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Abstract
Freeze tolerance, the ability of an organism to survive internal ice formation, is a striking survival strategy employed 
by some ectotherms living in cold environments. However, the genetic bases of this remarkable adaptation are large-
ly unknown. The Amur sleeper (Perccottus glenii), the only known freeze-tolerant fish species, can overwinter with its 
entire body frozen in ice. Here, we sequenced the chromosome-level genome of the Amur sleeper and performed 
comparative genomic, transcriptomic, and metabolomic analyses to investigate its strategies for surviving freezing. 
Evolutionary analysis suggested that the Amur sleeper diverged from its closest non-cold-hardy relative about 15.07 
million years ago and has experienced a high rate of protein evolution. Transcriptomic and metabolomic data iden-
tified a coordinated and tissue-specific regulation of genes and metabolites involved in hypometabolism, cellular 
stress response, and cryoprotectant accumulation involved in freezing and thawing. Several genes show evidence 
of accelerated protein sequence evolution or family size expansion were found as adaptive responses to freezing-in-
duced stresses. Specifically, genetic changes associated with cytoskeleton stability, cryoprotectant synthesis, trans-
membrane transport, and neuroprotective adaptations were identified as potentially key innovations that aid in 
freezing survival. Our work provides valuable resources and opportunities to unveil the molecular adaptations sup-
porting freeze tolerance in ectothermic vertebrates.

Key words: freeze tolerance, Amur sleeper, hypometabolism, cell stress response, cytoskeleton, cryoprotectant, nerve 
transmission.
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Introduction
Ectothermic animals inhabiting seasonally or perpetually 
cold regions may experience low temperature exposure 
that could freeze their body fluids. Freeze tolerance is an 
amazing survival strategy, whereby some ectothermic ani-
mals tolerate the conversion of up to 82% their body water 
into internal ice (e.g., Hemideina maori, a tree weta; Ramløv 
and Westh 1993). These animals may spend prolonged per-
iods (days to months) in a state of frozen dormancy, char-
acterized by the cessation of vital physiological processes 
including heartbeat, respiration, nerve conductance, and 
skeletal muscle movement, followed by a return to normal 

life after thawing (Schmid 1982; Storey 1987, 1990). 
Although freeze tolerance has evolved multiple times 
across the animal kingdom and is exhibited in variety of 
taxa including insects, invertebrates, reptiles, and amphi-
bians (Costanzo and Claussen 1990; Ramløv et al. 1992; 
Loomis 1995; Layne and Kefauver 1997; Bradley Shaffer 
et al. 2013), it is relatively rare among vertebrates compared 
with the common cold-tolerance strategies such as hiber-
nation and freeze avoidance (via promoting supercooling 
to reduce the likelihood of freezing) (Costanzo and Lee 
2013; Iwaya-Inoue et al. 2018; Mohr et al. 2020).

Natural freeze tolerance generally refers to ice forma-
tion in the extracellular spaces while resisting intercellular 
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freezing to avoid damage to the subcellular compartments 
and the cytoskeleton (Costanzo and Lee 2013; Storey and 
Storey 2017). However, extracellular ice crystals exclude 
solutes, greatly elevating the osmolality of extracellular 
fluids, causing an outflow of intracellular water and a vol-
ume reduction for cells and organs (Storey and Storey 
2020). This freezing-induced dehydration will cause mo-
lecular crowding that promotes unfavorable interactions 
between proteins and ions, potentially damaging macro-
molecules (Ramløv 2000). Cell shrinkage beyond a critical 
minimum volume can exert shear stress on the cytoskel-
eton or plasma membranes, resulting in the loss of mem-
brane integrity upon thawing (Li et al. 2009). In addition to 
dehydration, freezing also exposes organisms to severe 
physiological stress, including hypoxia/anoxia, ischemia, 
and hypometabolism, all of which can generate injurious 
levels of reactive oxygen species (ROS) and oxidative dam-
age to macromolecules (Storey and Storey 2017; Toxopeus 
and Sinclair 2018). Moreover, the reoxygenation, rehydra-
tion, and reperfusion that accompany thawing are condi-
tions that are known to trigger a surge in ROS 
production (Giraud-Billoud et al. 2019).

Freeze tolerance in vertebrates has multiple compo-
nents that are derived from other preexisting capabilities, 
such as anoxia and dehydration tolerance, which have 
been extensively explored in multiple terrestrial freeze- 
tolerant reptile (e.g., some turtles and lizards) and amphib-
ian species, especially the wood frogs (Zhang and Storey 
2012; Bradley Shaffer et al. 2013; Storey and Storey 2013, 
2017; Costanzo 2019). For example, complex and coordi-
nated cellular, molecular, and physiological adaptations 
that confer freezing survival include (1) mechanisms to 
manage extracellular ice volume and growth rate (e.g., 
via ice-nucleating proteins or ice-binding proteins); (2) 
strong metabolic rate depression coupled with selective 
activation of “survival” pathways to maintain cell function; 
and (3) the accumulation of low-molecular-weight organic 
compounds as cryoprotectants. However, a large gap still 
remains in our knowledge and understanding of the me-
chanisms underlying the prolonged interruption and coor-
dinated reactivation of vital functions over a freeze/thaw 
cycle (Storey and Storey 2017). In particular, the genetic 
basis of freeze tolerance in ectothermic vertebrates re-
mains largely unknown.

The Amur sleeper, Perccottus glenii (Odontobutidae, 
Perciformes), a bony fish that can overwinter with its en-
tire body frozen in ice, is probably the only freeze-tolerant 
vertebrate aside from reptiles and amphibians. It is a lim-
nophilic species native to the Amur River drainage of 
northeastern Asia, and has invaded European waters, lead-
ing to detrimental ecological impacts (Reshetnikov and 
Ficetola 2011; Xu et al. 2014). Result from freezing survival 
experiment of the Amur sleeper under laboratory condi-
tion showed 100% survival after 24 h of being frozen in 
ice at a temperature of −2 °C (Chai et al. 2020). The 
Amur sleeper prefers small, stagnant waterbodies (typical-
ly 40–70 cm in depth), which commonly freeze to the bot-
tom in the winter (air temperatures generally range from 

−15 to −35 °C). Before freezing, this fish experiences long- 
term hypoxic or anoxic conditions in the ice-covered 
waters until its whole body is encapsulated in ice, and 
this frozen dormant state can be maintained for up to 
three/four months until warm spring (Reshetnikov 2003; 
Karanova 2009). The Amur sleeper can endure prolonged 
freezing with internal ice formation in abdominal cavity, 
obvious dehydration of organs, and interruption of vital 
physiological functions (e.g., respiration, heartbeat, blood 
flow, voluntary movement), and revival within a few hours 
after thawing. This amazing winter survival strategy meets 
the criteria of freeze tolerance (Storey and Storey 2017) 
and provides the Amur sleeper with a competitive advan-
tage over other freshwater fishes that are unable to survive 
in such extreme environments, allowing this species to 
avoid both competitors and predators and explaining its 
widespread successes as an invasive species (Reshetnikov 
and Ficetola 2011). Since the Amur sleeper is easy to obtain 
and breed (Zhang, He et al. 2021), it represents a conveni-
ent model species for investigations into freeze tolerance 
in ectothermic vertebrates. Moreover, considering that 
genomic resources for freeze-tolerant reptile and amphib-
ian species are still limited, the Amur sleeper genome may 
represent a superb genetic resource for in-depth studies 
on molecular adaptation. We hypothesized that significant 
genetic changes in the Amur sleeper genome combined 
with regulatory profiles of genes and metabolites during 
freezing tend to reveal core processes supporting freezing 
tolerance.

In this study, we generated a high-quality de novo 
chromosome-level genome for the Amur sleeper, as well 
as a de novo reference genome assembly for the closely re-
lated, but non-cold-hardy, Neodontobutis hainanensis (Lv 
et al. 2020). These two genomes allowed us to explore dif-
ferences in the population history and evolutionary rates 
between the Amur sleeper and N. hainanensis. Then, we 
performed comparative genomic, transcriptomic, and me-
tabolomic analyses to determine the genetic basis of freeze 
tolerance. Analyses revealed key processes that assist in 
freezing survival, and genetic changes identified as poten-
tially evolutionary innovations were related to cytoskel-
eton stability, cryoprotectant synthesis, transmembrane 
transport and neuroprotective adaptations. Our results 
not only provide insights into the evolution of this com-
plex adaptation, but also provide useful genetic resources 
for future studies.

