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Editorial on the Research Topic

The adaptation and response of aquatic animals in the context of global
climate change

Anthropogenic climate change has brought on widespread changes in marine
environments, including ocean warming, ocean acidification, the development and
expansion of hypoxic zones. These environmental changes represent major threats to
marine life, challenging the survival and adaptation of marine organisms. The adverse
effects of these changes can interact in synergistic, additive or antagonistic ways (Huo et al.,
2019a; Huo et al, 2019b; Small et al., 2020; Collins et al., 2021), evidencing different
biological influence compared to their individual action (Huo et al., 2021a). Such influence
can vary across populations and species as a consequence of differences in phenotypic
plasticity and physiological tolerances shaped by their specific environmental and genetic
backgrounds (Gaitan-Espitia et al., 2017a; Gaitan-Espitia et al., 2017b). These factors
ultimately modulate the ecological response and evolutionary adaptation of marine
organisms to climate change. From an ecological perspective, changes in the marine
environment are likely to have significant negative phenotypic effects (e.g., physiology,
behavior, gene/protein expression), across levels of biological organization (ie., from
individuals, populations, to species). These changes can alter the ingestion, digestion,
respiration and growth of aquatic animals (Huo et al, 2018), potentially influencing
demographic and genetic declines driven, for instance, by massive mortality (Huo et al.,
2021b). From an adaptive evolution perspective, phenotypic plasticity appears to be a
suitable strategy to cope with these changes, at least in the short-term, through behavioral,
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physiological, life-history and morphological adjustments (Gaitan-
Espitia et al., 2017b). However, there are limits for plastic
adjustments beyond which populations and species require
genetic and cellular modifications to adapt to the unfavorable
environmental conditions. These adaptive responses include
microevolutionary changes of transcriptional, translational and
post-translational mechanisms underpinning phenotypic
responses (Huo et al, 2021b). Through the study of these
mechanisms, we can gain better understanding of the costs and
trade-offs of adaptive evolution in marine animals under
climate change.

Our aim for this Research Topic in Frontiers in Marine Science
was to bring together studies that enhance our understanding of the
potential biological, ecological and evolutionary impacts of extreme
environmental changes (individual and compound) on marine
animals. This Research Topic comprises 17 scientific papers,
which included reviews, original research and data reports,
covering diverse taxa from unicellular foraminifera to more
complex multicellular animals such as bivalves (hard Clam
Mercenaria mercenaria, eastern oyster Crassostrea Virginica,
Yesso scallop Patinopecten yessoensis, Zhikong scallop Chlamys
farreri and bay scallop Argopecten irradians, Chilean scallop
Argopecten purpuratus), holothurians (sea cucumber Apostichopus
japonicus), and fishes (e.g., silver carp Hypophthalmichthys molitrix,
spotted sea bass Lateolabrax maculatus, loaches Triplophysa
bleekeri). The main research focus of these papers was associated
with changes of key environmental drivers (e.g., temperature,
oxygen, pH) and stressors closely linked to global climate change
(e.g., seasonal cooling, fishing, microplastics and cadmium).

One theme that emerges from this Research Topic is the
importance of understanding the multiple biological levels
involved in the ecological responses and adaptive evolution of
marine organisms, here from genes to organismal phenotypes and
population dynamics. Padilla-Gamino et al. explored this issue by
reviewing the impacts of ocean acidification on processes of sexual
reproduction (e.g., gametogenesis, fertilization, and reproductive
resource allocation) in five economically and ecologically important
marine invertebrate groups, including cnidarians, crustaceans,
echinoderms, molluscs and ascidians. They found that the
fertilization rate declined as pH fell, indicating the negative
impacts on future generations in the context of a rapidly
changing oceans. Similar to ocean acidification, warming oceans
are expected to induce detrimental effects on marine organisms.
Yuan et al. found that increasing temperatures induce major
metabolic reprogramming and lipid remodeling in loaches fish
Triplophysa bleekeri, highlighting potential physiological costs
induced by climate change. Another important driver modulating
life in marine environments is oxygen availability. Li X. et al
demonstrated that low oxygen conditions (i.e., hypoxia stress)
trigger tissue damage and changes in the immune defense and
oxygen transport in the silver carp Hypophthalmichthys molitrix. In
other fish species (e.g., spotted sea bass Lateolabrax maculatus), Ren
et al. found that this type of environmental stress altered the HIF
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signal network system, suppressing the cell cycle process.
Environmental drivers such as pH, temperature, and oxygen,
however, do not change in isolation but co-vary among them and
have interactive effects. For instance, Huo et al. showed that the
immune system, digestion, and antioxidant levels in the sea
cucumber Apostichopus japonicus were affected differently by
individual and combined changes in temperature and dissolved
oxygen. Similarly, Li C. et al. found that the interaction of air
exposure and elevated temperatures, can ultimately influence the
regulation of the cell cycle, apoptosis, and proline accumulation in
the eastern oyster Crassostrea virginica as part of its adaptive
response. The immune and apoptotic response has been also been
documented in other marine animals such as scallops when limited
oxygen interacts with transient heat (Mao et al.).

Although global warming is the dominant trend, there are
regions in which temperatures are decreasing (e.g., upwelling
areas along the East South Pacific coast). Ramajo et al. showed
that populations of scallops (Argopecten purpuratus) in upwelling
areas decreased their growth and gross calcification rates when
exposed to cooling waters and low oxygen conditions. Such
interactive effects directly impact traits that are relevant for the
fitness and dynamics of natural populations of these
marine invertebrates.

Temperature, dissolved oxygen and pH are environmental
factors of great interest and discussion. In addition to those
factors, global climate change has also exacerbated the effects of
other stressors on marine organisms. For instance, toxic algal
blooms of Karenia mikimotoi are more regularly impacting
populations of the abalone Haliotis discus. These effects are
exacerbated when hypoxic conditions are present, significantly
reducing survival rate and the activation of oxidative stress
(Zhang Y. et al.). Another important anthropogenic stressor that
is more frequently documented in the literature is derived from
marine and coastal pollution. Zhang C. et al. examined the effects of
dietary ingestion of microplastics and cadmium in the sea
cucumber Apostichopus japonicus, finding that the interactive
exposure can lead to oxidative stress, the inflammatory response
in the intestine, and the activation of the intestinal immune defense
system. These studies contributed to the goal of expanding our
understanding of how marine organisms respond to upcoming
environmental challenges mainly from molecular and physiological
aspects. The identified changes in biological processes in these
studies provide fundamental information for deciphering the
adaptive regulatory mechanisms employed by marine animals
when exposed to environmental stress and climate change.

Another theme that emerged from this Research Topic is the
importance of understanding the mechanisms underpinning
adaptative evolution. As species face new and changing
environments, they must evolve to avoid extinction. Hu Z. et al.
emphasized the significance of heat shock protein 70 genes
expansion as part of the adaptive evolutionary responses of the
hard Clam Mercenaria mercenaria to heat and hypoxic
environments. Mao et al. identified that heat shock proteins could
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likely have helped in correct protein folding to aid the adaption of
the scallops to the altered environment. Ren et al. suggested that
alternative splicing events have been probably shaped by natural
selection as part of the hypoxia adaptation in the spotted sea bass
Lateolabrax maculatus. In addition to internal regulation at the
molecular level, phenotypic change, mediated by natural selection,
is also an important strategy for adaptation to environmental stress.
Such phenotypic changes can show intra-specific variation due to
genotype-by-environmental interactions. For example, the purple
strain of the sea cucumber A. japonicus can tolerate a wider range of
temperatures and higher salinity levels than those of the green
morph (Bin et al, 2018). Yao et al. characterized the types,
quantities and expression of TGFP signaling pathway members in
A. japonicus and provided information for pigmentation, as it is a
key trait for understanding environmental adaptability and species
stability. Hu W. et al. concentrated on the Oxudercinae fishes
distributed in the intertidal mudflats, one of the ecosystems with
the most drastic changes in salinity, temperature, and oxygen
content. Hu W. et al. identified the morphological features of
corneal epithelial cells as the visual adaptation mechanisms for
Oxudercinae species to adjust to varied environments. Phenotypic
evolution and gene regulation together enable species to better
adapt to environmental stress and change.

