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Multi-omics analysis reveals that natural ")
hibernation is crucial for oocyte maturation
In the female Chinese alligator
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Abstract

Background: Hibernation in an appropriate environment not only is important for the survival of hibernators jn
winter, but also is crucial for breeding in the following season for many hibernating species. However, the denetic
and epigenetic mechanism underlying this process remain unclear. In the current study, we performed an
integrative multi-omics analysis of gonads collected from Chinese alligators that overwintered in wild cave and
artificial warmroom to explore transcriptomic and epigenomic alternations in these organs.

Results:The data revealed that in the breeding season, female alligators were more strongly affected in terms of
gene expression than males by non-hibernation because of overwintering in a warm room, especially for génes
related to oocyte maturation, and this effect commenced in winter with the downregulatigi ARvhich is the
rate limiting factor of steroid biosynthesis. Further, miRNAs were found to play essential roles in this negative effect
of overwintering in the warm room on hibernation. The upregulated miRNAs likely were responsible for the
suppression of oocyte maturation in the breeding season. Finally, DNA methylome changes, especially
hypomethylation, were found to play an important role in the alterations in ovarian function-related gene
expression induced by non-hibernation.

Conclusions:Our study revealed the crucial role of hibernation quality for oocyte maturation in the Chinese
alligator and the underlying genetic and epigenetic mechanisms, and highlights the importance of habitat, and