Results and Discussion
Genome Characteristics
We generated the first chromosome-level genome 
assembly for the Amur sleeper using a combination of 
Nanopore long reads, BGISEQ-500 reads, and Hi-C data 
(supplementary table S1, Supplementary Material online). 
The Amur sleeper genome was estimated to be 
827.25 Mb with a heterozygosity ratio of 0.65% based on 
k-mer analysis (supplementary fig. S1 and table S2, 
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Supplementary Material online). Three assembly algo-
rithms were used to obtain a high-quality Amur sleeper 
genome assembly, and the genome assembled by 
SmartDenovo was finally selected based on highest con-
tinuity and completeness (supplementary tables S3 and 
S4, Supplementary Material online). After removal of re-
dundant sequences, the Amur sleeper assembly was 
760.85 Mb, with a contig N50 of 4.65 Mb (supplementary 
table S3, Supplementary Material online). We then an-
chored and oriented 379 contigs (723.97 Mb, ∼95.15%) 
onto 22 chromosomes using Hi-C data (fig. 1A; 
supplementary fig. S2 and table S5, Supplementary 
Material online). Finally, a chromosome-level genome as-
sembly with a contig and scaffold N50 of 4.65 Mb and 
33.77 Mb, respectively, was generated (supplementary 
table S6, Supplementary Material online). To assess the 
quality of the Amur sleeper assembly, we aligned the short 
reads to the assembly and found that over 99% of the short 
reads could be mapped, which covered 98.90% of the gen-
ome assembly (supplementary table S7, Supplementary 
Material online). Evaluation of genome completeness 
based on BUSCOs identified 96.7% complete and 1.2% frag-
mented genes (supplementary table S8, Supplementary 
Material online). For comparative analyses, a de novo as-
sembly of the N. hainanensis genome was performed and 
an individual with a heterozygosity ratio of 0.15% yielded 
a ∼848 Mb assembly containing 8,221 contigs with the 
N50 of 1.34 Mb (supplementary table S6, Supplementary 
Material online). A total of 97.21% of the short reads 
were mapped to the N. hainanensis assembly, and 94.9% 
complete BUSCO genes captured (supplementary tables 
S7 and S8, Supplementary Material online). The higher het-
erozygosity rate in the Amur sleeper genome may suggest 
admixture of different clades during the northwards expan-
sion of this species (Xu et al. 2014).

A combination of de novo and homology-based predic-
tion methods identified approximately 39.78% of the bases 
in the Amur sleeper genome and 45.99% of the bases in 
the N. hainanensis genome as repetitive sequences 
(supplementary table S9, Supplementary Material online). 
Thus, the reduced genome size of the Amur sleeper may be 
due to a reduction/loss in the amount of repetitive DNA. 
We predicted a total of 25,160 and 26,237 protein-coding 
genes based on combined ab initio gene annotation, hom-
ology searching and transcript mapping in the Amur sleep-
er and N. hainanensis genomes, respectively, and 
approximately 97.50% and 94.63% of which were success-
fully annotated using five public databases (supplementary 
table S10, Supplementary Material online). For genome 
collinearity analysis, we compared the Amur sleeper with 
Odontobutis potamophila, a representative confamilial 
species (family Odontobutidae) as our N. hainanensis gen-
ome is not at a chromosomal level. Only two chromosom-
al fission and fusion events were detected, indicating 
conserved chromosomal evolution since divergence of 
these two species (fig. 1B). These results reflected the high- 
quality of the Amur sleeper and N. hainanensis genome as-
semblies, as well as the accuracy of the genome 

annotations. Thus, these genomes will be useful genetic re-
sources for further comparative and functional studies on 
freeze tolerance in ectotherms.

Population History and Evolutionary Rate
Phylogenetic analysis based on a set of 4,469 one-to-one 
orthologues from ten teleost species recovered the 
Amur sleeper and N. hainanensis as a well-supported sister 
relationship, with this clade recovered as sister to the 
monophyletic genus Odontobutis (fig. 1C; supplementary 
fig. S3, Supplementary Material online). The reconstructed 
topology is consistent with topologies inferred using the 
mitochondrial genome and nuclear coding genes (Li 
et al. 2018; Lv et al. 2020). In addition, we estimated the di-
vergence time of the ten teleosts using MCMCtree and 
found that the Amur sleeper and N. hainanensis diverged 
about 15.30 million years ago (Ma) (95% highest probabil-
ity density 8.09–23.06 Ma) in the mid-Miocene (fig. 1C).

Analysis using pairwise sequentially Markovian coales-
cent (PSMC) model (Li and Durbin 2011) based on whole- 
genome datasets revealed changes in the demographic 
patterns for the Amur sleeper and N. hainanensis (fig. 
1D), which might be due to substantial climate oscillations, 
including glacial–interglacial cycles and sea level changes. 
We observed two population expansion events in the 
demographic history of the Amur sleeper (fig. 1D). The first 
expansion occurred earlier than ∼3 Ma and peaked 
∼0.4 Ma in the largest Quaternary glaciation (0.80– 
0.20 Ma). This expansion timing corroborates a previous 
study, which suggested that the Amur sleeper might 
have spread from the warm south to the cold north during 
the Late Pliocene (2.58–3.60 Ma) (Li et al. 2018). The sub-
sequent population decline coincided with the advent of 
the warm interglacial period, during which the rise in sea 
level caused by deglaciation resulted in a dramatic reduc-
tion in freshwater habitats. The second expansion oc-
curred at ∼0.7 thousand years ago (Ka) and peaked the 
last glacial maximum (LGM, 0.26–0.19 Ka; Clark et al. 
2009). Similarly, the size of the N. hainanensis population 
decreased sharply after ∼0.9 Ma, and a population expan-
sion occurred at ∼0.15 Ma, followed by sharp declines pre-
dating the LGM (fig. 1D). Overall, the Amur sleeper has 
maintained a relatively higher and more stable effective 
population size than N. hainanensis over evolutionary 
time. This may be attributed to the strong resistance 
and adaptability of the Amur sleeper, which has aided its 
survival in extreme environments, thereby providing op-
portunities to expand into new ecological niches.

Because the development of freeze tolerance suggests 
adaptive evolution in the genome of Amur sleeper, we cal-
culated mutation rates of the whole-genome datasets and 
evolutionary rates of the 4,496 one-to-one orthologues. 
The mutation rate across the whole Amur sleeper genome 
was comparable to those for the closely related species N. 
hainanensis and Od. potamophila (fig. 1E). Despite the 
similar nucleotide-level mutation rates among them, pro-
tein sequences from the Amur sleeper appear to have 
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FIG. 1. Evolutionary history of the Amur sleeper (Perccottus glenii). (A) Circos plot showing the distributions of the components in the Amur 
sleeper genome, using 500,000 bp windows. 1, Gene frequency; 2, Density of long interspersed nuclear elements; 3, Density of long terminal re-
peat retrotransposons; 4, Density of DNA transposons; 5, Density of short interspersed nuclear elements; 6, Density of GC content. (B) 
Collinearity analysis of the Amur sleeper and Odontobutis potamophila genomes. (C) Phylogenetic tree and divergence times estimated 
for the Amur sleeper and nine other teleosts. Numbers near each node are the estimated divergence times, with the blue error bars indicating 
the 95% confidence levels. (D) Demographic histories estimated by pairwise sequentially Markovian coalescent (PSMC). Shaded orange box re-
presents the last glacial maximum (LGM). (E) Mutation rates for the three species estimated across each genome. The number outside of the 
circle represent the chromosome IDs in the O. potamophila genome. µ represents the mutation rate (× 10−9 per site per year) of each window. 
(F) The ω (Ka/Ks) ratios of concatenated genes in ten teleosts.
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evolved at a higher evolutionary rate than in the other spe-
cies. The Amur sleeper had a significantly higher Ka/Ks ra-
tio (ω, nonsynonymous/synonymous substitutions ratio) 
(fig. 1F; supplementary fig. S4, Supplementary Material on-
line), implying that this species may have been subject to 
stronger natural selection pressure.

Transcriptomic and Metabolic Profiles During 
Freezing and Thawing
To better understand the genetic regulatory mechanisms 
and metabolic adaptations important in the Amur sleeper, 
transcriptomes of the brain, liver, and muscle tissues, as 
well as the metabolomes of the liver and muscle tissues 
from field-collected samples in active, frozen, and thawed 
states were analyzed to represent the three periods during 
a freeze–thaw cycle, that is activity, freezing and thawing, 
respectively (fig. 2A and B; supplementary movies S1 and 
S2, Supplementary Material online). We observed obvious 
shrinkage in body size as well as the presence of large ice 
crystals in the abdominal cavity of all frozen samples 
(supplementary fig. S5, Supplementary Material online), 
suggesting significant dehydration and ice formation. 
Principal component analyses (PCA) of the transcriptomes 
identified clear differences in the three tissues among the 
different periods (supplementary fig. S6A, Supplementary 
Material online). PCAs of the liver and muscle metabo-
lomes showed large differences between the activity and 
the freezing/thaw periods, but smaller differences between 
freezing and thawing periods (supplementary fig. S6B, 
Supplementary Material online). Consistent with this, we 
identified a substantially larger number of differentially ex-
pressed genes and significantly different metabolites be-
tween the activity and freezing/thawing periods than 
between the freezing and thawing periods 
(supplementary fig. S7A and B, Supplementary Material
online). This implies substantial changes in the transcrip-
tional and metabolomic profiles in response to freezing 
and thawing. However, it is important to note that this 
study was limited to field-collected samples which may 
be influenced by many other complex factors (e.g., individ-
ual and environmental differences), thus further study 
comparing in the field and in controlled environments is 
warranted.