Impacts of climate change are evident in natural systems all over
the world (Gaitan-Espitia and Hobday, 2021). The studies in this
Research Topic explored this context across diverse biogeographic
backgrounds around the globe, from the poles to the tropics. As a
result of climate change and other anthropogenic pressures, marine
ecosystems have been strongly impacted, reducing their ecological
stability (e.g., 75% in coral reefs globally) (Bruno and Selig, 2007;
Hu et al, 2020). Zhang X. et al. used the Ecopath with Ecosim
model to investigate the effects of ocean warming and fishing on the
coral reef ecosystem surrounding the Xisha Islands in the South
China Sea. According to their findings, ocean warming and fishing
caused the overall catch to decline by 3.79% and 4.74%, respectively,
by the middle of the century compared to 2009. Some groups (i.e.,
medium and large carnivorous fish), tend to be less affected by
ocean warming when the fishing effort is reduced. Yu et al. explored
the hypoxia avoidance behavior of six common reef-dependent
species found in the northeastern sea areas of China (i.e., rockfishes
Sebastes schlegelii and Hexagrammos otakii, filefish Thamnacomus
modestus, flatfish Pseudopleuronectes yokohamae, sea cucumber
Stichopus japonicus, and crab Charybdis japonica). The findings
demonstrated that reduced DO levels enhanced the habitat affinity
to preferred habitat types for the two habitat-specific rockfishes,
decreased the usage of preferred habitats of sea cucumber and
filefish, and had no effects on crab habitat usage. Similar to the
tropics, the Antarctic region biota is currently facing major threats
from complicated environmental changes (Convey and Peck, 2019).
As Antarctic marine animals are facing a stable and limited range of
low seawater temperatures (Carter et al.), slight variations in
thermal environment can result in differences in the spatial
distribution of species and populations (Bilyk and DeVries, 2011;
Sandersfeld et al., 2017; Morley et al., 2020). Li Q. et al. presented
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the relationships between foraminiferal molecular diversity and
environmental variables in the Antarctic region, discovering that
both, water depth and temperature have distinct effects on
abundant and rare foraminiferal subcommunities. Specifically, the
foraminiferal alpha diversity of the most abundant subcommunity
was positively correlated with water depth and negatively correlated
with temperature, whereas the alpha diversity of the rarest
subcommunity did not exhibit a linear relationship with any of
these environmental factors. Carter et al. investigated the upper
thermal limits (CTmax) of seven marine ectotherm Antarctic
species (Chordata 3 spp., Arthropoda 2 spp., and Echinodermata
2 spp.) and discovered that basal mortality was influenced by
seasonal temperature change in the intertidal zone, with
echinoderms having greater CTmax than Chordata and
Arthropod species. These papers help to our understanding of
how future environmental changes will affect biodiversity from
the tropics to the poles.

The study of ecological responses and adaptive evolution in
marine animals facing environmental stress will unavoidably get
more attention as global changes are increasing in frequency,
magnitude and duration all across the globe. Each of the articles
summarized in this Research Topic have made a major contribution
to this area and contributed a piece of the puzzle to advance our
comprehension. Moreover, this Research Topic points to new
directions and highlights the many knowledge gaps that still
remain to be addressed in this area of research. This Research
Topic highlights the urgent need for continued investigation into
these complex interactions. Future directions in this field include
encouraging integrated evaluation of multiple environmental
stressors, comparative multi-species research, cross-regional and
cross-temporal investigations. This Research Topic also highlights
that understanding the impact of climate change on aquatic animals
requires interdisciplinary collaboration, including ecology, biology,
genetics, oceanography, and climate science. Collaborations between
researchers from different fields can provide a more comprehensive
understanding of the complex interactions between climate change
and aquatic ecosystems, as well as identify potential solutions and
management strategies. We strongly hope that this topic will attract
the attention of the broader scientific community interested in
climate change biology, bringing together researchers with
expertise in diverse and complementary fields.
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The silver carp (Hypophthalmichthys molitrix) is an economically, as well as
environmentally, important fish that harbors low environmental hypoxia tolerance and
frequently contributes to a loss of aquaculture productivity. The gill is the first tissue
attacked by hypoxia; however, the response of the gills of H. molitrix to hypoxia stress at
the tissue, cellular, and molecular levels has not been clearly established. The influence of
hypoxia on histological features along with gene expression in silver carp gills were
explored in this research. The hematoxylin and eosin-stained sections and electron
microscopy examinations of gills indicated that the gill lamellae were seriously twisted,
gill filaments were dehisced, and the swelling and shedding of epithelial cell layer in the gill
tissue were intensified along with the degree of hypoxia. In the hypoxia, semi-asphyxia,
and asphyxia groups, the gill transcriptomic assessment of shifts in key genes, as well as
modulatory networks in response to hypoxic conditions revealed 587, 725, and 748
differentially expressed genes, respectively. These genes are abundant in immune
response signaling cascades (e.g., complement and coagulation cascades, Nucleotide-
binding and oligomerization domain (NOD)-like receptor signaling cascade, and
differentiation of Th1 along with Th2 cells) and oxygen transport [e.g., MAPK, PISK-Akt,
and hypoxia-inducible factor 1 (HIF-1) signaling cascades]. Genes linked to immune
response (e.g., c2, c3, ¢6, kif4, cxcrd, cd45, and cd40) and oxygen transport (e.g., eginT,
egin3, epo, Idh, and vegfa) were additionally identified. According to our findings, the silver
carp may be using “HIF-1” to obtain additional oxygen during hypoxia. These findings
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illustrate that hypoxia stress might damage qill tissue, trigger an immunological response,
and activate HIF-1 signaling to increase oxygen availability under hypoxic situations. The
findings of this work will help scientists better understand the molecular mechanisms
driving hypoxia responses in hypoxia-sensitive fish and speed up the development of

hypoxia-resistant varieties.

Keywords: Hypophthalmichthys molitrix, hypoxia, gill, tissue damage, transcriptome

INTRODUCTION

Most of aerobic life on the planet need molecular oxygen to
survive (Van der Meer et al., 2005). Fish interact directly with the
aquatic environment, exhibiting significantly greater temporal,
as well as spatial, fluctuations in oxygen contents relative to the
terrestrial habitat (Zhu et al., 2013). Hypoxia is regarded as a low
level of dissolved oxygen (DO) that adversely impacts fish
behavioral, biochemical, and physiological activities consisting
of reproduction, movement, respiration, development, and
metabolism coupled with immunity (Jiang et al., 2017; Abdel-
Tawwab et al, 2019). Conditions, for instance, high stocking
density, organic matter buildup from unconsumed food, and
feces accompanied with the blooms of algae in aquaculture
habitats all contribute to the severity of the hypoxic situation
(Gallage et al., 20165 Li et al., 2017). As a result, hypoxia occurs
often in aquaculture, and the molecular responses of fish to
hypoxic stress have generated considerable interest in recent
years (Chen et al.,, 2017; Xia et al., 2018; Mu et al., 2020).

The silver carp is among the four main Chinese carp species
that was responsible for 14.7% of total cultured freshwater fish
production in 2020 alone (Yearbook, 2020). Silver carp feed on
phytoplankton without additional feeding due to normal filter
feeding; hence, silver carp aquaculture saves feeding costs. The
silver carp has been introduced to or expanded across over 88
countries globally, not only to improve breeding benefits but also
to prevent algal bloom and enhance water quality (Li et al., 2020).
Nevertheless, H. molitrix harbors a low tolerance for hypoxia in
the environment, which leads to higher pond turnover in high-
density pond aquaculture (Li et al., 2021). As a result, studying
the adaptive approaches of silver carp under hypoxia would be
more beneficial.

Hypoxia causes fish to respond to stress in a chronic, as well
as acute, manner, leading to diverse molecular, behavioral,
morphological, and physiological alterations (Abdel-Tawwab
et al., 2019). The principal site of gaseous exchange and the
initial target in a hypoxic episode is the fish gill (Tiedke et al,
2015). The crucian carp (Carassius carassius) decreases the size
of their inter-lamellar cell mass and exposed lamella, as well as
increases the functional surface area of their gills in response to
hypoxia (Sollid et al., 2003). When the fish are returned to a
normoxic state, the gill structure caused by hypoxia would be
changed (Sollid and Nilsson, 2006). As a result, the fish gill plays
an indispensable role in the aquatic exchange of gases and may
undergo dramatic remodeling as a response to variations in DO
contents (Wu et al, 2017). Furthermore, the fish gill is an
immune-competent organ with vast mucosal surfaces, referred

to as gill-associated lymphoid tissue (Rebl et al, 2014). It is
unclear how the gill of H. molitrix responds to hypoxic stress at
the tissue, cellular, and molecular levels since it is the first tissue
to be affected by hypoxia.

With its high-throughput precision coupled with
reproducibility, transcriptome sequencing technology is a
useful tool for studying aquatic animal growth along with
development, disease-resistant immunological systems, stress
physiology, and other functional processes (Zhang et al., 2009;
Li and Dewey, 2011). The environmental stress adaption of
various aquatic species, for instance, Cyprinus carpio (Xing
et al.,, 2019), Scylla paramamosain (Cheng et al.,, 2019), Rana
chensinensis (Ma et al., 2018), Procambarus clarkia (Zhang et al.,
2022), and Gambusia affinis (Hou et al., 2019), has been studied
via high-throughput transcriptome sequencing technology. To
help comprehend the intrinsic molecular process in the response
to hypoxia, the transcriptome alterations in the gill of H. molitrix
were determined using the Illumina HiSeq 2500 sequencing
technology, and the corresponding histomorphology alterations
were also investigated in the current work. The findings of this
research will be critical in furthering our understanding of the
hypoxia adaptation mechanisms of aquatic species and in
speeding up the breeding of hypoxia-resistant types. It also
serves as a source of information and data for relevant studies.

MATERIALS AND METHODS

Fish Preparation and Maintenance

Healthy silver carp with a body weight of 52.86 + 5.64 g and body
length of 15.06 + 1.23 cm were selected as the experimental fish.
They were acquired from the Genetics and Breeding Center of
Silver Carp, Ministry of Agriculture and Rural Affairs in
Jingzhou city, Hubei province, China. The fish were introduced
in a re-circulating freshwater system (with heating features and a
capacity of 400 L) and given 2 weeks to acclimate before the
experiment began. Throughout acclimation, the water was kept
at the following parameters: 25.0 + 0.5°C; pH, 7.5 + 0.2; and DO,
7.0+ 0.5 mg/L. Throughout the study, we maintained a natural
photoperiod. The DO level was assessed via a DO meter (HACH,
Loveland, CO, USA).

