcripts were regulated by the expression of
11 miRNAs in the MAPK signaling and viral carcinogenesis
pathways (Figure 2).
In triploid C. auratus, epigenetic regulation differences in

parts of genes could facilitate adaptation to environmental
changes. For example, expression changes of nr4a were
regulated by miRNAs (scaffold1720_12188) (Table 1), and
this change was related to environmental change in the
available nutrition. The up-regulated of nr4a could improve
food intake by regulating glucose and lipid metabolism (Oita
et al., 2009). Our results revealed that hspa1 and hspa8 were
regulated by two miRNAs (scaffold870_9720 and miR-
133c-3p, respectively) (Figure 2), which could facilitate

stabilization or degradation of mutant proteins and DNA
repair (Duan et al., 2014; Mayer and Bukau, 2005). In
comparison of diploids and triploids, the different expression
trends were detected in two transcripts of the gene hspa.
However, the transcript (CauG_02917, hspa) plays a leading
role because of its higher expression value. Up-regulated of
it in triploids could be beneficial for maintaining genetic
stabilization. In addition, miR-187-3p, which is a miRNA
that is less expressed in triploids, produces down regulation
of the fgfr4 transcript, and fgfr4 is always overexpressed in
gynecological tumor samples (Ye et al., 2011). Moreover, the
pik3c is an immune gene associated with ovarian cancer
regulation (Shayesteh et al., 1999), and its up-regulation

Figure 2 miRNA-mRNA interaction in MAPK signaling pathway and viral carcinogenesis pathway. A, Regulatory relationship in MAPK signaling
pathway. B, Regulatory relationship in viral carcinogenesis pathway. Red line denotes positive correlation between expression of miRNA and mRNA, and
black line indicates negative correlation between them. The expression level of mRNA (blue square) was regulated by corresponding miRNA (green square).

Figure 3 qRT-PCR analysis of four DE transcripts and three DE miRNAs. A, cacna1d, voltage-dependent calcium channel L type alpha-1D. B, nr4a,
nuclear receptor subfamily 4 group A. C, hspa1, heat shock 70 kD protein 1. D, fgfr4, fibroblast growth factor receptor 4. E–G, the expression level of three
miRNAs including scaffold1720_12188, miR-187-3p and miR-133c-3p. Comparative analysis reveals significant differences in gene expression (P<0.05)
(n=3 for each group).
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could promote cell growth (Samuels et al., 2005). Conse-
quently, modified expression of these genes reflects the po-
tential health of triploids as comparison with diploids, and
could affect adaption to hazardous environments.
Rapid water change is likely to impose strong selective

pressures on traits crucial for fitness, therefore, genetic
changes in response to eutrophication are potential me-
chanisms that mitigate negative consequences of environ-
mental changes. In the MAPK signaling pathway (ko04010),
we found that three novel HMs were produced in pr1
(CauG_09167) of triploids compared with diploids (Table S8
in Supporting Information). This finding reveals high genetic
diversity in triploids that was consistent with the results of a
previous population genetic study (Luo et al., 2014). A si-
milar phenomenon was also described in other fishes, in-
cluding triploid salmonid species and cyprinids (Allenjr and
Stanley, 1983; Arai and Wilkins, 1987), and the higher levels
of polymorphism could increase genetic vigor and promote
further environmental adaptation. The higher neutral muta-
tion rate in teleosts offers a higher chance for selection to
produce and retain favorable mutations (Ravi and Venkatesh,
2008). Although the high dN/dS ratio may be related to the
lack of information in full-length genes, the rapid evolution
of 21 genes also indirectly reflected the advantage of tri-
ploids when adapting to a new environment (Table 3). Of

these genes, the non-synonymous substitution in il21 could
help improve resistance ability and enhance adaptation to
harmful environments.
Overall, epigenetic regulation and genetic changes were

observed in the diploid and triploid populations that may
have led to adaptation advantages in the triploids compared
with sympatric diploids. However, because of the lack of
transcriptome data for other members of the C. auratus
species complex in different water systems, we could not
explore the evolutionary history of polyploidy throughout
the C. auratus species complex and confirm whether there
are shared epigenetic regulation and genetic changes. Re-
gardless, this analysis on the C. auratus complex in the
Dongting Lake system helps elucidate the underlying mo-
lecular mechanisms that affect polyploid vertebrate ecology,
genetics, and evolutionary biology.