Changes in Genes and Metabolites Related 
to Hypometabolism
Stress-induced hypometabolism is the core adaptive strat-
egy implemented by freeze-tolerant animals to greatly de-
crease organismal energy demands, thereby permitting 
long-term survival using only their body fuel reserves 
(Carey et al. 2003; Storey and Storey 2013). Here, transcrip-
tomic profiles identified 308 genes shared among all the 
three tissues (liver, muscle, and brain) in the Amur sleeper 
were downregulated during the freezing period, compared 
with the activity period (supplementary fig. S7A, 
Supplementary Material online). These downregulated 
genes were significantly enriched in several GO functional 

categories related to the mitochondria (e.g., mitochon-
drion, mitochondrial part, and mitochondrial protein 
complex) (fig. 2C). The mitochondria produce most of 
the adenosine triphosphate (ATP) used by cells via mito-
chondrial energy metabolism, including oxidative phos-
phorylation and tricarboxylic acid cycle reactions (Wu 
et al. 2007). Importantly, nadufaf6 and atp5f1d, which 
are components of the mitochondrial respiratory chain, 
were identified as positively selected genes in the Amur 
sleeper (fig. 2F, supplementary table S11, Supplementary 
Material online). The observed signal for positive selection 
may have implications for the regulation of ATP synthesis. 
KEGG analysis showed that genes downregulated in the 
brain and muscle tissues during the freezing period were 
significantly enriched in the oxidative phosphorylation 
pathway (fig. 2F; supplementary fig. S8A and C, 
Supplementary Material online). Simultaneously, the con-
tent of malonic acid, which inhibits the tricarboxylic acid 
cycle by affecting succinate dehydrogenase (Lu et al. 
2018), increased about 3.28-fold and 6.34-fold in liver 
and muscle tissues, respectively, during freezing when 
compared with the activity period (supplementary fig. 
S9A and B, Supplementary Material online). The suppres-
sion of multiple mitochondrial pathways suggests a dra-
matic reduction in the metabolic rate in the Amur 
sleeper in response to freezing. Notably, given that mito-
chondria are also the main generators of cellular ROS, 
the inhibition would lead to a lower risk of ROS damage 
to macromolecules and organelles, including proteins, 
DNA, mitochondria, and cytoskeleton.

In the liver and brain of the Amur sleeper, genes that 
were downregulated during the freezing period, compared 
with the activity period, were also enriched in pathways re-
lated to transcription, translation, and cell division (e.g., 
spliceosome, ribosome, cell cycle) (fig. 2F; supplementary 
fig. S8A, Supplementary Material online), all of which are 
energy-expensive cell processes (Storey and Storey 2004). 
Studies in wood frogs and the western painted turtle 
have shown that cell cycle suppression is a general feature 
of freeze tolerance (Zhang and Storey 2012; Bradley Shaffer 
et al. 2013). Remarkably, the gene ccnd2, which encodes 
the G1/S specific cyclin D2, was positively selected in the 
Amur sleeper and is downregulated in the freezing period 
(fig. 2F; supplementary table S11, Supplementary Material
online). It has been reported that inhibition of ccnd2 ex-
pression arrests the cell cycle in the G1 phase (Xiao et al. 
2021). In addition, Gadd45gip1 and hdac9, which are asso-
ciated with the G1/S transition of the cell cycle (Li and 
Durbin 2011), were also identified as rapidly evolved genes 
(fig. 2F; supplementary table S12, Supplementary Material
online). Moreover, a number of negative regulators of 
mTORC1, including deptor, ddit4, tsc1, and akt1 (Coronel 
et al. 2022), were significantly upregulated during the 
freezing period compared with the activity period 
(supplementary fig. S10, Supplementary Material online), 
indicating a strong depression of mTORC1 activity during 
freezing. Previous studies have suggested that reductions 
in mTORC1 activity may lead to the subsequent inhibition 
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of protein translation and the cell cycle in hibernating an-
imals (Logan et al. 2019; Dias et al. 2021). Furthermore, two 
mTOR pathway repressor, nrpl3 and ikkb (Lee et al. 2007; 
Baldassari et al. 2016), were identified as a positively 

selected gene and a rapidly evolving gene, respectively (fig. 
2F; supplementary tables S11 and S12, Supplementary 
Material online). Thus, genes that experienced marked gen-
etic alterations may participate in the suppression of 

A

C

F

D

E

B

FIG. 2. Genes and metabolites related to hypometabolism and the cell stress response. (A and B) Photographs of the Amur sleeper during freezing 
(A) and thawing (B). (C ) The top 15 significantly enriched GO terms for downregulated genes in all three tissues (brain, liver, and muscle) during 
freezing compared with activity. (D and E) The log2(fold-change, FC) of metabolites related to antioxidant defense in the freezing (FR) and thaw-
ing periods (TH) relative to the activity period (AC) in the liver (D) and muscle (E) tissues. (F) Pathways and genes associated with hypome-
tabolism and cell stress responses. The pathways related to energy-expensive cell processes that were significantly enriched in the downregulated 
genes in the brain (purple), liver (green), and muscle (yellow) tissues during freezing when compared with activity are shown. Genes highlighted 
in orange were identified as positively selected genes; genes highlighted in pink were identified as rapidly evolved genes. The heatmap shows the 
log2(FC) in the transcriptional expression of differentially expressed genes in FR and TH relative to AC in the brain (BR), liver (LI), muscle (MU).
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energy-expensive cell processes in the Amur sleeper during 
freezing period, although their putative functions still 
await further verification. Collectively, our results suggest 
that hypometabolism is an adaptive response in the 
Amur sleeper to support freezing, yielding a minimization 
of energetic needs and ROS generation.

Changes in Genes and Metabolites Associated With 
Cellular Stress Responses
Both freezing and thawing have important consequences, 
including physical ice damage, anoxia/reoxygenation, de-
hydration/rehydration, and ischemia/reperfusion, all of 
which can expose cells and organs to quick bursts of 
ROS and severe oxidative stress (Storey and Storey 2017; 
Zhang, Gupta et al. 2021). Therefore, an integrated suite 
of cellular stress responses is of paramount importance 
to freeze-tolerant species. Core elements of the cellular 
stress responses include antioxidant defense, protein sta-
bilization by chaperones, and DNA damage repair (Kültz 
2005). Our metabolomic analysis of the liver and muscle 
tissues showed substantial increase in the content of the 
antioxidants vitamin C (Vc), Vb3, Vb6 and hypotaurine 
during the freezing and thawing periods, with the most 
pronounced changes observed for Vc content (a 
150.2-fold increase) in the liver and Vb3 (a 11.7-fold in-
crease) in the muscle during freezing (fig. 2D and E; 
supplementary figs. S11 and S12, Supplementary Material
online). The metabolites glutathione oxidized (GSSG), 
hypoxanthine, and 8-hydroxyguanosine (8-OHG), which 
serve as markers of oxidative stress (Joanisse and Storey 
1996; Hira et al. 2014), were notably increased in muscle 
tissue during the freezing and thawing periods (fig. 2E; 
supplementary fig. S12, Supplementary Material online). 
In contrast, levels of 8-OHG and total lipid peroxidation 
(LPO) in liver tissue decreased significantly, probably due 
to the observed hypometabolism and increases in antioxi-
dant levels that suppress ROS (fig. 2D; supplementary fig. 
S11, Supplementary Material online, and see below). In 
fact, the liver as the center of glucose homeostasis and lipid 
metabolism plays a vital role in coping with freezing im-
posed stresses, likely is more prone to oxidative stress 
and requires enhanced antioxidant defenses, chaperones, 
and DNA repair mechanisms to maintain cellular homeo-
stasis. Additionally, the observed hypometabolism could 
also contribute to the low levels of oxidative stress.