Experimental Design

Following acclimation, fish were relocated to indoor rectangular
glass tanks measuring 46 cm by length, 33 cm by width, and 28
cm by height, with ten fish in every tank) and fasted for 24 h
prior to the hypoxia test (Figure 1A). When the hypoxic stress
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FIGURE 1 | Hematoxylin and eosin (H&E) staining of gill sections under (A) normoxia; (B) hypoxia; (C) demi-asphyxia; and (D) asphyxia stress in silver carp. GL,

branch leaf; BC, blood cells; PVC, pavement cells; MRC, mitochondria-rich cells.

testing started, 12 glass tanks were employed. Three tanks of fish
(n = 10) were used as the control group (CK) and were kept in
normoxic conditions. The fish in the remaining nine tanks
(n = 10) were deemed as the test groups (T1, T2, and T3).
Hypoxia experiments were done by enclosing the water-filled
tanks with plastic film, and the fish gradually consumed the
oxygen in the aerated water via natural respiration (Chen et al.,
2017; Jiang et al., 2020; Li et al., 2021) until the majority of fish
attempted to breathe directly via their mouth (three tanks,
designated as the hypoxia or T1 group, DO = 0.75 + 0.04 mg/L),
half of the fish lost their balance (three tanks, designated as semi-
asphyxia or T2 group, DO = 0.58 + 0.06 mg/L), and the other half
of the fish sunk without the rhythmical opening and closing of
the gill flaps (three tanks, designated as asphyxia or T3 group,
DO = 0.27 + 0.06 mg/L), similar to Feng et al. (2022).

Paraffin Section and Electron

Microscopic Section

The fixed gill was dehydrated using a graded ethanol-xylol series
and vacuum-embedded in paraffin. The sections (5~6 wm) of the

specimens were cut and placed on polylysine-coated slides.
hematoxylin and eosin (H&E) staining was done on the slices,
and they were photographed under an Olympus microscope
(Olympus CH2, Olympus, Japan).

Gill tissues were washed in PBS and preserved in 2.5%
glutaraldehyde overnight. After being washed with PBS, the gill
tissues were dehydrated using gradient alcohol (70%, 80%, 90%,
95%, and 100%) and then treated with isoamyl acetate for
standard critical drying. Then, using a JEOL JSM 7800E field
emission scanning electron microscopy (JEOL, Tokyo, Japan), a
vacuum ion coating was applied to view and capture pictures.

Total RNA Isolation and Sequencing

The isolation of total RNA from the gills of CK, T1, T2, and T3
groups was done with the TRIzol Reagent (Invitrogen, Carlsbad,
CA, USA). The processing of the complementary DNA (cDNA)
along with the RNA sequencing was done at Frasergen
Bioinformatics Co., Ltd (Wuhan, China), with sequencing run
on the Tllumina HiSeq"™ 4000 system to generate 150 bp paired-
end reads.
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Analysis of RNA-Seq Data

The analyses of the RNA-seq data were done as documented
previously (Li et al., 2021). FASTQC (v0.11.5) was employed to
verify the quality of the fastq output files. Trimgalore (v0.4.3) was
adopted to eliminate adapter sequences. The reads were mapped
to the silver carp reference genome (unpublished data). HTSeq
(v0.6.1) was utilized to produce raw counts (Anders et al., 2015).
To identify DEGs (differentially expressed genes), a fold change
(FC) > 2.0 along with a P-adjusted value < 0.05 cut-off (FDR)
served as the threshold (Benjamini and Yekutieli, 2001). The R
‘heatmap’ package was adopted to conduct hierarchical DEG
clustering. The Gene Ontology (GO) enrichment analysis along
with the Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analyses for DEGs were performed via the KOBAS
program (v2.1.1), with a P-value of 0.05 signifying
significant enrichment.

Real Time Quantitative PCR (RT-qPCR)
Analysis

The oligonucleotide sequences of the primers are given in Table 1.
The genes utilized to validate the RNA-seq data were the members
of overlapping DEGs from CK versus T1, CK versus T2, and CK
versus T3, and their primers were built using Primer 6. B-actin
served as the control gene (Li et al., 2013; Li et al., 2016). qPCR was
performed on samples that were not related to those utilized for
RNA-seq. Following total RNA isolation, cDNA was synthesized
using the FastKing RT Kit (TianGen, Beijing, China) and qPCR
was done with a 2xSYBR Green MasterMix reagent (Takara,
Kyoto, Japan) as previously documented (Zhang et al., 2022).
The determination of gene expression was done via the 2y AAC
method (Livak and Schmittgen, 2001).

Statistical Analyses

All values were presented as SD + mean. SPSS v15.0 (IBM Corp.,
USA) was used for data analyses. Before performing ANOVA, the
Shapiro-Wilk test was performed to determine the normality of

the data and the Levene test was used to determine the
homoscedasticity of the data. When the data were homogeneous
and met the normal distribution, a one-way ANOVA was used to
determine the statistical differences between multiple testing, and
P < 0.05 signified statistical significance.

RESULTS

Effect of Hypoxia Stress on Gill Tissue
Structure of Silver Carp
The sections stained with H&E exhibited that the both sides of gill
lamellae in the normoxia group were symmetrical and orderly
arranged, the epithelial cells were flat and regularly arranged, the red
blood cells (RBCs) were evenly distributed in the sinus, and the
mitochondria-rich cells were elliptically distributed at the base of the
lamellae (Figure 1A). Compared with the CK (normoxia) group,
the gill tissue structure of T1 (hypoxia), T2 (semi-asphyxia), and T3
(asphyxia) groups began to be damaged in gradually lower DO. As
shown in the T1 group (Figure 1B), the volume of cells with rich
mitochondria became larger, the distribution of red blood cells was
uneven, and the gill lamellae were gradually curved, thus increasing
the gill respiratory area. At the T2 group (Figure 1C), most of the
gill lamellae showed a disorder and an “S”-shape distortion, some
gill filaments were dehisced in the middle, the RBCs in the blood
sinuses were not uniformly distributed and piled up, and the
phenomenon of cavitation was common. At the T3 group
(Figure 1D), the volume and number of mitochondria-rich cells
were increased and the whole gill lamellae were swollen and
seriously curved, which deviated from the normal shape. In
addition, the statistical analysis showed that the gill filament
cracking proportion was higher in hypoxia groups (Figure S1).
These results indicated that the severe hypoxia stress caused serious
damage to the gill tissue.

The scanning electron microscope section showed that the gill
tissue structure was complete and the gill lamellae were arranged

TABLE 1 | Information of the primers used in quantitative real-time PCR analysis.

Gene abbreviation Gene description

Primer sequence (5’-3’) Length (bp)

cxcrd C-X-C motif chemokine receptor 4

gabarapl1 GABA type A receptor associated protein like
irf7 Interferon regulatory factor 7

hspb1 Heat shock protein family B (small) member 1
dusp2 Dual specificity phosphatase 2

ceng2 Cyclin G2

adit4 DNA damage-inducible transcript 4

egin1 egl-9 family hypoxia inducible factor 1

egin3 egl-9 family hypoxia inducible factor 3

1

F: TCCTGGTGGACACTCTGGTGAC 106
R: TGGAAGTACGCCAGTGCCTCA

F: ACTCCCTTCCTCCATCCAGTTCC 131
R: CCAATCCTTGCGTCCTCTGTCTC

F: TGCTCAGCCAGGTGGAGACAA 131
R: CGACTGACCGCACCGTAAGATTT

F: TAACACAGGCAGCAGCACAGC 144
R: GCAGTACGGCAATCCATCCTCTC

F: TGAAGGTGGAGGACAGTCTAGCC 157
R: TGTATGAGGTACGCCAGGCAGAT

F: GCCAAGGAGCACAACCACCAA 145
R: GCACAATGGCACCTCGCTGTA

F: ATGCCTCATCTGTGCTGCTGTG 120
R: CCACTCCAACATCTGACGCTCC

F: TGGCATCTGTGTGGTGGACAAC 191
R: TCTTCTCGCATCCAGGCTCCTT

F: TGGACACGCAGTTGGAGACTTT 157

R: CCGTCGTTGAGAATCCCACAGTA
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neatly without any damage at normoxia (Figure 2A). As shown
in the T1 group (Figure 2B), the matrix of the gill lamellae
became thin, some gill lamellae were damaged, and the surface of
gill arch began to appear as a microridge. At the T2 group
(Figure 2C), the arrangement of gill lamellae was disordered and
the damage of the microridge on the surface of gill arch began to
be obvious. At the T3 group (Figure 2D), the gill lamellae were
seriously twisted, the matrix was thinned, and the number of
microridge on the surface of the gill arch was greatly expanded.

Mapping of Reads Generated by RNA-seq
of Gill to the Silver Carp Genome

We constructed a total of 12 ¢cDNA libraries in this research.
RNA-seq generated 21,228,388-29,007,113 million high-quality
clean reads (Table 2). We mapped 16,801,436-22,573,384 reads
(70.50%-80.27% of clean reads) to the genome of silver carp
(unpublished), illustrating that the majority of clean reads
generated by high-throughput sequencing were mapped
(Table 2). Genes with count >1 were considered as highly
expressed genes if they accounted for at least 75% of the 12
samples and were utilized for further differential expression
assessment, giving a total of 25,319 genes in this research.