especially, the overwintering site, in the conservation of not only the Chinese alligator, but also other endangered
hibernators.
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Background ectotherms B, 4]. Increasing evidence gathered since
Hibernation is an adaptive strategy adopted by manymid-last century suggests that there is a close correl-
animals to survive the cold and foodless winted][ ation between the overwintering patterns and repro-
During winter, hibernators stay in their refuges and ductive cycles of many mammals5f7], birds [8],
suppress their metabolic rates to substantially saveeptiles [P], amphibians L0], and invertebrates 11].
energy, water, and oxygen 2. The underlying However, the importance of hibernation in gonadal
molecular mechanisms vary between endotherms anddevelopment and reproduction remains controversial.
For example, hibernation is crucial for oviposition
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study on the Wyoming toad Anaxyrus baxterj re- Results
vealed that hibernation is not essential for optimal Data summary
sperm metrics in this specieslp]. Thus, the relation We carried out RNA-seq, sRNA-seq, and BS-seq ana-
between hibernation and reproduction varies amonglyses of ovary and testis samples collected in winter and
species. Further, our understanding of the molecularsummer from individual alligators that overwintered in
mechanisms underlying the effects of hibernation onthe wild (hibernation) or in a warm room (non-hiberna-
reproduction is limited. tion) to gain insights into the molecular mechanisms
The Chinese alligator is a critically endangeredunderlying the effects of hibernation quality on gonadal
freshwater crocodilian that once was widely distrib- development (Figla).
uted in China. However, because of climate change, The eight stand-specific mMRNA-seq libraries generated
hunting practices, and habitat destruction, its natural a total of 468.72 million reads, 419.72 million (89.55%)
habitat is currently restricted to the lower Yangtze of which were uniquely mapped to the Chinese alligator
River, and the majority of animals live in captivity in reference genome 29. mRNA-seq data analysis was
two nature reserves in the Zhejiang and Anhui prov- based on the mapped reads, using a Chinese alligator
inces of China. Chinese alligators stop eating and ggyene annotation database containing 27,500 protein-
into hibernation when the air temperature decreasescoding genes 4]. sRNA-seq of the eight sRNA-seq li-
in late October, and they emerge in late March as thebraries generated 100.63 million clean single-end reads,
temperature rises, and mate in late May9,[ 14]. 85.63 million (85.10%) of which were 385 nt in length
Hibernation quality has a crucial impact on their and were uniquely mapped to the Chinese alligator gen-
health and reproduction, and alligators made to over- ome. sRNA-seq data analysis was based on the mapped
winter in a warm room do not hibernate. When reads and Chinese alligator SRNA annotation data gener-
Chinese alligators move to a warmer area or overwin-ated in our previous study4]. The eight BS-seq libraries
ter in the discomfort of an artificial environment, they generated 2955.58 million clean read pairs (669.17 Gb
become less fertile9, 15-17]. Thus, the Chinese alli- clean data), with an average depth of 18.38 per strand
gator can serve as an ideal model to study the role offor each sample. On average, 92.65% of cytosines were
hibernation in reproduction, and the underlying mo- covered by at least five unique reads in each sample.
lecular mechanisms. The bisulfite conversion rate was high in all libraries
Several genes involved in ovarian development and99.51% on average).
breeding activity, includingeSR1(encoding estrogen re-
ceptor ) [18], FSH and FSHR (encoding follicle- Transcriptional alterations in the maldeveloped ovary
stimulating hormone and its receptor) 19, 20], and To obtain an overview of the gonadal transcriptome
Kissland Kiss1R(encoding Kisspeptinl and its receptor) changes in female and male alligators overwintering
[21], are upregulated in the ovaries and several other tis-without hibernation, we carried out principal component
sues during the breeding season as compared to hibernaanalysis (PCA) of protein-coding gene and miRNA ex-
tion in the Chinese alligator. These results indicate that pression data from the eight gonadal samples. The re-
these genes may play a role in ovarian development angults suggested that overwintering in the warm room led
breeding activity after waking from hibernation; to ovarian maldevelopment, whereas testes were less af-
however, current knowledge is limited to a limited num- fected. The four testis samples clustered together, and
ber of genes. Seasonal transcriptome changes in nonsamples collected in the same season were located closer
gonad tissues have been investigated in the Chinese allto each other in the PCA plot. The ovary sample col-
gator [4, 22] and other hibernators B, 23-28]. We lected in summer from the individual overwintering in
reasoned it would be interesting to use mMRNA sequen-the warm room (SF_OVA_R) was clearly separated from
cing (MRNA-seq) to characterize genome-wide regula-the three other ovary samples (Fi@a and b). Pearson
tory networks underlying the effects of hibernation on correlation coefficients of mRNA-seq and sRNA-seq
breeding success. data for gonad samples were consistent with the PCA re-
DNA methylation and small RNAs respectively are sults (Fig.2c and d). Comparison of gene expression
pre- and post-transcriptional epigenetic regulatory levels in samples collected from animals overwintering
mechanisms. In this study, we carried out mRNA-seq,in the warm room (WM_OVA_R, WM_TES R, SF_
small RNA sequencing (sRNA-seq), and bisulfte sequenOVA_R, and SF_TES_R) with those in corresponding
cing (BS-seq) analyses of gonads collected in differensamples of hibernating or hibernated animals (WF_
seasons from Chinese alligators that overwintered inOVA, WM_TES, SF_OVA, and SM_TES) revealed that
different overwintering environments to explore tran- there were substantially more differentially expressed
scriptomic and epigenomic alterations induced by lack genes (DEGS) in ovaries collected in summer (SF_OVA_
of hibernation. R vs. SF_OVA) than in the other three pairs. Whereas
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Fig. 1 Chinese alligator gonadal tissue samples used in this stédual life cycles of Chinese alligators in different overwintering
environments and overview of the sample collection strategy used in this btdidhe hibernated ovary (SF_OVA, above) and non-hibernation
ovary (SF_OVA_R, below) collected in summer. The meaning of the letters in the sample names: W/S: Winter/Summer; M/F: Male/Female; TES/
OVA: Testis/Ovary; R: overwinter in warm room. The photographs were taken by the authors of this paper