Our transcriptome profiles also identified a set of genes 
crucial for antioxidation that were upregulated in the 
freezing and thawing periods. For example, gene encoding 
the core antioxidant enzyme superoxide dismutase (sod3) 
was strongly upregulated in all three tissues, whereas the 
glutathione peroxidases genes (gpx1, gpx4a) were upregu-
lated in the liver and muscle tissues. Other enzymes or pro-
teins that have crucial antioxidant capacity, including the 
glutathione S-transferase (GST) isozymes (gsta4, mgst3, 
mgst3b) and ferritin ( fth1) (Tsuji et al. 2000), were also sig-
nificantly upregulated in a tissue- and context- (activity, 
freezing, and thawing) specific manner (fig. 2F). These 

regulation profiles can reflect perturbations from homeo-
stasis and cellular damage in each of the organ to generate 
tissue-specific functions to cope with the different stresses, 
as previously documented in multiple other freeze- 
tolerant organisms (Toxopeus and Sinclair 2018; Wu 
et al. 2018). Collectively, these cellular stress responses 
by enzymatic and non-enzymatic antioxidants to address 
freezing/thawing support the hypothesis of a preparative 
mechanism against oxidative stress (POS) (Giraud- 
Billoud et al. 2019) whereby organisms enhance antioxi-
dant defenses during a number of stresses (e.g., freezing/ 
thawing, anoxia/reoxygenation, torpor/arousal, etc.), and 
suggest that tissue-specific regulation of the antioxidant 
system is a part of the adaptive mechanisms that allow 
Amur sleeper to survive prolonged freezing and recover 
after thawing with the avoidance of oxidative damage.

Heat shock proteins are the best-known protein chaper-
ones that promote the refolding of denatured or misfolded 
proteins and prevent the denaturation and aggregation 
of unfolded proteins (King and MacRae 2015). Our tran-
scriptomic profiles revealed that a number of HSP genes 
(including hspa13, hspb8, hsp70-1, hspa12a, hsp10, hspa8, 
hspa14, hspb1, hsp90ab1, hspb6, and hsp90aa1) were 
significantly upregulated during freezing and thawing, es-
pecially in the muscle (fig. 2F). Moreover, genes involved 
in DNA damage repair, including ercc6, gadd45g, and 
gadd45b, were also upregulated in a tissue-dependent 
manner. Some cellular stress response-associated genes 
(shc1, oxr1, hspa12b, ercc8, and ercc6l2) experienced 
positive selection and rapid evolution in the Amur sleeper 
(fig. 2F; supplementary tables S11 and S12, Supplementary 
Material online). Shc1 and oxr1 have been shown to be im-
portant for oxidative stress protection (Koch et al. 2008; 
Sanada et al. 2014), whereas ercc8 and ercc6l2 are essential 
factors in the transcription-coupled repair (TCR) pathway 
that performs DNA excision repair (Fousteri and 
Mullenders 2008; Tummala et al. 2018). Overall, genetic 
modifications and regulation profiles of the stress asso-
ciated genes and metabolites provide strong evidence for 
the involvement of multiple cellular defense strategies in 
the Amur sleeper during freezing and thawing. Further 
studies are needed to define the function of these genes 
and proteins in cellular stress responses during freezing 
and thawing.

Changes in Genes Associated With the Cytoskeleton
The cytoskeleton, which comprises actin filaments (micro-
filament, MF), microtubules (MT), and intermediate fila-
ments (IF), not only help control cell shape, bear 
external forces, and maintain the stability of internal cell 
structures, but also enables cells to carry out essential 
functions such as division and movement (Alberts et al. 
2002; Fletcher and Mullins 2010). During freezing, the cyto-
skeleton is subjected to direct physical stress from extra-
cellular ice, substantial changes in cell volume, and the 
presence of destructive ROS (Storey and Storey 2017; Ou 
et al. 2018). Importantly, multimeric cytoskeletal 
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components quickly depolymerize at near-freezing tem-
peratures, resulting in catastrophic functional impairment 
(Ou et al. 2018). Therefore, adaptive modifications of 
cytoskeletal-related genes are likely necessary to mitigate 
freeze-associated cytoskeletal damage. As expected, gen-
omic comparisons showed that 285 gene families were sig-
nificantly expanded in the Amur sleeper compared with 
other teleosts (supplementary table S13, Supplementary 
Material online). Several of the GO terms significantly en-
riched in these expanded gene families are associated with 
microtubules (e.g., microtubule associated complex, 
microtubule organizing center attachment site, LINC com-
plex) (fig. 3A). Notably, three expanded gene families 
(kntc2, spc24, and haus3) are components of the 
kinetochore-microtubule attachments that ensure proper 
chromosome segregation during cell division, which is 
crucial for cellular viability (Cheeseman and Desai 2008; 
Umbreit et al. 2012; Zhang et al. 2019) (fig. 3B; 
supplementary fig. S13, Supplementary Material online). 
This is consistent with a requirement for stable kinetochore- 
microtubule attachments at low temperature, which confer 

resistance to microtubule depolymerization during cold ex-
posure whereas unattached microtubules are depolymerized 
(Margolis et al. 1990).

Across all identified rapidly evolving genes, the most 
significantly overrepresented KEGG pathways were in-
volved in the regulation of the actin cytoskeleton 
(supplementary fig. S14, Supplementary Material online). 
Of particular interest, five chaperone genes (cctθ, cctζ, 
cctɛ, tbca, and tbcd) exhibited significant signatures of ele-
vated rates of evolution (fig. 3B; supplementary table S12, 
Supplementary Material online). The genes cctθ, cctζ, and 
cctɛ encode different subunits of the chaperonin- 
containing t-complex polypeptide 1 (CCT complex) 
(Leitner et al. 2012) and are essential for the biogenesis 
of actin and tubulin, which are required for the assembly 
of actin filaments and microtubules (Llorca et al. 2001). 
The genes tbca and tbcd encode tubulin-specific chaper-
ones (TBCs) that bring together α- and β-tubulin subunits 
to form the assembly-competent heterodimers, which are 
required for the biogenesis of tubulin (Tian and Cowan 
2013). Tbcd was further identified as being positively 

A

C D

B

FIG. 3. Changes in genes related to the cytoskeleton. (A) The top 20 significantly enriched GO terms for the expanded gene families are shown for 
cellular components (GO terms related to the microtubule are shown in blue). (B) Schematic showing cytoskeletal composition, microtubules in 
mitosis, microtubule assembly, and the regulation of the actin cytoskeleton. Rapidly evolving genes are marked in red and expanded gene fam-
ilies are marked in blue. (C ) Alignments of the positively selected genes tbcd and tppp from several teleosts. Positively selected sites are high-
lighted in red. (D) Changes in the expression levels of genes related to the cytoskeleton during three periods (AC, activity; FR, freezing; TH, 
thawing). Purple represents higher expression levels, and blue represents lower expression levels. L and B represent liver and brain tissue, respect-
ively (CCT, CCT complex; MT, microtubule; MF, microfilament; IF, intermediate filament).
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selected and having four sites with evidence of positively 
selection, with one of them located in the TFCD-C domain 
(fig. 3C). Moreover, the gene tppp encoding tubulin 
polymerization-promoting protein, a microtubule regula-
tory protein that promotes the incorporation of tubulin 
heterodimers into growing microtubule filaments 
(Hlavanda et al. 2002), was also identified as a positively se-
lected gene with a mutation (G174E) in the p25-alpha do-
main (fig. 3C). Tppp is a multiple effector of the 
microtubule organization that not only protects the mi-
crotubules from cold depolymerization via its microtubule 
bundling activity, but also increases the level of acetylation 

by inhibiting the activity of histone deacetylase 6 (Tőkési 
et al. 2010), rendering microtubules more mechanically 
stable (Xu et al. 2017). As the rapidly evolving genes and 
positively selected genes identified in the Amur sleeper 
are known to be important for cytoskeletal stability, espe-
cially in tubulin biogenesis, this suggests that these genes 
have been co-opted to prevent irreparable structural dam-
age to the cytoskeletal system and maintain normal func-
tion over the freeze/thaw cycle.