TABLE 2 | Statistics of sequencing.

Sample name Mapped reads Mapped reads Mapping rate

CK-1 23,394,144 18,036,700 77.10
CK-2 23,190,974 18,684,187 80.14
CK-3 26,988,191 20,758,726 76.90
T1-1 21,228,388 16,801,436 79.15
T1-2 24,958,200 19,693,195 78.92
T1-3 25,851,796 20,638,869 79.84
T2-1 25,063,099 19,650,596 78.40
T2-2 25,232,520 17,787,773 70.50
T2-3 22,782,632 18,286,816 80.27
T3-1 29,007,113 22,573,384 77.82
T3-2 27,512,568 20,658,683 75.09
T3-3 22,440,988 17,897,520 79.75

Identification of Differentially

Expressed Genes

To unveil the mechanism via which the silver carp responds to
hypoxia, differential gene expression analyses were carried out in
the CK gill relative to the T1, T2, and T3 gills (P < 0.05). In
comparison to the normoxia group, the hypoxia group harbored
587 DEGs, consisting of 312 upregulated along with 275
downregulated DEGs (Figure 3A). A total of 725 DEGs were
found in the semi-asphyxia group, consisting of 426 upregulated

FIGURE 2 | Electron microscopy examinations of gill sections under (A) normoxia, (B) hypoxia, (C) semi-asphyxia, and (D) asphyxia stress in silver carp. SF: branch leaf.
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FIGURE 3 | Differentially expressed genes (DEGs) were identified by hypoxia in the gills of silver carp. Volcano plots of DEGs in (A) CK vs. T1, (B) CK vs. T2, and (C) CK
vs. T3. Red dots designate upregulated genes, and green dots designate downregulated genes. CK: normoxia, T1: hypoxia, T2: semi-asphyxia, T3: asphyxia.

coupled with 299 downregulated genes (Figure 3B). In the
asphyxia group, a total of 748 DEGs were identified, 499 of
which were upregulated with 249 being downregulated
(Figure 3C). A Venn diagram exhibited the common and
specific DEGs obtained from differential gene expression
analyses described above (Figure 4A), and Figure 4B depicted
the 224 co-expressed genes’ distinct expression trends in these
four groups.

Gene Ontology Enrichment Analysis of
Differrentially Expressed Genes

The DEGs were analyzed using the GO term analyses to
determine considerably (P < 0.05) enriched BPs (biological
processes), CCs (cellular components), and MFs (molecular
functions). GO analyses exhibited that DEGs in the T1 group
were enriched for BPs containing the immune system process,
antigen processing and presentation, immune system
development, and oxidation-reduction process; for CCs

CKvs T3

FIGURE 4 | Clustering analysis of DEGs between the three comparisons. (A) The DEGs in the three comparisons are exhibited in a Venn diagram. (B) The heatmap
exhibits the variance in the expression of overlapping DEGs on the basis of the fragments per kilobase of transcript per million mapped read (FPKM) values. Genes
with contents with greater than the mean are highlighted in red, while those with expression levels below the mean are highlighted in blue.

containing MHC protein complex and extracellular region; for
MF-containing oxidoreductase activity, iron ion binding, and
endopeptidase inhibitor activity (Figure 5A). In the T2 group,
the immune system process, the modulation of the immune
system process, antigen processing along with presentation, and
the response to lipid were enriched in BPs; the MHC protein
complex and MHC class II protein complex were enriched in
CCs; the oxidoreductase activity, iron ion binding, and MAP
kinase phosphatase activity were enriched in MFs (Figure 5B).
In the T3 group, immune system process, the response to
oxygen-containing compound, the cellular response to
chemical stimulus, and the modulation of immune system
process were enriched in BPs; the MHC protein complex and
MHC class II protein complex were enriched in CCs; and the
oxidoreductase activity, iron ion binding, and phospholipase C
activity were enriched in MFs (Figure 5C). For better clarity and
concise presentation, we analyzed the intersection of significantly
enriched GO terms among three comparisons. Genes induced by
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FIGURE 5 | Gene Ontology (GO) term enrichment of dramatically DEGs in (A) CK vs. T1, (B) CK vs. T2, and (C) CK vs. T3. (D) Intersection of the three
comparisons. Bubble plots represent remarkably enriched GO terms within the DEGs. The y-axis designates GO terms, and the x-axis exhibits the rich factor.
The P-value indicates the enrichment importance of the GO terms, with lower P-values suggesting higher intensity. CK: normoxia, T1: hypoxia, T2: semi-

asphyxia, T3: asphyxia.

hypoxia were consistently enriched in GO terms including the
immune system process, oxidoreductase activity, the response to
endogenous stimulus, iron ion binding, and MHC protein
complex (Figure 5D). It is worth mentioning that the numbers
of the associated genes and the significance of the GO
enrichments roughly increased with the degree of hypoxia
stress (hypoxia, semi-asphyxia, and asphyxia).

Kyoto Encyclopedia of Genes and
Genomes Enrichment Analysis of
Differrentially Expressed Genes

KEGG enrichment analysis was used to reveal the affected
biological pathways. The DEGs induced by hypoxia stress (T1)
were enriched in signaling pathways consisting of complement
and coagulation, mTOR, Th1 and Th2 cell differentiation, HIF-1,
and FoxO (Figure 6A). The genes induced by semi-asphyxia
stress (T2) were enriched in signaling pathways including drug
metabolism - cytochrome P450, complement and coagulation,
and HIF-1 (Figure 6B). The genes induced by asphyxia stress
(T3) were enriched in signaling pathways including vitamin B6
metabolism, the immune network for IgA production, antigen
processing along with presentation, Thl and Th2 cell
differentiation, HIF-1, FoxO, and MAPK (Figure 6C). Given
that the enrichment signaling cascades in T1, T2, and T3 were

primarily related to the immune response and oxygen transport,
the intersection of enriched KEGG cascades in these two
functions was determined for better clarity and concise
presentation. As a result, the signaling cascades linked to
immune system (complement and coagulation cascades, NOD-
like receptor signaling cascade, leukocyte transendothelial
migration, and Thl and Th2 cell differentiation), immune
diseases (rheumatoid arthritis, asthma, inflammatory bowel
disease, graft-versus-host disease, and systemic lupus
erythematosus), as well as oxygen transport (MAPK, FoxO,
PI3K-Akt, and HIF-1 signaling cascade) were enriched
(Figure 6D). Moreover, the numbers of the associated genes
and significance of the KEGG enrichments roughly increased
with the degree of hypoxia stress (hypoxia, semi-asphyxia, and
asphyxia). Furthermore, the DEGs linked to immune system
(Figure 7 and Table 3) as well as oxygen transport (Figure 8)
were analyzed.

RT-qPCR Verification

To confirm the RNA-seq findings, we employed RT-qPCR to
verify 18 DEGs from insulin signaling pathways. RT-qPCR data
exhibited that cxcr4 and gabarapll (immune response related),
hspbl, dusp2, ceng2, ddit4, eglnl and egln3 (oxygen transport
related) were remarkably and gradually increased, while irf7
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FIGURE 6 | KEGG pathway enrichment of dramatically DEGs in (A) CK vs. T1, (B) CK vs. T2, (C) CK vs. T3, (D) Intersection of the three comparisons in immune
response and oxygen transport. The bubble plots highlight KEGG cascades that are considerably enriched in the remarkable DEGs. The y-axis exhibits KEGG
cascades. The x-axis denotes the rich factor. The P result signifies the signaling cascades enrichment importance; the lower the P-value, the higher the intensity. CK:
normoxia, T1: hypoxia, T2: semi-asphyxia, T3: asphyxia.
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FIGURE 7 | Heat map exhibiting alterations in gene expression in the pathways related to immune response, like complement and coagulation cascades (A),
leukocyte transendothelial migration (B), NOD-like receptor signaling cascade (C), and Th1 and Th2 cell differentiation (D). The evaluation criteria used the average
RPKM value per gene. Genes with contents greater than the mean are colored red, while those with contents below the mean are colored blue.

(immune response related) were remarkably and gradually
decreased in the hypoxia, semi-asphyxia, and asphyxia groups
(Figure 9). These data were congruent with RNA-seq data in
terms of the variation trend (Table 4), demonstrating the
accuracy and reliability of the RNA-seq investigation.

4 DISCUSSION

Herein, the impacts of varying degrees of hypoxia stress
(hypoxia, semi-asphyxia, and asphyxia) were evaluated on the
histomorphological in the gill tissue of H. molitrix. Results
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TABLE 3 | The representative immunity-related DEGs in the gills of H. molitrix in varying degrees of hypoxia.