there were only 474 and 358 DEGs in the testes colkey driver of meiotic progression, was suppressed in
lected in winter and summer and 210 DEGs in the ovar-the SF_OVA_R sample. Genes in the Mos-MEK1-
ies collected in winter, there were 3412 DEGs in theERK2, PIk1-Cdc25, Bubl-Madl/2-APC/Cdc20, and
ovaries collected in summer (Fi@e). These results sug- Camk2-Emi2 pathways, through which progesterone
gested that hibernation is more important for ovarian and fertilization induce resumption of the two meiotic
than for testicular development and that gene/miRNA division cycles and oocyte maturation, were also
expression may substantially alter in the ovaries duringdownregulated (Fig.3c). These results are consistent
the breeding season if the animal cannot hibernate in anwith our finding that the ovarian follicle development
appropriate environment. This is consistent with a previ- is depressed in SF_OVA_R compared with that in SF_
ous report that overwintering in a man-made cave or in OVA (Fig. 1b). Several genes crucial for fertility
the warmer southern region of China led to maldevelop- (GDF9 PRLRB ADAMTS1, RBP4 and NANOSY) [30-
ment of the gonads and breeding failure in the Chinese34], ovarian developmentEMP2A and BMP2B) [35],
alligator [9]. Our results also suggest that this failure is and steroid hormone biosynthesisSTAR CYP11A
likely caused by ovarian rather than testicular disorder. HSD17B1 LHX9, WT1, and SF) [36, 37] were also
Next, we investigated KEGG pathway enrichment ofsuppressed in the SF_OVA_R sample (Additional fde
DEGs that were downregulated in the SF_OVA_RFigure S1). Interestingly, several male sex determin-
sample as compared to the three other ovary samplesation factors (including MAP 3 K1, PTCH1, SOX9
‘Cell cyclé and ‘oocyte meiosis were enriched in FGFR2A and AR) [36, 37] were upregulated in this
DEGs suppressed in the SF_OVA_R sample (q<0.13ample, suggesting that repression of the male gonadal
(Additional file 1: Table S1), suggesting that the developmental pathway was disturbed (Additional file
breeding failure caused by overwintering in an in- 2: Figure S1). Together, these data indicated that gene
appropriate environment is due to suppression of 0o- expression in the ovaries is severely distorted in the
cyte meiosis and maturation. Indeed, a larger numberbreeding period when the Cimese alligator cannot hi-
of genes in the oocyte meiosis pathway were signifi-bernate in an appropriate environment.
cantly suppressed in the SF_OVA_R sample (Wil- Although females overwintering in the warm room did
coxon signed-rank test, q<0.05) (Figa and b). In not show significant transcriptome alterations in the
particular, maturation-promoting factor (MPF), the ovaries until the breeding period, changes in the ovaries



Page 4 of 13

Lin et al. BMC Genomics (2020) 21:774
g
a b e
1004, A2~ A TN
(\‘. . - 204, | , N
\A 1 .7 \\ s I @ \ Il \\
;\3 0 No_Y ’ o O/A/: | § 1\ l‘ \\ \\
g o ; 04 A / A \\-
o S N N A
~ 100 | 3} ) N
8 Summer Ovary & = s:mRer‘oV;ry
E Winter Ovary ~204 ; Winter Ovary |
3 summer Testis Summer Testis
=200 1 = ‘jlmterTezus‘ i = wmer'resu;
A wid A wid
fe) 0 Wam-Room -404 O o wamRoom |
-200 -100 0 100 200 -20 0 20 20 WarmRoom-Biased Wild-Biased
PC1 (59.15%) PC1(68.13%)
¢ Ovary Wild Ovary Warmroom Testis Wild Testis Warmroom
Winter | Summer Winter | Summer | Winter | Summer | Winter | Summer
. Winter 1 0.907 0.961
Ovary Wild
Summer 0.907 1 0.938 0.717
Winter 0.961 0.938
Ovary Warmroom
Summer 0.717
. . Winter
Testis Wild
Summer
. Winter 0.867 1 0.831
Testis Warmroom
Summer 0.954 0.831 1
d
Ovary Wild Ovary Warmroom Testis Wild Testis Warmroom
Winter | Summer| Winter | Summer| Winter | Summer| Winter | Summer
) Winter 1 0.969 0.964 0.902 0.875 0.883
Ovary Wild
Summer 0.969 1 0.946 0.915 0.885 0.875
Winter 0.964 0.946 1 0.888 0.883
Ovary Warmroo
Summer 0.902 0.915 0.888 1
o Winter 0.875 0.885 1 0.938 0.951 0.938
Testis Wild ]
Summer 0.938 1 | 0.938 0.96
. Winter 0.883 0.875 0.883 0.951 0.938 ’ 1 0.923
[Testis Warmroon
Summer 0.938 0.96 0.923 1