Our transcriptomic analyses further clarified the dy-
namic rearrangement of cytoskeleton in the Amur sleeper. 
Multiple genes associated with three components of the 

A
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B

FIG. 4. Putative cryoprotectants and their movement with water. (A) The content of three most abundant sugar, polyhydric alcohols (polyols), 
and amino acids in the liver and muscle during freezing (AC, activity; FR, freezing; TH, thawing). Lowercase letters above the bar correspond to 
significant increases in freezing compared with activity. Error bars represent the mean ± SD (n = 6). (B) Schematic showing the glucose and 
glycerol biosynthetic pathways, as well as the movement of water and cryoprotectants. (C ) Patterns of differential expression among 
cryoprotectant-associated genes. Orange represents higher expression levels, and blue represents lower expression levels. (D) Alignment of mul-
tiple aqp4 amino acid sequences from the Amur sleeper and other nine teleosts. Specific mutations are shown in red.
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FIG. 5. Expanded and positively selected genes related to nerve activity. (A) Expansion of the adenosine A1-receptor (adora) gene family. Seven 
copies of the adora gene are arranged in tandem in the Amur sleeper genome. (B) Schematic representation of the gabrg2 protein, and align-
ment of the Amur sleeper gabrg2 amino acids sequence with the corresponding sequences of 13 vertebrates, including nine teleosts (Bufo bufo, 
frog; Gallus gallus, chicken; Mus musculus, mouse; Homo sapiens, human). The 14 positively selected sites in the Amur sleeper gabrg2 sequence 
are highlighted in red. (C ) F-box only protein 2 ( fbxo2) gene family has a significant expansion in the Amur sleeper genome (left) compared with 
other teleosts. The Amur sleeper has six copies of this gene, whereas other species only have 1 or 2. Alignment of six copies of fbxo2 from Amur 
sleeper with the corresponding proteins from other teleosts identified two specific 2-amino acid deletions (right).
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cytoskeleton (MT, MF, and IF) exhibited significant fluc-
tuations in expression levels in freezing and thawing peri-
ods, especially in the muscle tissue. Genes encoding the 
subunits of the CCT complex (cctβ, cctδ, cctζ, cctθ, cctɛ 
and cctγ) were significantly upregulated during freezing 
and thawing (fig. 3D), indicating the potential reassembly 
of dissociated cytoskeletal monomers. Similarly, the upre-
gulation of the CCT complex to prevent cold-induced ac-
tin depolymerization was also reported in two species of 
insects (Kayukawa and Ishikawa 2009; Zhang et al. 2011). 
With respect to microtubules, genes encoding α-tubulin 
(tuba), β-tubulin (tubb1, tubb4b, tubb) and tubulin-folding 
cofactor (tbca) were upregulated in muscle during freezing 
and thawing (fig. 3D). This upregulation likely contributes 
to the maintenance of the tubulin pool, which becomes 
more important at low temperatures due to cold-induced 
microtubules destabilization (Des Marteaux et al. 2018). In 
addition, genes involved in the post-translational modifi-
cation of tubulins (i.e., tpgs2, ttll11, and ttll4) (Wang et al. 
2022) also exhibited tissue-specific patterns of elevation 
(fig. 3D). Such alterations may help to promote micro-
tubule cold-stability. For more cold-resistant actin fila-
ments, genes encoding actin (actb) and actin-binding 
proteins profilin (pfn2), gelsolin (gsn), cofilin (cfl1), and 
the arp2⁄3 complex (arpc1b, arpc4 and arpc2) (Pollard 
2016) were significantly upregulated in muscle tissue dur-
ing freezing and decreased upon thawing. Moreover, the 
upstream regulators of cofilin and the arp2⁄3 complex, 
such as ssh2, wave2, cdc42, rac1, and rhoc (Campellone 
and Welch 2010; Mizuno 2013), were also differentially ex-
pressed, supporting dynamic rearrangements of the ac-
tin cytoskeleton (fig. 3B and D). Several genes that 
participate in the assembly or post-translational modifi-
cation of intermediate filaments, such as krt13, krt18, and 
lap2 (Naetar et al. 2017; Wu et al. 2017), were significant-
ly differentially expressed in muscle tissue during freez-
ing and thawing (fig. 3D). Real-time quantitative PCR 
(RT-qPCR) analysis of these genes recovered expression 
patterns consistent with those determined using the 
transcriptome analysis (supplementary fig. S15A and B, 
Supplementary Material online). We speculate that 
these specific regulatory and genetic changes play im-
portant roles in cytoskeleton stability to avoid the harm-
ful effects associated with freezing and thawing. These 
results provide evidence for adaptive modifications of 
the cytoskeletal components in maintaining cell viability 
over a freeze/thaw cycle.

Cryoprotectants and Transmembrane Transporters
A well-known strategy for freezing survival is the accumu-
lation of large quantities of low-molecular-weight cryopro-
tectants, which not only reduce ice formation but also 
limit cell shrinkage via osmic effects (Storey and Storey 
1986, 1996b). Sugars (e.g., glucose and trehalose), polyhyd-
ric alcohols (e.g., glycerol and sorbitol) and amino 
acids (e.g., proline) are common colligative (concentra-
tion-dependent) cryoprotectants found in cold-hardy 

amphibians and insects, and urea contributes in some 
cases in amphibians (Storey and Storey 2017; Toxopeus 
and Sinclair 2018). In fact, cryoprotectants may be inter-
changeable and function on a colligative basis, or they 
may perform non-colligatively, with each cryoprotectant 
molecule having a unique cryoprotective role, such as pro-
tecting membrane or/and protein stability (Toxopeus et al. 
2019; Kennedy et al. 2020). Our metabolomic analyses 
identified a variety of putative new cryoprotectants that 
showed distinct fluctuations in content in the muscle 
and liver of the Amur sleeper. Unexpectedly, glucose was 
the most abundant sugar in both the liver and muscle tis-
sue, but only showed an apparent increase (3.6-fold) in the 
muscle during the freezing period compared with the ac-
tivity period (fig. 4A). Myo-inositol and glycerol were the 
most abundant polyhydric alcohols in both tissues but 
with no significant fluctuations among the three periods. 
In contrast, arabitol increased significantly between the ac-
tivity and freezing periods in muscle (5.8-fold; fig. 4A), in-
dicating an obvious freeze response. Despite a global 
repression of amino acid metabolism, the aspartic acid 
content of muscle increased significantly (7.88-fold) in 
the freezing period compared with the activity period 
(fig. 4A), suggesting that aspartic acid potentially plays a 
protective role. The patterns observed in the Amur sleeper, 
wherein some putative cryoprotectants accumulated in-
dependent of freezing stimulation, are likely indicative of 
a seasonal acquisition, consistent with the variation of glu-
cose and glycol levels in amphibians (Layne and Jones 2001; 
Irwin and Lee 2003; Niu et al. 2018).

During freezing, glycogenolysis is clearly the dominant 
pathway producing cryoprotectants glucose and polyhydric 
alcohols. In the liver of the Amur sleeper, we observed a 
sharp drop in glycogen (as much as 133-fold), in conjunc-
tion with obvious rise in UDP-glucose (6.40-fold) and 
glucose-6-phosphate (2.92-fold) during the freezing period 
compared with the activity period (fig. 4B; supplementary 
fig. S16, Supplementary Material online). Meanwhile, the 
significant lactate accumulation suggests that glucose serves 
as the fuel for anaerobic metabolism (supplementary fig. 
S16, Supplementary Material online). Adrenaline-mediated 
triggering of β-adrenergic signaling (the fight-or-flight re-
sponse) has been linked with rapid activation of glycogen-
olysis (Storey and Storey 1996a). Consistent with this, the 
adrenaline content rose 2.20-fold; simultaneously, beta-1 
adrenergic receptor (adrb1) and beta-2 adrenergic receptor 
(adrb2) were significantly upregulated during the freezing 
period compared with the activity period (supplementary 
fig. S16, Supplementary Material online; fig. 4B and C). 
Glucose-6-phosphatase (g6pc), which converts Glu-6-p to 
glucose in the terminal step of glucose synthesis (Foster 
et al. 1997), was also significantly upregulated (fig. 4B 
and C). In contrast, glucose 6-phosphatedehydrogenase 
(g6pdh) was noticeably downregulated, preventing 
Glu-6-p from being used for other purposes (Cowan and 
Storey 2001). Importantly, g6pc was identified as a rapidly 
evolving gene and had nine specific amino acid replace-
ments (fig. 4B; supplementary fig. S17A, Supplementary 
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Material online), four of which were located in the 
transmembrane domains (supplementary fig. S17B, 
Supplementary Material online). Glycerol-3-phosphate 
phosphatase (g3pp), a crucial enzyme for glycerol biosyn-
thesis (Raymond 2015) was also identified as a rapidly evolv-
ing gene and had nine specific amino acid mutations (fig. 4B; 
supplementary fig. S18, Supplementary Material online). 
These genetic changes might promote glucose and glycerol 
synthesis in the liver; the glucose and glycerol thus pro-
duced may be exported and circulated throughout the 
body for cryoprotection before freezing.