Accession number Gene name Description log, ratio

T1/CK T2/CK T3/CK
CAFS_HM_T_00082284 abcb1 ATP-binding cassette subfamily B member 1 -0.13 -1.95 -1.67
CAFS_HM_T_00022426 brf1 Transcription factor TFIIIB subunit BRF1 -1.40 -0.26 -1.51
CAFS_HM_T_00087508 c2 Complement C2 1.28 1.01 -1.16
CAFS_HM_T_00050307 c6 Complement component C6 1.29 1.31 2.21
CAFS_HM_T_00024133 cd36 CD36 molecule -1.26 -1.05 -1.00
CAFS_HM_T_00037696 cd40 CD40 molecule 1.29 1.43 1.38
CAFS_HM_T_00005419 cd45 Receptor-type tyrosine-protein phosphatase C 0.68 1.67 1.70
CAFS_HM_T_00031558 cited?2 Cbp/p300-interacting transactivator with Glu/Asp rich carboxy-terminal domain 2 1.63 1.84 2.20
CAFS_HM_T_00079400 cxcrd C-X-C motif chemokine receptor 4 1.77 1.88 1.95
CAFS_HM_T_00088254 dlc deltaC -1.53 -1.34 -1.63
CAFS_HM_T_00020279 dld Dihydrolipoamide dehydrogenase -1.69 -1.62 -1.68
CAFS_HM_T_00045987 epo Erythropoietin 0.46 -0.29 1.04
CAFS_HM_T_00046337 etnppl Ethanolamine-phosphate phospho-lyase 2.24 2.69 2.36
CAFS_HM_T_00090703 ezr Ezrin 0.45 1.45 0.75
CAFS_HM_T_00031270 fos Fos proto-oncogene, AP-1 transcription factor subunit 1.56 3.17 3.38
CAFS_HM_T_00033733 fyn Fyn proto-oncogene 0.47 1.38 0.91
CAFS_HM_T_00055839 gata2 GATA-binding protein 2 0.87 0.06 0.47
CAFS_HM_T_00079776 ifnar1 Interferon alpha and beta receptor subunit 1 0.94 1.50 1.31
CAFS_HM_T_00063373 irf7 Interferon regulatory factor 7 -1.51 -1.53 -1.40
CAFS_HM_T_00008734 jagnib Jagunal homolog 1b -0.43 -1.22 -0.84
CAFS_HM_T_00076201 Kkif4 Kruppel like factor 4 2.83 2.59 2.99
CAFS_HM_T_00060378 kif6 Kruppel like factor 6 0.89 0.72 0.92
CAFS_HM_T_00040278 lime1 Lck-interacting transmembrane adaptor 1 4.16 -0.65 4.29
CAFS_HM_T_00065779 nccrpl P1, F-box associated domain containing 1.08 -0.05 0.58
CAFS_HM_T_00029544 ndrg1 N-myc downstream regulated 1 0.66 0.58 0.89
CAFS_HM_T_00053358 rol22 Ribosomal protein L22 0.25 0.58 0.61
CAFS_HM_T_00009090 s1pr4 Sphingosine-1-phosphate receptor 4 1.95 1.57 1.75
CAFS_HM_T_00018523 sec23 Secretory 23 1.21 1.47 1.84
CAFS_HM_T_00002602 slc25a38 Solute carrier family 25 member 38 -2.18 -1.59 -1.72
CAFS_HM_T_00072448 smox Spermine oxidase 0.94 0.58 0.73
CAFS_HM_T_00063974 snrk SNF-related kinase 0.76 0.66 0.86
CAFS_HM_T_00039980 tfe3 Transcription factor binding to IGHM enhancer 3 -1.55 -1.08 -1.09
CAFS_HM_T_00028261 tgfbr2 Transforming growth factor beta receptor 2 0.82 0.75 1.19
CAFS_HM_T_00035272 tmem173 Transmembrane protein 173 -2.63 -1.40 -2.05
CAFS_HM_T_00036122 tsc22d3 TSC22 domain family member 3 1.68 1.66 1.68
CAFS_HM_T_00080525 znf148 Zinc finger protein 148 -0.86 -1.04 -1.28

illustrated that the tissue damage in the gills becomes more and
more severe with the increasingly low DO concentration. Using
gill transcriptomic analysis, the effects of hypoxia on immune
defense and oxygen transport-related genes and signaling
cascades in H. molitrix were uncovered. As a result, the
classified discussion is detailed below.

Effect of Hypoxia Stress on the Gill Tissue
Structure of H. molitrix

Aquatic habitats have a range of oxygen contents, from anoxia to
hyperoxia, which results in a corresponding range of tissue and
cellular diversity in aquatic animals. Silver carp, being a
somewhat hypoxia-sensitive freshwater fish, is susceptible to
being harmed by a fall in DO levels caused by weather changes
or eutrophication (Li et al., 2021). The gill is the main respiratory
organ of fish, and its dominant functions are carrying out gas
exchange, promoting metabolism, and regulating osmotic
pressure. As the first organ that responds to rapid changes in
the DO level of water, the functions of a gill were disrupted by
hypoxia, including respiration, nitrogenous waste excretion, and

osmoregulation (Khansari et al., 2018). Under hypoxia stress, a
Crucian carp could increase its oxygen intake by increasing the
number of gill lamellae (Sollid et al., 2003). Studies have also
shown that Gymnocypris przewalskii (Matey et al., 2008) and C.
carassius (Sollid et al., 2005) can adapt to the hypoxia
environment by changing the shape and structure of gills to
increase its oxygen intake. In this study, the volume of cells with
rich mitochondria became larger and the gill lamellae was
gradually curved in the hypoxia condition, thus possibly
increasing the gill respiratory area to obtain more oxygen. The
results were consistent with the changes of gill tissues of
Oncorhynchus mykiss (Matey et al., 2011) and G. przewalskii
(Matey et al., 2008) under hypoxia stress. Furthermore, the tissue
section and scanning electron microscope section of the gills in
silver carp showed that the swelling and shedding of the
epithelial cell layer in the gill tissue were intensified, the gill
lamellae were seriously twisted, the phenomenon of cavitation
became common, and gill filaments were dehisced in the semi-
asphyxia and asphyxia conditions. Therefore, the
abovementioned results further illustrate that hypoxia would
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alter the structure of gills to adapt to environmental challenges
and severe hypoxia condition could cause a more serious and
irreversible tissue damage of the gills in H. molitrix.

Effect of Hypoxia Stress on the Immune
Defense of H. molitrix

The majority of studies on the teleost immune response focused
on changes in the expression of genes in the head, kidney, and
spleen, which represent the primary hematopoietic along with
secondary lymphoid organs of fish, respectively (Ewart et al,
2005; Overturf and LaPatra, 2006; Jorgensen et al., 2011). While
the gill is primarily responsible for gas along with electrolyte
exchange coupled with excretion (Evans et al., 2005), it has been
considered as a key infection site, owing to its continual
interaction with the aquatic environment (Dos Santos et al,
2001). Additionally, the fish gills, as a lymphoid tissue connected
with the mucosa, contain a variety of leuklarki populations that
are responsible for local immune responses, making them an
immune-competent organ (Press and Evensen, 1999; Rebl et al.,
2014). In this work, immunological cascades (complement and
coagulation cascades, leukocyte transendothelial migration,
NOD-like receptor signaling cascade, and the differentiation of
Th1 and Th2 cells) were enriched in diverse degrees of hypoxic
stress. Complement and coagulation systems are two closely

linked plasma protein cascades that play critical roles in host
defense and hemostasis, respectively (Berends et al., 2014). The
complement system, a critical defender against invasive
pathogenic microbes, may be triggered by traditional,
alternative, or mannan-docking lectin cascades (Kemper et al.,
2014). Complement C3 is a critical component of the
complement system, and the activation of C3 converges the
three complement activation cascades (Meng et al., 2019). C2
and C4 are two effector proteins that have the potential to initiate
the classical complement cascade (Petersen et al., 2000). C6 is
one of the terminal components of a complement system that,
when coupled with other complement components, forms the
membrane attack complex, which results in bacterial cell lysis
(Shen et al., 2013). The upregulation of complement C2, C6, and
C3 in Figure 7A demonstrated that hypoxic stress may trigger
the H. molitrix immune defense response.

Atherogenesis and other inflammatory vascular disorders are
complicated by leukocyte adherence and trans-endothelial
migration (Zhang et al, 2011). The NOD-like receptor signaling
cascade is responsible for the generation of innate immune
responses and plays an indispensable role in inflammation (Viale-
Bouroncle et al., 2012). Herein, leukocyte trans-endothelial
migration and the NOD-like receptor signaling pathway were
enriched in varying groups, indicating that hypoxia might initiate
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TABLE 4 | Comparisons of RNA-seq and RT-gPCR resullts.

Gene abbreviation Gene description

Fold-change (CK vs. T1)

qPCR
cxcr4 C-X-C motif chemokine receptor 4 1.67
gabarapl1 GABA type A receptor associated protein like 1 1.62
irf7 Interferon regulatory factor 7 0.51
hspb1 Heat shock protein family B (small) member 1 2.62
dusp2 Dual-specificity phosphatase 2 2.98
ccng2 cyclin G2 1.59
ddit4 DNA damage-inducible transcript 4 1.89
egint egl-9 family hypoxia inducible factor 1 212
egin3 egl-9 family hypoxia inducible factor 3 2.73

Fold-change (CK vs. T2) Fold-change (CK vs. T3)

RNA-seq qPCR RNA-seq qPCR RNA-seq
3.40 2.21 3.69 4.33 3.88
1.75 1.63 1.80 2.74 2.38
0.35 0.34 0.35 0.57 0.38
3.66 3.59 2.53 5.51 2.39
3.10 3.96 3.85 10.90 4.35
2.24 2.19 2.08 10.75 2.89
3.48 2.70 3.63 9.30 5.23
2.36 8.95 2.33 20.13 3.52
8.23 3.49 7.42 6.90 10.81

an innate immune response and trigger inflammation processes.
The Th1/Th2 balance is thought to be critical for good
immunological responses, and an imbalance between the two
may result in immune-linked diseases (Ohno et al., 2015).
Patients with rheumatoid arthritis, type 1 diabetes, and multiple
sclerosis have Th1-dominant immune responses, while those with
type 1 hypersensitivity conditions including allergies or asthma
exhibit Th2-dominant immune responses (Kidd, 2003). STAT4 is
primarily involved in the induction of Thl responses and

suppresses Th2 responses (Chitnis et al., 2004; Cui et al,, 2021).
STAT4 activation is thought to have an inflammatory impact, and it
is involved in the modulation of Th1/Th2 differentiation as well as
the autoimmune conditions associated with this dysfunction (Cui
et al,, 2021). In this research, stat4 was downregulated in hypoxia-
treated groups, indicating that Thl responses were inhibited and
Th2 responses were induced in the hypoxia condition in H.
molitrix. Furthermore, rheumatoid arthritis, asthma, and Th1 and
Th2 cell differentiation were enriched in varying groups in
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Figure 6D, suggesting that varying degrees of hypoxia would
impact Th1/Th2 balance and further cause immune disease
including rheumatoid arthritis and asthma in H. molitrix.