Fig. 2 Analysis of gene and miRNA expression data of the gonads of Chinese alligators overwintering in different envadnnigitsipal
component analysis of mMRN#) énd miRNA) expression data of the gonads of Chinese alligators overwintering in different envirommen
Heatmap of Pearson correlation coefficients between each pair of mMRNA-seq data of gonadaldargaésap of Pearson correlation

coefficients between each pair of SRNA-seq data of gonadal sampdesnbers of DEGs in gonads from animals overwintering in the wild
(undergoing hibernation) and in those from animals overwintering in the warm room
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had been triggered in winterSTAR which encodes the MiRNA transcription alterations in the maldeveloped

rate-limiting enzyme steroidogenic acute regulatory pro- ovary
tein, was downregulated in the ovaries of alligators over-To explore the roles of miRNAs in non-hibernation-

wintering

in the warm room (WF_OVA_R) when induced infertility in the Chinese alligator, we con-

compared with the levels in alligators hibernating in the structed a heat map of the expression levels of differen-
wild (WF_OVA) (Additional file 2: Figure Sla and c). In tially expressed miRNAs (DEmiRs) among the four
contrast, FGFR2A which regulates proliferation and ovary samples, and we classified all 96 DEmiRs into 12
Sertoli cell differentiation during testicular development, groups based on their expression pattern (Figa).
was upregulated in the WF_OVA_R sample, suggestindiRNA expression clustering revealed a clear separation
that the higher temperature in the warm room revoked of the SF_OVA_R sample from the other three ovary sam-
the repression of male gonadal development duringples, which was consistent with the PCA results (Fiip).
winter (Additional file 2: Figure Sla and c).

The expression patterns of these miRNAs suggested their
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Fig. 3 Gene expression related to oocyte maturation in the ovaries of Chinese alligators overwintering in different envieorErpression
heatmap of DEGs involved in oocyte maturatmrBox plots of the expression levels of genes involved in oocyte maturation pathway.
Expression pattern of genes involved in oocyte maturation in SF_OVA_R samples

potential involvement in ovarian development and func- (e.g. miR-449a and miR-135) and D3 (e.g. miR-32 and
tion. For example, in the breeding season, miRNAs inmiR-153) were upregulated during summer and winter re-
group A2 were enhanced (e.g. miR-128 and let-7c) in thespectively in the individuals overwintering in warmroom,
hibernated individual, but not in the individual that over- suggesting their potential harmful impact on ovarian
wintered in warm room, suggesting that they may play development and function.

crucial roles during the breeding season in the Chinese al- To investigate the roles of miRNAs in gene expression
ligator and that overwintering in inappropriate environ- regulation in non-hibernation-induced infertility in the
ment inhibits their upregulation. MiRNAs in group C2 Chinese alligator further, we predicted the targets of
(e.g. miR-9a and miR-790) may be critical for ovarian de-each miRNA and generated a regulatory network of their
velopment and function in both seasons as they their ex-involvement in oocyte maturation (Fig4b). The results
pression levels remained high in hibernating/hibernated showed that most of the suppressed genes related to oo-
animals, but decreased in individuals that spent their win- cyte maturation were targeted by miRNAs (Figb) and,

ter in the warm room. In contrast, miRNAs in groups B3 as expected, most of these miRNAs belonged to group
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