The formation of ice crystals and the accumulation of 
cryoprotectants increase osmolality and have profound ef-
fects on cellular water content (Storey and Storey 2013). 
Aquaporins (AQPs) play an essential role in rapid osmo-
regulation, as they facilitate the diffusion of water and os-
molytes across cell membranes (Hill et al. 2004). There are 
two subsets of the AQP family: AQP1, AQP2, AQP4, and 
AQP5 are permeated only by water, whereas AQP3, 
AQP7, and AQP9 can also be permeated by glycerol and 
even larger solutes (Verkman and Mitra 2000). We identi-
fied aqp3 and aqp4 as rapidly evolving genes in the Amur 
sleeper (fig. 4B). In particular, the amino acid sequence of 
aqp4 has five specific mutations that cause amino acid po-
larity changes, including three alanine (A) to glycine (G) 
substitutions at sites that were highly conserved in the cor-
responding proteins of other fish species (fig. 4D). 
Furthermore, aqp1, aqp3, aqp4, and aqp7 were generally 
upregulated during the freezing period across all tissues ex-
amined (fig. 4C), providing functional evidence that these 
AQPs are crucial for the control of ice content, cell volume, 
and fluid homeostasis in the Amur sleeper (fig. 4C). 
Moreover, the transcription levels of two glucose trans-
porter glut2 and glut9 (Augustin et al. 2004; Mueckler 
and Thorens 2013) in liver tissue were increased signifi-
cantly during the freezing period when compared with 
the activity period (fig. 4B and C), suggesting a rapid export 
of cryoprotective glucose during the onset of freezing. 
Moreover, glut2 was identified as a rapidly evolving 
gene in the Amur sleeper and was also upregulated during 
thawing (fig. 4B; supplementary table S12, Supplementary 
Material online), which might facilitate reuptake of glu-
cose by hepatocytes to restore glycogen pools and miti-
gate hyperglycemia (Storey and Storey 1986; Mueckler 
and Thorens 2013). The dynamic regulation of glut2 ex-
pression is crucial for survival during freeze–thaw cycles 
in organisms that employ glucose as a cryoprotectant, as 
has been demonstrated in amphibians (Storey and 
Storey 1988; Rosendale et al. 2014). The expression pat-
terns of these differentially expressed cryoprotectant and 
transporter genes were validated using RT-qPCR 
(supplementary fig. S15D and E, Supplementary Material
online). Together, our results indicate that genes asso-
ciated with cryoprotectant synthesis and transmembrane 
transporters contribute to freezing survival by facilitating 
cryoprotectant accumulation and osmoregulation. 
However, the effects of the mutations in these genes still 
require further investigation.

Gene Changes Correlated With Neuroprotective 
Adaptations
Freeze-tolerant animals endure a prolonged state of frozen 
dormancy with interrupted nerve transmission (Storey 
and Storey 2017). Thus, neuroprotective mechanisms con-
trolling the entry to and exit from the dormant state, as 
well as maintaining cellular homeostasis, are vital for freez-
ing survival, yet this subject has received almost no atten-
tion in ectothermic vertebrates. Interestingly, we found 
seven copies of the adenosine A1-receptor (adora) in the 
Amur sleeper genome. The adora genes are in a tandem 
array and situated between slc12a5 and cyp24a1 genes 
(fig. 5A). The adenosine A1-receptor is generally linked 
to the inhibition of the release of neurotransmitters and 
has its greatest inhibitory effects on the excitatory gluta-
matergic system (Dunwiddie and Masino 2001). It has 
been demonstrated that stimulation of adora in the cen-
tral nervous system (CNS) plays a key role in the entrance 
into hibernation in mammals (Tamura et al. 2005). The ob-
served expansion of adora might enhance the suppression 
of neurotransmission and thus, be critically important for 
the induction or maintenance of dormancy in the Amur 
sleeper. Moreover, we found that gabrg2, encoding the 
γ2 subunit of gamma-aminobutyric acid receptor type A 
that mediates the inhibition of the CNS by combining 
with gamma-aminobutyric acid (GABA), possesses a 
strong signal of positive selection in the Amur sleeper. 
Remarkably, a total of 14 positively selected sites were de-
tected in the gabrg2 gene, which is highly conserved in hu-
man, mouse, chicken, and frog, with twelve of those sites 
located in the extracellular ligand-binding domain (fig. 
5B). Our transcriptomic analyses further identified mul-
tiple genes (glna, slc38a2, slc38a3, pkaca, and pkcb) in 
the GABAergic synaptic pathway that were upregulated 
in the brain tissue during the freezing and thawing periods 
(supplementary fig. S19, Supplementary Material online). 
Zebrafish exposed to GABA-enhancing drugs and mice 
fed black-sticky-rice giant embryo containing high levels 
of GABA exhibited decreased levels of anxiety (Stewart 
et al. 2011; Jung et al. 2017). Thus, the observed mutations 
in gabrg2 and the upregulation of genes associated with 
the GABAergic synaptic pathway may have important 
anti-anxiety effects and facilitate the initiation of 
dormancy.

In parallel with the receptors that mediate neural inhib-
ition, we found the metabotropic glutamate receptor 5 
(mglur5), which modulates cell excitability and synaptic 
transmission (Niswender and Conn 2010), was also under 
positive selection. In addition to neuronal excitability, 
mglur5 also play important roles in the induction of long- 
lasting forms of synaptic plasticity and long-term depres-
sion (Niswender and Conn 2010). Two positively selected 
sites (C607L and L608T) in mglur5 were identified in the 
conserved dimer interface (supplementary fig. S20, 
Supplementary Material online), which plays a critical 
role in activation via a massive conformational change 
(Llinas del Torrent et al. 2019). The two mutations may 
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affect its activation, and thus have implications for neural 
activity regulation while frozen and for reactivation upon 
thawing.

Autophagy is a conserved degradation pathway carried 
out by lysosomes, which plays a vital role in the clearance 
of cellular damage and nutrient recycling under stressful 
conditions (Settembre et al. 2013). A recent study sug-
gested that autophagy is necessary for neuronal survival 
and function in the Amur sleeper during and after winter-
ing (Gordon et al. 2020). However, oxidative stress can lead 
to lysosomal membrane permeabilization (LMP), resulting 
in leakage of hydrolases into the cytosol triggering cell 
death (Papadopoulos and Meyer 2017). Previous studies 
have provided evidence of LMP in neurons exposed to 
the cold (Ou et al. 2018) and established that lysophagy 
can clear damaged lysosomes though a selective from of 
macroautophagy as a critical response to LMP in the 
CNS (Papadopoulos and Meyer 2017). Notably, our gen-
omic analyses found that the lysophagy related gene 
f-box only protein 2 ( fbxo2) experienced significant expan-
sion with an increase in copy number (to six copies) in the 
Amur sleeper relative to other species (which typically 
have one to two copies) (fig. 5C). A multiple sequence 
alignment identified a pair of 2-amino acids deletions spe-
cific to the Amur sleeper, with each copy of fbxo2 including 
one of these deletions that might affect the three- 
dimensional structure of the encoded proteins (fig. 5C; 
supplementary fig. S21, Supplementary Material online). 
Fbxo2 is a brain enriched glycan-binding F-box protein 
that functions as a subunit of the ubiquitin protein ligase 
complex SCF (Liu et al. 2020). It has been demonstrated 
that fbxo2 is recruited to damaged lysosomes and partici-
pates in their clearance, and that fbxo2-knockout mice 
show a delayed lysophagy progression and increased neur-
onal cell death after lysosomal damage (Liu et al. 2020). 
Our transcriptomic analyses also showed high expression 
levels of multiple fbxo2 copies were maintained in brain tis-
sue in freezing and thawing periods (supplementary fig. 
S22, Supplementary Material online). Thus, fbxo2 gene ex-
pansion might indicate enhanced lysophagy function in 
the Amur sleeper to maintain neuronal homeostasis dur-
ing freezing and thawing. Further functional studies on 
these genetic changes may yield insights into how nerve 
activity regulation is coordinated and maintained upon 
freezing and thawing.

Conclusion
Freeze tolerance, a fascinating example of a complex ani-
mal adaptation, has been extensively investigated in mul-
tiple hibernating species including reptiles, amphibians 
and insects. However, the genetic basis of freezing survival 
remains unclear. We used a multi-omics approach to char-
acterize this adaptation in the only known freeze-tolerant 
fish species, the Amur sleeper. Our analyses revealed a 
suite of coordinated molecular adaptations in the Amur 
sleeper related to multiple cell/organ preservation strat-
egies that likely mitigate the detrimental effects of freezing 

and thawing. Potential evolutionary innovations asso-
ciated with cytoskeletal stability, cryoprotectant synthesis, 
transmembrane transport, and neuroprotective adapta-
tion were identified, which may be key to the Amur slee-
per’s freezing survival. The identification of these genetic 
changes provides a framework for further functional char-
acterization. Considering the present study only focuses on 
genetic changes of orthologues, future studies examining 
other genomic features such as species-specific genes, non- 
coding genes, convergent evolution, and epigenetic modi-
fications are worth to be explored. Overall, this study not 
only provides useful genomic resources and insights into 
the molecular adaptation of freeze tolerance in ectother-
mic vertebrates, but also has potential implications for 
the development of better cryopreservation technologies 
and the exploration of the causes of mental diseases in bio-
medicine, since many genes reported here are associated 
with multiple neurological and neuropsychiatric disorders 
in humans.