In addition to the aforementioned findings, a high number of
functional DEGs were identified; and these DEGs have the
potential to influence the immune system and various signaling
cascades. KLF4 is implicated in the control of endothelial
inflammation by dampening the activation of the NF-B cascade
(Fang and Davies, 2012). CXCR4 is required for a variety of
biological activities, consisting of immune cell trafficking and
bone-marrow homeostasis (Lin et al., 2019). IRF7 functions as
the pivotal modulator of type 1 IFN-triggered immune responses,
which are required for viral immunity (Honda et al., 2005). CD45,
the prototypical receptor-like protein tyrosine phosphatase gene,
plays an indispensable role in immune cell signal transduction
cascades (Ren et al.,, 2018). CD36 is a membrane-bound
glycoprotein that participates in a variety of cellular activities
including lipid transport, immunological modulation, coagulation,
and atherosclerosis (Endemann et al., 1993). CD40 is a co-
stimulatory immune receptor belonging to the TNF receptor
superfamily that plays a pivotal role in Thl-cell-triggered
immune responses (Cella et al, 1996; Reyes-Moreno et al,
2004). The downregulation of irf7 and cd36 as well as the
upregulation of kif4, cxcr4, cd45, and cd40 (Table 3) in hypoxia-
treated groups suggested that the immune response ability of the
gills in H. molitrix might be weakened by the varying degrees of
hypoxia stress (hypoxia, semi-asphyxia, and asphyxia).

Effect of Hypoxia Stress on the Oxygen
Transport of H. molitrix

The majority of aquatic animals have evolved a variety of
molecular approaches for hypoxia modulation, consisting of
increased oxygen delivery as well as decreased oxygen
consumption (Sun et al., 2016). These processes are controlled
by HIF-1 signaling cascade-modulated genes, for instance,
erythropoietin, transferrin, transferrin receptor, hexokinase,
and lactic dehydrogenase (Zhu et al, 2013). In many species,
the HIF-1 signaling cascade induces identical or homologous
gene expression, resulting in similar biochemical and physical
consequences, such as angiogenesis, oxygen sensing, and
erythropoiesis along with oxygen transport (Xiao, 2015).

MAPKs play a role in oxygen sensing as critical modulators of
HIF-1 signaling. Hypoxia has been exhibited to change MAPK
expression in the zebrafish heart (Marques et al., 2008). As a critical
factor in HIF-1 signaling, HIF-1 is activated through the PI3K/Akt
signaling (Jiang et al., 2001). The FoxO signaling cascade is
remarkably linked to the PI3K/Akt signaling cascade (Farhan
et al,, 2017), suggesting that it may have an indirect influence on
HIF-1 signaling. Furthermore, the HIF-1, MAPK, FoxO, and PI3K-
Akt signaling were enriched, and the related genes were remarkably
elevated (Figure 8). These findings illustrate that in response to
hypoxia, H. molitrix activates these signaling cascades.

Numerous upregulated genes, consisting of nos2, vegfa, igflr,
hmox2, pik3r, ilér, ldh, epo, eglnl, eno, aldo, cdknla, mknk, egln3,
and cdknlb, which are commonly linked with hypoxia response,
were shown to be enriched in HIF-1 signaling. In zebrafish, the

eglnl gene, also known as eglnlb, produces PHD2, which degrades
HIF-1 by prolyl hydroxylation in an aerobic environment
(Schofield and Ratcliffe, 2004). Additionally, the EGLN family
genes EGLN2 and EGLN3 act as cellular oxygen sensors,
catalyzing and hydroxylating HIF alpha proteins (Hu et al,
2019). The EGLN family has been implicated in EPO synthesis
and erythropoiesis in murine zygotes (Fisher et al, 2009), and
EGLN3 transcriptome and proteomic alterations have been
connected to Tibetan pig adaptation to high-altitude hypoxia
(Zhang et al,, 2017). The induction of EPO at low oxygen levels
results in an increase in red blood cell formation, which results in an
increase in oxygen delivery in response to ischemia stress (Zhang
et al,, 2014). HIF activation increases LDH activity, which in turn
promotes HIF activation further, implying a positive feedback loop
between HIF and LDH (Lu et al,, 2002). Hypoxia and a rise in the
expression of oxygen-modulated HIF transcription factors are
major inducers of VEGFA overexpression (Fang et al,, 2019). In
our study, the gene expression of eglnl, egln3, epo, Idh, and vegfa
had an overall increase trend in response to hypoxia, semi-asphyxia,
and asphyxia (Figure 8D), indicating that H. molitrix may utilize
“HIF-1” to obtain more oxygen to maintain active functions under
varying degrees of hypoxia stress.

CONCLUSIONS

This study showed that varying degrees of hypoxia induce the
tissue damage of gill in silver carp. The H&E sections and electron
microscopy examinations of gills indicated that the swelling and
shedding of the epithelial cell layer in the gill tissue were
intensified, the gill lamellae were seriously twisted, and gill
filaments were dehisced with the degree of hypoxia intensified.
The present study is the first to use a transcriptome to reveal the
response to hypoxia in the gill of H. molitrix. In total, 587, 725, and
748 DEGs were identified in hypoxia, semi-asphyxia, and asphyxia
groups, respectively. Further analysis illustrated that c2, ¢3, 6, kif4,
cxcr4, cd45, and cd40 were upregulated as well as complement and
coagulation cascades, NOD-like receptor signaling cascade, and
Thl and Th2 cell differentiation were enriched, which involved
immune defense in the silver carp exposed to varying degrees of
hypoxia. Moreover, eglnl, egln3, epo, Idh, and vegfa were
upregulated, and HIF-1, MAPK, and PI3K-Akt signaling
pathways were enriched, which involved oxygen transport in the
response of silver carp to hypoxia. These findings suggest that
hypoxia stress may activate the H. molitrix immune defense
system and that the HIF-1 signaling pathway is employed to
increase oxygen transport in hypoxic situations. The results of this
investigation will provide light on the molecular processes driving
hypoxia responses in hypoxia-sensitive fish.
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Heat shock protein 70 (HSP70) members participate in a wide range of housekeeping and
stress-related activities in eukaryotic cells. In marine ecosystems, bivalves encounter
abiotic stresses, including high temperatures and low dissolved oxygen. Here, 133
MmHSP70 genes were identified through combined methods including Blastp, HMM
and manual filtration, based on the whole Mercenaria mercenaria genome. The
MmHSP70 genes were unevenly distributed, and 41 genes (33.08%) were located on
Chr 7. Phylogenetic analyses indicated that the MmMHSP70 gene family mainly consisted
of two clusters and the Hspal2 subfamily underwent lineage-specific expansion. A high-
density collinear gene block was observed between M. mercenaria Chr 7 and Cyclina
sinensis Chr 14. Tandem duplication MMHSP70 gene pairs experienced different levels of
purifying selection, which could be an important source of sequence and functional
constraints. MMHSP70 genes showed tissue-specific and stress-specific expression.
Most tandem duplication HSP70 gene pairs had high expression under hypoxia stress.
HSP70 B2 tandem duplication gene pairs showed significantly increased expression
under heat plus severe hypoxia stress. This study provided a comprehensive
understanding of the MMHSP70 gene family in the M. mercenaria and laid a significant
foundation for further studies on the functional characteristics of MmHSP70 genes during
exposure to heat and hypoxia stress.
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INTRODUCTION

Heat shock proteins (HSPs) are a group of soluble intracellular
proteins produced by cells in response to various environmental
stresses (Welch, 1993). In the absence of stress, the content of
HSPs is ~5% of the total intercellular protein content, but it can
rapidly increase up to 15% or more after exposure to stress
(Srivastava, 2002). Based on their molecular weights (MWs),
HSPs can be divided into various families, such as small HSPs,
HSP40, HSP70, HSP90, and HSP110 (Lindquist and Craig,
1988). HSP70, also known as HSPa, is an abundant heat-
inducible 70 kDa HSP encoded by HSP70 and is evolutionarily
conserved in terms of both structure and function (Lindquist and
Craig, 1988; Daugaard et al., 2007). In general, HSP70 has three
motifs: an N-terminal adenosine triphosphatase domain
(ATPase; ~400 aa), a substrate-binding domain (SBD; ~180
aa), and a variable-length C-terminal domain (Nikolaidis and
Nei, 2004). HSP70 first received attention for its role in the
response to heat shock (Ritossa, 1962) and was also found to be
critical for the folding and assembly of other cellular proteins
(Gething and Sambrook, 1992). Some HSP70 genes are expressed
only under stress conditions, but not all the members are
induced under stress conditions; they are necessary for cell
viability under normal conditions (Daugaard et al., 2007;
Murphy, 2013). Due to their organelle- and tissue-specific
expression, different members of the HSP70 family have
distinct biological functions, although they might function
redundantly in some cases (Daugaard et al, 2007; Murphy,
2013). In summary, the HSP70 family functions in buffering
against extrinsic and intrinsic stress (Murphy, 2013).