MATERIALS AND METHODS

Sample preparation and RNA extraction

In our study, all experiments were approved by Animal Care
Committee of Hunan Normal University and followed
guidelines statement of the Administration of Affairs Con-
cerning Animal Experimentation of China. In August 2015,

Figure 4 The distribution of heterozygotic mutations and InDels in diploid and triploid C. auratus. A, The number of HMs in diploid and triploid
transcriptome. B, The number of InDels in diploid and triploid transcriptome. C, The distributed of HMs and InDels were exhibited with the diploids (red
line) and triploids (blue line). The x axis represents the nucleotide position in Mb.
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three individuals each of diploid and triploid C. auratus
(200 g) were collected from the same region in Dongting
lake water system, Hunan Province. The fish with similar
morphological traits were obtained based on the description
by Jun Xiao et al. (Xiao et al., 2011). The ploidy level of each
sample was confirmed by a metaphase chromosome assay of
cultured blood cells. Then, a flow cytometer was used to
measure the DNA content of liver cells. The DNA content of
diploid C. auratus red var. was used as a control. Then, the
DNA of diploid and triploid C. auratus was obtained from
blood samples based on the DNA extraction protocol (Asa-
hida et al., 1996). The alignment of mitochondrial DNA
sequences between obtained samples and GenBank database
(diploid: GU086395, triploid: GU086396) was used to
identification of the genetic background (Table S13 in Sup-
porting Information).
After anesthetizing the fish with 2-phenoxyethanol, liver

tissue was excised carefully to avoid gut contamination.

Tissues were cut into small pieces and immediately pulled
into RNALater (Ambion, AM7021, USA) at −80°C fol-
lowing the manufacturer’s instructions. Total RNA was ex-
tracted from liver tissue according to a standard Trizol
protocol (Invitrogen, USA) after RNALater removal. Total
RNA was obtained with a DNA-free™ DNA Removal Kit
(Ambion) to remove any contaminating genomic DNA. The
purified RNA was quantified using a 2100 Bioanalyzer
system (Agilent, USA).

mRNA sequencing

The six libraries (125-bp paired-end) were constructed fol-
lowing the Illumina Paired-End Sequencing Library proto-
col. Library quality and concentration were determined using
an Agilent 2100 Bioanalyzer (Agilent). The Illumina HiSeq
2500 platform was used to detect the transcriptomes of three

Figure 5 The amino sequences of four positive selective genes (ω>2) detected between diploid and triploid C. auratus. A, The sequence information of il21
gene. B, The sequence information of fam213a gene. C, The sequence information of itch gene. D, The sequence information of unknown gene.
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biological replicates.
After removing the read adapters and low-quality reads,

clean reads from each library were examined using FastQC
(version 0.11.3). Then, mRNA-Seq reads from each sample
were mapped against the reference genome (C. auratus red
var., http://rd.biocloud.org.cn/) using Tophat with the para-
meter (Trapnell et al., 2012). We performed the analysis for
removing the negative effects of background expression
noise in all biological replicates. To analyze differential ex-
pression between diploid and triploid C. auratus, fragments
per kilobase of transcript per million mapped reads (FPKM)
(Mortazavi et al., 2008) values were calculated using Cuf-
flinks (version 2.1.0) (Trapnell et al., 2012). Meanwhile,
transcripts with false discovery rate (FDR)≤0.05 and log2
transformed fold change) (log2FC)>2 were defined as dif-
ferentially expressed. Data were analyzed with the DEGseq
package of R (version 2.13) (R Foundation for Statistical
Computing, Austria) (Wang et al., 2010).

Small RNA sequencing

Approximately 2.5 μg of total RNAwere obtained to prepare
small RNA library according to the protocol of TruSeq Small
RNA Sample Prep Kits (Illumina, USA). Then the libraries
were sequenced by Illumina Hiseq 2500 (single-end) fol-
lowing the vendor’s recommended protocol. Adaptor re-
moval and quality control were performed by cutadapt
(version 1.7.1), fastx_toolkit (version 0.0.13) and
NGSQCToolkit (version 2.3.2). Subsequently, clean reads
15–26 bp in length were mapped to specific species pre-
cursors in miRBase 21.0 by Bowtie search to identify known
miRNAs. The reads that did not align to above known
miRNAs were used to perform novel miRNA discovery,
which was described in the Creighton et al. (Creighton et al.,
2010).

miRNA-mRNA integrated analysis

To process paired-end sequencing, reads were separately
aligned to cover the mature miRNA on both forward and
reverse reads, and the obtained number of matches was
averaged. After normalizing match counts, miRNA expres-
sion profiling was performed. Using the edgeR package with
default settings, log2FC>2 and P<0.05 were used as cutoffs
to identify DE miRNA between diploids and triploids.
miRNA target gene prediction was performed with the al-
gorithmmiRanda (Enright et al., 2003; John et al., 2004), and
the parameters S≥150, ΔG≤−30 kcal mol−1 and strict 5′ seed
pairing were used for above analysis. PCA and hierarchical
clustering of the DE transcripts were performed and visua-
lized with R (version 3.0.2), and transcript networks from the
same gene ontology (GO) category were visualized with
Cytoscape (version 3.6.0) (Kohl et al., 2011).