Materials and Methods
Genome Sequencing and De Novo Assembly
Wild Amur sleeper and N. hainanensis individuals were col-
lected from Heilongjiang and Guangxi Province, China, re-
spectively. Tissues used for obtaining the genome 
sequences were sampled from a single individual of each 
species. All experiments in this study were approved by 
the Institutional Animal Care and Use Committee of 
Institute of Hydrobiology, Chinese Academy of Sciences 
(Approval ID: Y21304506) and were conducted in compli-
ance with relevant guidelines. Muscle tissues from the 
Amur sleeper and N. hainanensis were used for DNA ex-
traction and genome sequencing. For the Amur sleeper, 
a total of 70.29 Gbp of long reads and 101.02 Gbp of short 
reads were generated. For N. hainanensis, a total of 
86.06 Gbp of long reads and 121.71 Gbp of short reads 
were generated. The long reads were sequenced using 
the PrometlON DNA sequencer on the Oxford 
Nanopore platform and the short reads were generated 
on the BGISEQ-500 platform. For Hi-C sequencing of the 
Amur sleeper, liver tissue was used for the extraction of 
DNA for library preparation. Hi-C libraries were sequenced 
on the Illumina NovaSeq platform, and a total of 
95.60 Gbp Hi-C reads were generated (supplementary 
table S1, Supplementary Material online).

We adapted the KmerFreq_AR program from the 
SOAPdenovo2 package, which is based on k-mer distribu-
tion, to estimate genome size from about 45 Gb of 
BGISEQ-500 short reads filtered using fastp (Chen et al. 
2018). The estimated genome size of the Amur sleeper 
and N. hainanensis were 827.25 Mb and 840.86 Mb, respect-
ively (supplementary table S2, Supplementary Material on-
line). First, Nanopore long reads of the two species were 
corrected using the NextCorrect modules of NextDenovo 
(https://github.com/Nextomics/NextDenovo). For the 
Amur sleeper, we used wtdbg2 (Ruan and Li 2020), Flye 
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(Kolmogorov et al. 2019), and Smartdenovo (https://github. 
com/ruanjue/smartdenovo) for de novo assembly with cor-
rected long reads due to the high heterozygosity estimated 
from the genome characteristics (supplementary fig. S1 and 
table S2, Supplementary Material online). Next, we applied 
three rounds of polishing using filtered short reads with 
Pilon1.23 (Walker et al. 2014). We also filtered the redun-
dant contigs caused by the high heterozygosity using the 
script fasta2homozygous.py from Redundans (https:// 
github.com/lpryszcz/redundans). The quality of these three 
genomes was assessed. Finally, Hi-C reads were aligned to 
the best assembly version via Bowtie2 (Langmead and 
Salzberg 2012), and then Lachesis (Burton et al. 2013) was 
used to anchor the draft genome onto 22 chromosomes. 
For N. hainanensis, the Nanopore reads were assembled 
using wtdbg2 and then three rounds of polishing using 
short reads were applied. To estimate the quality of the gen-
omes from the two species, short reads were mapped back 
to the genome using BWA-MEM (Li and Durbin 2009). 
Completeness of the two genomes was evaluated using 
Busco v5 (Manni et al. 2021) with the actinopterygii_odb10 
database.

Genome Prediction Annotation
We combined RepeatMasker v4.06 (Tarailo-Graovac and 
Chen 2009) with RepeatProteinMask v4.06 for homology 
repeat sequence prediction by aligning the genome se-
quences against the RepBase library. For de novo repeat 
prediction, we adopted RepeatModeler v1.08 along with 
LTR-FINDER v1.06 (Xu and Wang 2007) based on the de 
novo repeat library. We used three different methods, 
namely, ab initio annotation, homology annotation, and 
transcriptome-based annotation, to predict the whole 
gene set for the two genomes. Briefly, Augustus (Stanke 
et al. 2008), Snap (Leskovec and Sosič 2016), and 
GeneScan (Burge and Karlin 1997) were used for de 
novo gene prediction based on the repeat masked genome 
sequences. The Augustus and Snap programs were trained 
with the transcript and zebrafish genome training sets, re-
spectively. For homology-based annotation, protein se-
quences from Oreochromis niloticus, Oryzias latipes, 
Danio rerio, Anabas testudineus, Neogobius melanostomus, 
and Poecilla formosa were downloaded from Ensembl 
(supplementary table S14, Supplementary Material online) 
and aligned to the two genomes using the TBLASTN pro-
gram. GeneWise (Birney et al. 2004) was used to identify 
accurate gene structures for the alignment produced by 
TblastN. In addition, GeMoMa (Keilwagen et al. 2016) 
was used for homology-based prediction with the zebra-
fish genome as a reference genome. For the transcriptome- 
based annotation, ten tissues, including muscle, skin, heart, 
liver, spleen, brain, eye, gonad, kidney, and blood from the 
same individual of Amur sleeper, and the above tissues 
without blood from the same individual of N. hainanensis 
were sampled for RNA extraction and transcriptome se-
quence. Finally, a total of 62.49 Gb RNA-seq reads for 
the Amur sleeper and 87.30 Gb for N. hainanensis were 

generated by BGISEQ-500 (supplementary table S15, 
Supplementary Material online). We also performed full- 
length transcriptome sequence, a total of 8,570,679 sub-
reads with a mean length of 2,009 bp for the Amur sleeper 
and 16,621,922 subreads with a mean length of 1,719 bp 
for N. hainanensis were generated in PACBIO_SMRT plat-
form (supplementary table S16, Supplementary Material
online). BGISEQ-500 RNA-seq reads were mapped to the 
genomes using Hisat2 (Kim et al. 2015), and then tran-
scripts were generated using StringTie (Pertea et al. 
2015). Full-length transcriptome data were used to con-
struct consensus sequences using IsoSeq3 (https://github. 
com/PacificBiosciences/IsoSeq), and subsequently 
mapped to the genomes with Gmap (Wu and Watanabe 
2005). Both types of transcripts were then processed 
with PASA (Haas et al. 2003) to obtain the final results. 
Finally, all gene models generated from these three strat-
egies were integrated with EVidenceModeler (EVM) 
(Haas et al. 2008). Functional annotations of the predicted 
gene sets were obtained by mapping to public functional 
databases, including SwissProt, NCBI-Nr, KEGG, GO, and 
InterPro.

Syntenic Relationship With the 
Odontobutis potamophila Genome
To evaluate genome collinearity of the Amur sleeper with 
its close relatives, we assembled and annotated the Od. po-
tamophila genome based on raw data downloaded from 
NCBI (Jia et al. 2021). First, coding sequences from the 
22 autosomal chromosomes of the two species were 
aligned by LAST v942 (Kielbasa et al. 2011). These results 
were then subjected to MCscan (Tang et al. 2008) to iden-
tify syntenic blocks.

Phylogenetic Analysis
In addition to the Amur sleeper and N. hainanensis, gen-
omes of eight other teleosts, including Od. potamophila, 
Or. niloticus, Oryzias latipes, D. rerio, N. melanostomus, 
P. formosa, Gasterosteus aculeatus, and Takifugu rubripes 
(supplementary table S14, Supplementary Material online) 
were used to perform comparative genomic analyses. First, 
we identified orthologous gene clusters using OrthoFinder 
v2.3.4 (Emms and Kelly 2015) with default parameters. A 
total of 4,469 single-copy genes were identified in the 10 
species. Protein sequences for each single-copy orthologue 
were aligned using MAFFT v7.310 (Katoh and Standley 
2013) and the corresponding coding sequence alignments 
were obtained with pal2nal v14 (Suyama et al. 2006). We 
removed poorly aligned regions of each coding sequence 
alignment using Gblocks v0.91b (Talavera and Castresana 
2007) with the codon model. Alignments of less than 50 
codons were discarded (Wu et al. 2021). All filtered coding 
sequence alignments were concatenated into super-genes 
for each species to construct a phylogenetic tree using 
RAXML v8.2.4 (Stamatakis 2014) with 1,000 ultrafast boot-
strap replicates. To estimate divergence times, MCMCtree 
from the PAML software package was performed on the 
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inferred phylogenetic tree with D. rerio as the outgroup 
and fourfold degenerate sites (4D) extracted from the 
super-genes. We set three calibration time points (Or. nilo-
ticus–Oryzias latipes: ∼88–139 Ma; N. melanostomus–P. 
glenii: ∼59–89 Ma; G. aculeatus–D. rerio: ∼206–252 Ma) 
taken from the TimeTree database to calibrate the calcu-
lated divergence times.