The HSP70 gene family has been studied in humans
(Brocchieri et al., 2008), bovines (Tripathy et al., 2021), fish
(Song et al, 2016; Xu et al, 2018), the fruit fly Drosophila
melanogaster (Gong and Golic, 2004), and nematodes (Heschl
and Baillie, 1990; Nikolaidis and Nei, 2004; Guerin et al., 2019).
Mollusca is the second largest phylum in Animalia, and as the
largest group of species in the Lophotrochozoa, it is central to our
understanding of the biology and evolution of this superphylum
of protostomes (Zhang et al., 2012). Bivalves, which are the
second class in the Mollusca, are among the oldest and
evolutionarily most successful groups of invertebrates (Wang
et al., 2013). They are widely distributed from intertidal areas to
the deep sea and from polar to tropical regions (Li et al., 2017).
Several members of HSP70 have been cloned in several bivalve
species and were upregulated after exposure to heat stress and
other stresses (Franzellitti and Fabbri, 2005; Liu et al., 2014;
Cheng et al., 2019). As an increasing number of genomic
resources, the genome-wide HSP70 gene family has been
elementary studied in Pteriomorphia and Veneridae. HSP70
genes are expanded in the oysters Crassostrea gigas (Zhang
et al, 2012) and C. hongkongensis (Peng et al., 2020) the
Sydney rock oyster Saccostrea glomerata (Powell et al., 2018),
the pearl oyster Pinctada fucata (Takeuchi et al, 2016), the
scallop Patinopecten yessoensis (Cheng et al., 2016), the Manila
clam Ruditapes philippinarum (Yan et al., 2019), Cyclina sinensis
(Wei et al, 2020), the deep-sea vent mussel Bathymodiolus
platifrons (Sun et al., 2017) and the shallow-water mussel

Modiolus philippinarum (Sun et al,, 2017), suggesting that
these genes play important roles in adaptation to heat and
other stress factors in dynamic environments with a wide
variety of stress factors. As a case of molecular convergent
evolution, HSP70 family members independently expanded
across multiple lineages to mitigate environmental stress
(Guerin et al., 2019). Phylogenetic analysis showed recent
species-specific HSP70 expansions along with older mixed-
species clusters dating to ancestral bivalve lineages, which was
consistent with natural selection favouring the expansion
(Guerin et al., 2019).

The hard clam, Mercenaria mercenaria, has a burrowing
lifestyle typical of bivalves and naturally lives along the East
Coast of the United States and Canada (Menzel, 2009). It has
become an emerging pond culture species since being imported
to China. During pond culture, warm water and low oxygen are
major environmental stresses in the summer. Heat is commonly
accompanied by hypoxia in the ponds. In our previous
transcriptional study, most HSPal2 transcripts showed high
expression in the hypoxia-stress groups, while other HSPa
subfamilies (including B2, 4, 5, 8, 9 and 14) showed high
expression in the heat combined hypoxia stress groups (Hu
et al., 2022). These results indicated that HSP70 has a vital
function in protecting cells against heat and hypoxia stress (Hu
et al., 2022). However, the HSP70 gene family in this hardy
species remains poorly understood.

In this study, we comprehensively analysed the chromosomal
locations, duplication, structure and motif compositions of 133
HSP70 genes based on the recently completed genome sequence
of the M. mercenaria. We also analysed the evolutionary
relationships of HSP70 genes by performing phylogenetic and
collinearity analyses. In addition, we studied the expression of
HSP70 genes under thermal and hypoxia stress. This study
provides a comprehensive understanding of the HSP70 gene
family in the M. mercenaria and lays a significant foundation for
further studies on the functional characteristics of MmHSP70
genes during exposure to acute thermal and hypoxia stress.

MATERIALS AND METHODS

Identification and Sequence Analysis of
HSP70 Genes

The M. mercenaria genome was downloaded from the National
Center for Biotechnology Information (BioProject number:
PRJNA596049). Gene family identification methods include
based on sequence homology (Blast) and conserved domain
(HMMER). In this study, we used combined methods to
identify M. mercenaria HSP70 gene family. Firstly, HSP70
protein sequences from the oyster C. gigas, which were
downloaded from UniProt (https://www.uniprot.org/), were
treated as a query database to perform Basic Local Alignment
Search Tool algorithm program (BLASTP) search with an E-
value < e-5 and identity > 30% against the M. mercenaria
genome. These candidate genes were believed to have sequence
similarities with C. gigas HSP70. Then, the candidate genes were
filtered by conserved domain. HMMER is a common domain
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prediction software. Cut_tc is the strictest option controlling
model-specific thresholding. The hidden Markov model (HMM)
profile of the HSP70 domain (PF00072) was downloaded from
the Pfam protein family database (https://pfam.xfam.org/). The
putative M. mercenaria HSP70 genes were filtered using
HMMER with cut_tc algorithm. Finally, protein sequences
with fewer than 300 amino acids were excluded from further
analyses. The putative MmHSP70 genes functionally annotated
as HSP70 in Swiss-prot database were manually selected as the
final identified M. mercenaria HSP70. The ExPASy ProtParam
tool (https://web.expasy.org/protparam/) was used to analyse
molecular weights (MWs).

To study the evolution of HSP70 in Veneridae, another clam,
C. sinensis, was used for comparison. Whole-genome proteins of
C. sinensis were downloaded from CNGBdb (https://db.cngb.
org/, CNA0003280) (Wei et al., 2020). The CsHSP70 genes were
identified as described above.

Chromosomal Distribution, Gene Structure
and Conserved Motif Characterization
HSP70 genes were mapped to the chromosomes and contigs
according to the Generic Feature Format (GFF) file, and the
results were visualized by gene location visualization of the GTF/
GFF file in TBtools (Chen et al., 2020). Those genes were named
according to their position on the chromosome. MCScanX was
applied to search for gene duplicate types in the HSP70 family
(Wang et al., 2012). The whole-genome protein sequences were
compared in pairs by Diamond software with the parameters
max-target-seqs 5 and evalue le-10 (Buchfink et al, 2015).
Calculator 2.0 software was employed to calculate the Ka and
Ks values of tandem HSP70s (Wang et al., 2010). HSP70 gene
structure was investigated based on the coding sequence (exon),
untranslated region, and intron data from the GFF file and
visualized by TBtools (Chen et al., 2020). Conserved motif
analysis of the HSP70 proteins was conducted by MEME
(5.4.1), and the parameters were set to anr mode, an optimum
mode width of 6 to 200 and a maximum number of motifs of 10
(Bailey et al., 2015).

Sequence Alignment and

Phylogenetic Analyses

We perform two alignment process based on protein sequences.
The first one was based on 133 M. mercenaria HSP70 protein
sequences, the second one was based on 133 M. mercenaria
HSP70 protein sequences and 60 C. sinensis HSP70 protein
sequences. Multiple sequence alignment of HSP70 protein
sequences was carried out with the ClustalW algorithm in
MEGA 7.0 software (Kumar et al, 2016). Two phylogenetic
trees (one was M. mercenaria HSP70 tree, the other was M.
mercenaria and C. sinensis HSP70 tree) were constructed using
the neighbour-joining (NJ) method and 1000 bootstrap
replicates. Gap data Treatment was pairwise deletion.

Synteny Analysis
Diamond software was used to perform two-way BLASTP
between the M. mercenaria whole-genome protein sequences

and those of C. sinensis (Buchfink et al., 2015). In details, M.
mercenaria whole-genome protein sequence file was firstly blastp
with C. sinensis whole-genome protein sequence file. Then, C.
sinensis whole-genome protein sequence file was blastp with M.
mercenaria whole-genome protein sequence file. The blastp
parameters were as following: max-target-seqs was 5 and
evalue was le-10. The two blastp files were merged into one
blast file named Mme_CsiBlast. The M. mercenaria and C.
sinensis whole genome GFF files were also merged into one
GFF file named Mme_Csi.gft. MCScanX was used to search for
duplicate genes between the M. mercenaria and C. sinensis
(Wang et al.,, 2012). The Mme_Csi.Balst file and Mme_Csi.gff
file were used as the input to MCScanX software. The results
were visualized by JCVIL. The syntenic HSP70 gene pairs were
highlight in red lines.

Tissue Expression of MmHSP70 Genes

The healthy adult hard clam tissue transcriptome libraries
were constructed in our previous study including testis, ovary,
mantle, gill, foot, intestine, liver, stomach, adductor muscle,
and hemolymph (Song et al., 2021). The raw data have been
deposited in the SRA of NCBI with the accession number
PRJNA596049. Raw data were filtered using in-house Perl
scripts to remove adapter reads, poly-N sequences and low-
quality reads. After quality control, clean reads were mapped
to the hard clam genome by HISAT v 2.0.4 (default
parameters). HTSeq v0.6.1 (union model) was used to
calculate the numbers of reads mapped to each gene. The
per kilobase per million mapped reads (FPKM) value of each
gene was calculated. Transcript abundance was evaluated
using FPKM values. A heatmap was generated using
OmicShare tools, a free online platform for data analysis
(http://www.omicshare.com/tools).