Determination of DE transcripts using qRT-RCR

Alignment of the transcripts sequences of diploid and tri-
ploid C. auratus were performed using Bioedit ver. 7.0.9.
The qRT-PCR primers of four genes (cacna1d, nr4a, hspa1
and fgfr4) were designed in conserved region of alignment
sequences. Then, these primers had been used to detect ex-
pression using the ABI Prism 7500 Sequence Detection
System (Applied Biosystems, USA). Amplification condi-
tions were as follows: 50°C for 5 min, 95°C for 10 min, and
36 cycles at 95°C for 15 s and 60°C for 45 s. Each test was
performed three times to improve the accuracy of the results.
Finally, relative quantification was performed and melting
curve analysis was used to verify the generation of a single
product at the end of the assay. Triplicates of each sample
were used both for standard curve generation and during
experimental assays. The relative expression of each gene
was calibrated with β-actin, and the relative mRNA ex-
pression data were analysis using the 2−ΔΔCt method (Livak
and Schmittgen, 2001). The expression level of the reference
gene β-actin in triploid C. auratus was estimated using the
ratio of the transcript abundance to the gene copy using PCR
and qRT-PCR of co-extracted DNA and RNA from the liver
of diploid and triploid individuals. A similar expression
value of β-actin was detected between diploids and triploids.
To validate the expression level of three miRNAs (scaf-

fold1720_12188, miR-187-3p and miR-133c-3p) obtained
from the miRNA-seq result, the relative expressions of
miRNAs were evaluated by quantifying the miRNA stem-
loop RT-qPCR. The cDNA was obtained from total RNA
using a reverse transcription kit (Invitrogen, USA). The
qPCR reaction was performed using the same method using
the above conditions with the miRNA-specific primers (Ta-
ble S7 in Supporting Information), which were designed in
the laboratory and synthesized by Generay Biotech (Gen-
eray, PRC) based on the miRNA sequences (Table 1). The
relative expression of each miRNAs was calibrated with
miR-22a (primer: 5′-AAGCTGCCAGCTGAAGAACTGT-
3′), and the 2−ΔΔCt method was used in next miRNA expres-
sion analysis.

Heterozygous mutation (HM) analysis, and insertion and
deletion (InDel) variation

To detect HM and InDel differences in transcripts between
diploid and triploid C. auratus, we performed mapping
analysis using BWA (version 0.7.5a) (Li and Durbin, 2009).
The clean reads of six samples were mapped to the C. aur-
atus red var. reference genome. The mapping data were in-
dexed, and HM and InDel information was obtained using
samtool (version 1.3.1) (Li et al., 2009) and bedtools (version
1.3.1) (Quinlan and Hall, 2010). Then, the snpEff (Cingolani
et al., 2012) was used to calculate HM and InDel distribu-
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tions based on threshold of quality value>20.

Nonsynonymous/synonymous substitution rate
identification

To detect whether positive selection occurred among diploid
C. auratus red var., and diploid and triploid C. auratus, de
novo assembly of each them was performed using Trinity
(Grabherr et al., 2011). Then, to obtain putative single-copy
orthologs, reciprocal BLASTX search (e-value=1×10−20) and
OrthoMCL analysis were performed on the three fishes
(Blanc and Wolfe, 2004; Li et al., 2003). Of these, two se-
quences were defined as orthologs if each of them was the
best hit and the sequences were aligned over 300 bp. Then,
ortholog alignment was performed using ClustalW (version
2.1) (Li, 2003). After deletion of unmatched regions of
aligned orthologs, nonsynonymous and synonymous sub-
stitution rates (ω=dN/dS) were estimated using the Yang-
Neilsen method in KaKs_Calculator (version 2.0) (Zhang et
al., 2006).
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Table S8 The distribution of mutation sites in diploid and triploid C. auratus

Table S9 The gain of heterozygous loci distributed in 1,783 transcripts in triploid C. auratus

Table S10 The mergeing of heterozygous loci (≥3) in triploid as compared with diploid C. auratus
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