Inference of Demographic History
We inferred demographic histories for the Amur sleeper 
and N. hainanensis by pairwise sequentially Markovian co-
alescent (PSMC) analysis (Li and Durbin 2011). Short reads 
used for the genome assemblies were aligned to the two 
reference genomes using BWA-MEM (Li and Durbin 
2009) with default parameters. To generate consensus dip-
loid sequences for the two individuals separately, the 
SAMtools mpileup with bcftools and vcfutils.pl pipeline 
(https://github.com/lh3/psmc) was applied. We then 
used the fq2psmcfa program of PSMC to convert the con-
sensus fastq files into psmcfa format, the input file format 
for PSMC. Finally, the effective population history was in-
ferred using PSMC with 100 bootstraps and plotted using 
the psmc_plot.pl pipeline. Generation time for the two 
species were set as 2 and the substitution rate (μ) were es-
timated by r8s (5.50e-9 per site per generation for the 
Amur sleeper and 6.46e-9 per site per generation for 
N. hainanensis).

Mutation Rate and Strength of Natural Selection
We chose four closely related species for whole-genome 
synteny alignment using LAST v942 (Kielbasa et al. 2011) 
with the Od. potamophila genome sequence used as a ref-
erence. The aligned results were submitted to the subpro-
gram “roast” of Multiz v3 (Blanchette et al. 2004) to 
generate one-to-one alignment sequences. A sliding win-
dow (100 kb) along the synteny alignment was applied 
to estimate the mutation rate. First, branch lengths for 
each window were estimated using RAxML (Stamatakis 
2014) based on the neutral regions (repetitive sequences, 
regions located within genes, or sequences 3 kb up-
stream/downstream of them were filtered). The mutation 
rates were then calculated with r8s using the estimated 
branch lengths and divergence time previously estimated. 
In addition, we calculated ω (ka/ks) ratios based on 4,469 
one-to-one orthologues from the ten teleosts. The free- 
ratio model, allowing a separate ω for each branch of a 
tree, from the codeml program in PAML (Yang 2007) 
was run on the concatenated orthologues and for each 
of the orthologues.

Gene Family Expansion and Contraction
We used CAFE v5 (De Bie et al. 2006) to test for expansion 
and contraction of gene families in the Amur sleeper based 
on the results from the OrthoFinder (Emms and Kelly 
2015) analyses and the estimated divergence times from 
MCMCtree. If the copy number of the Amur sleeper was 
higher or lower than that found in its close ancestral 

branch lineage, then we identified this gene family as a sub-
stantially expanded or contracted gene family. Any gene 
family, with a false discovery rate (FDR) adjusted P-value  
< 0.05, was thought to experience significant expansion 
or contraction. Functional categories and pathways in sig-
nificantly expanded gene families were identified by per-
forming GO terms enrichment analysis and KEGG 
pathway enrichment analysis using KOBAS (http://kobas. 
cbi.pku.edu.cn/). GO terms or KEGG pathways with a 
P-value <0.05 were considered significantly enriched.

Identification of Positively and Rapidly Evolved Genes
All one-to-one orthologous genes were used to assess the 
contribution of natural selection on the Amur sleeper gen-
ome by calculating the ratios (ω) of nonsynonymous sub-
stitution (dN) to synonymous substitution (dS) using the 
PAML4 software package (Yang 2007). The two-ratio 
branch model (model = 2, NSsites = 0) with null model 
(model = 0, NSsites = 0) was used to detect rapidly evolv-
ing genes and branch-site model (model = 2, NSsites = 2, 
fix_omega = 0) with null model (model = 2, NSsites = 2, 
fix_omega = 1) was used to detect positively selected 
genes, with the Amur sleeper as the foreground branch. 
Likelihood ratio tests (LRTs) were applied to test the sig-
nificance of the differences between alterative and null 
models for each orthologue. We treated a gene as a rapidly 
evolving gene when the FDR-adjusted P-value < 0.05, and 
it had a higher ω ratio in the Amur sleeper. Genes with P <  
0.05 were considered as a positively selected gene. Finally, 
we removed false positive results by manual checking. The 
final positively selected genes and rapidly evolving genes 
were then assessed for enrichment of functional categories 
and pathways.

Transcriptome Sequencing and Analysis
Active, frozen and thawed Amur sleeper weighted 7–12 g 
were collected in the autumn (September 20, 2020), winter 
(February 25, 2021), and early spring (March 30, 2021), re-
spectively in the same shallow bog in Qiqihaer, 
Heilongjiang, China (48.30°N, 125.25°E). Active samples 
were collected at the water temperature at 9 °C, frozen 
samples were collected from the bottom of the completely 
frozen bog (45 cm in depth, ice temperature at −2 °C, 
supplementary movie S1, Supplementary Material online). 
Frozen samples were dissected immediately after collec-
tion without thawing as cryoprotectants kept the bodies 
relatively soft. The thawing samples were collected at the 
surface of the bog as the ice melt (water temperature at 
2 °C, supplementary movies S2, Supplementary Material
online). After collection, brain, muscle, and liver tissues 
from nine individuals (three replicates per period) were 
dissected immediately and snap frozen in liquid nitrogen. 
RNA was extracted using TRIzol (Invitrogen, USA) and 
used for the generation of paired-end (PE) libraries. 
Each library was sequenced on an Illumina HiSeq platform 
with 150 bp PE reads. A total of 206.81 Gb clean data were 
generated (supplementary table S17, Supplementary 
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Material online). Clean reads were mapped to the refer-
ence Amur sleeper genome using Hisat2 (Kim et al. 
2015). StringTie (Pertea et al. 2015) was then used to gen-
erate gene expression level counts in fragments per kilo-
base of transcript per million fragments mapped. PCA 
was performed based on the expression pattern of all 
genes. To identify differentially expressed genes between 
the different periods, the number of reads mapped to 
gene regions was quantified by the FeatureCounts pro-
gram (Liao et al. 2014), a part of the Subread package 
v2.0.0 (http://subread.sourceforge.net/). The R package 
DESeq2 (Love et al. 2014) was used for the detection of dif-
ferentially expressed genes based on the read count table 
generated by featureCounts. An FDR-adjusted P-value <  
0.05 and a 2-fold-change > 2 was set as the level of signifi-
cance. Enrichments of KEGG pathways and GO terms of 
the differentially expressed genes were estimated using 
the annotations of all identified transcripts as a 
background.

Metabolite Extraction, Detection, and Analysis
Muscle and liver samples from 18 individuals (six replicates 
per period) were used for LC–MS/MS analysis. 50 mg of 
each sample was homogenized with 1,000 µl of ice-cold 
methanol/water (70%, v/v). The homogenate was centri-
fuged with 12,000 rpm at 4 °C for 10 min, and 400 μl of 
supernatant was stored in −20 °C refrigerator overnight. 
Then the supernatant was centrifuged at 12,000 rpm at 
4 °C for 3 min to obtain 200 μl of supernatant. The meta-
bolites detection was carried out by a combination of non- 
targeted detection (Ultra-performance liquid chromatog-
raphy (UPLC) and Quadrupole-Time of Flight) and widely 
targeted detection (UPLC and Tandem mass spectrometry 
(MS/MS)). PCA was performed using the statistics func-
tion prcomp within R to identify general trends in content 
changes. Metabolites with VIP (variable importance in pro-
jection) >= 1, absolute Log2FC (fold-change) >= 1 and 
FDR P-value < 0.05 were regarded as significantly different 
metabolites. Identified metabolites were annotated using 
the KEGG Compound database (http://www.kegg.jp/ 
kegg/compound/), and then annotated metabolites were 
mapped to the KEGG Pathway database (http://www. 
kegg.jp/kegg/pathway.html).

Real-time Quantitative PCR Assay
To validate differentially expressed genes across different 
periods of the Amur sleeper, RT-qPCR was performed. 
First-strand cDNA was synthesized from 1 ug of total 
RNA samples using Hifair II firstst-strand cDNA Synthesis 
SuperMix for RT-qPCR (Yeasen, China). The RT-qPCR 
was performed with the Hieff qPCR SYBR® Green Master 
Mix (Yeasen, China) and a LightCycler 480 II Instrument 
(Roche, Switzerland). Six biological replicates and three re-
action replicates for each group were used. Expression 
values were calculated using the detected threshold cycle 
(Ct) value using the geNorm algorithm. Non-tissue- 
specific reference genes elongation factor alpha (EF1α) 

and 18S rRNA were selected as internal controls to nor-
malize the relative expression levels. Statistical analysis 
was performed using an unpaired two-tailed Student’s t 
test.

Supplementary Material
Supplementary data are available at Molecular Biology and 
Evolution online.
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