Expression Analysis of MMHSP70 Genes
Under Heat and Hypoxia Stress

Transcriptome libraries of M. mercenaria exposed to heat,
hypoxia, and heat combined with hypoxia were constructed in
our previous study (Hu et al., 2022). In brief, heat, hypoxia and
combined stress challenge experiments were carried out using a
novel hypoxia simulation device (Li et al, 2019). The M.
mercenaria were abruptly exposed to the experimental
temperature and dissolved oxygen conditions and remained in
these experimental conditions for 3 days. Six groups were
established for the six treatments in the experiment: 20°C, 6
mg/L DO (control, C_6); 20°C, 2 mg/L DO (moderate hypoxia,
C_2); 20°C, 0.2 mg/L DO (severe hypoxia, C_02); 35°C, 6 mg/L
DO (heat, H_6); 35°C, 2 mg/L DO (heat plus moderate hypoxia,
H_2); and 35°C, 0.2 mg/L DO (heat plus severe hypoxia, H_02).
All M. mercenaria under all conditions were under stress for 3
days. Gills were selected as the target tissue for RNA-seq. RNA-
seq data (PRJNA764366 and PRJNA764372) were used to
examine MmHSP70 gene expression profiles in response to
heat and hypoxia stress in the M. mercenaria (Hu et al., 2022).
The similar methods were used to evaluate transcript abundance
as above.
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RESULTS

Identification and Sequence Analysis of
HSP70 Genes

Compared to those of previously studied bivalves, including the
oyster C. gigas (Zhang et al., 2012) and the scallops P. yessoensis
(Cheng et al,, 2016) and C. farreri (Hu et al.,, 2019), the genome
of the M. mercenaria had more HSP70 genes. In the present
study, 133 MmHSP70 genes were identified in the genome of M.
mercenaria by BLASTP and HMM methods, which gives the M.
mercenaria the largest HSP70 gene repertoire in bivalve, to the
best of our knowledge. The M. mercenaria MmHSP70 genes
included 4 HSPa B2 genes, 1 HSPa4 gene, 1 HSPa5 gene, 1
HSPa8 gene, 2 HSPa9 genes, 122 HSPal2 genes, 1 HSPal4 gene
and 1 HSPal7 gene. The expanded HSP70 genes mainly included
122 (91.73%) HSPal2 genes, in accordance with findings in the
oyster C. gigas (Zhang et al., 2012) and the scallops P. yessoensis
(Cheng et al., 2016) and C. farreri (Hu et al., 2019). Information
including genome location, amino acid length, annotation and
MW is summarized in Supplementary File 1. The encoded
proteins ranged from 303 aa (MmHSPal2_90) to 1387 aa
(MmHSPal2_65). The predicted MWs of the HSP70 proteins
varied from 33.78 kDa (MmHSPal2_90) to 156.41 kDa
(MmHSPal2_65). Moreover, 60 CsHSP70 genes were
identified in the C. sinensis genome, 47 (78.33%) of which were
HSPal2 genes.

Chromosomal Distribution and Duplication
of HSP70 Genes

A total of 133 MmHSP70 genes were unevenly distributed
among 19 M. mercenaria chromosomes and 4 scaffolds
(Figure 1). Among the 133 HSP70 genes, 41 (33.08%) were
located on Chr 7. There were fewer than 11 HSP70 genes on
other chromosomes and contigs. Only one HSP70 gene was
observed on Chr 6, Chr 10 and Chr 19. Similarly, 60 CsHSP70
genes were distributed on 14 chromosomes, and 28 genes were
located on Chr 14.

Forty-five and thirty-five MmHSP70 genes were tandemly
duplicated and proximally duplicated, respectively, which
accounted for 60.15% of the HSP70 gene family. Twenty-six
and seven CsHSP70 genes were tandemly duplicated and
proximally duplicated, respectively. In total, 17 tandemly
duplicated HSP70 gene pairs were found. There were two
groups of three tandemly duplicated gene pairs on Chr 2 and
Chr 4. Genes in the same tandemly duplicated pairs had short
physical distances. The Ka and Ks values of tandemly
duplicated HSP70 gene pairs were calculated by Calculator
2.0 with the MA method (Wang et al., 2010) to determine if
they experienced various selection pressures (Song et al., 2021).
The Ka/Ks values of all tandem duplication HSP70 gene pairs
were significantly less than 1 (ranging from 0.0548205 to
0.417659, P < 0.05, Table 1). All tandem pair HSP70 genes
had multiple exons. MmHSPa B2_1, MmHSPa B2_2 and
MmHSPa B2_3 had similar gene structures (Figure 2). A
total of 10 conserved motifs were detected in tandem pair
HSP70 genes, whose length ranged from 29 to 200 aa. Highly

similar conserved motifs were found in the same pairs of
tandem duplicated genes (Figure 3). Moreover, the tandemly
duplicated gene pairs on Chr 7 also had a similar motif
pattern (Figure 3).

Phylogenetic Analysis of HSP70 Genes

To study the evolutionary relationships of HSP70, two NJ
phylogenetic trees were constructed based on the protein
sequences. In Figure 4, the tree showed that the M. mercenaria
HSP70 gene family mainly had two clusters, including the
HSPal2 subfamily and other subfamilies. One ancestral branch
consisted of 11 HSP70 genes, including HSPa4, HSPa5, HSPa8,
HSPa9, HSPal4, HSPal7 and HSPa B2. The M. mercenaria
HSPa B2s were first clustered together. The tandemly
duplicated HSPa9 gene pairs were also clustered together. The
other branch consisted of 122 HSPal2 subfamily members
(Figure 4). Another NJ phylogenetic tree of HSP70 protein
sequences from the M. mercenaria and C. sinensis was also
constructed (Figure 5). These two trees had similar topological
structures. The ancestral branch consisted of 24 HSP70 genes,
including HSPa4, HSPa5, HSPa8, HSPa9, HSPal4, HSPal7
and HSPa B2. The clam HSPa4, HSPa5, HSPa8, HSPa9,
HSPal4, HSPal7 and HSPa B2 were clustered together. The
expanded HSPal2 branch consist of 122 M. mercenaria HSPal2
genes and 47 C. sinensis HSPal2 genes. Species-specific HSPal2
expansions could also be observed.

Synteny Analysis of HSP70

Genes Between the M. Mercenaria

and C. Sinensis

We performed synteny analysis of the HSP70 genes between the
M. mercenaria and C. sinensis. The HSP70 genes in the M.
mercenaria were homologous to genes in C. sinensis, and
syntenic conservation was observed in C. sinensis (22 pairs of
orthologous gene pairs distributed on several chromosomes).
Interestingly, a high-density collinear gene block on Chr 7 could
be clearly seen (Figure 6). Most MmHSP70 genes located on Chr
7 were HSPal2 genes. These results indicated that the M.
mercenaria HSP70 gene family was conserved and that the
HSPal2 genes expanded on Chr 7 of the M. mercenaria
genome might have evolved from those of a common ancestor
with C. sinensis.

Expression Patterns of MmHSP70 Genes
in Different Tissues

RNA-seq data of ten tissues, namely, the testis, ovary, mantle,
gill, foot, intestine, hepatopancreas, stomach, adductor muscle,
and hemolymph, from healthy adult M. mercenaria were used to
characterize the expression profiles of MmHSP70s (Song et al.,
2021). The expression data was shown in Supplementary File 2.
In general, the average expression of HSP70 genes was highest in
the hemolymph and gill and lowest in the foot and adductor
muscle. Based on FPKM values, a heatmap of HSP70 genes in
various tissues was created (Figure 7). Interestingly, the
expression pattern of HSP70s in the gill was different from that
in the other tested tissues. Some HSP70 genes showed highly
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TABLE 1 | Selection pressure on the tandem duplication HSP70 gene pairs.

Ka Ks Ka/Ks P-Value
MmHSPa12_77 vs MmHSPa12_76 0.113353 0.414677 0.273352 1.39E-25
MmHSPa12_99 vs MmHSPa12_98 0.142116 0.815801 0.174205 3.44E-78
MmHSPa12_102 vs MmHSPai12_101 0.048744 0.295194 0.165126 6.73E-31
MmHSPa12_93 vs MmHSPa12_92 0.040509 0.619088 0.065434 1.09E-49
MmHSPa12_96 vs MmHSPa12_95 0.46246 3.0997 0.149195 0
MmHSPa B2_2 vs MmHSPa B2_1 0.012861 0.157544 0.081635 2.00E-27
MmHSPa B2_3 vs MmHSPa B2_1 0.011003 0.14957 0.073562 9.87E-27
MmHSPa12_106 vs MmHSPa12_105 0.132287 0.473412 0.279434 1.32E-28
MmHSPa9_2 vs MmHSPa9_1 0.022449 0.05375 0.417659 0.010988
MmHSPa12_14 vs MmHSPa12_13 0.419676 3.07451 0.136502 0
MmHSPa12_15 vs MmHSPa12_13 0.336695 3.29855 0.102074 0
MmHSPa12_38 vs MmHSPa12_37 0.147352 0.9504 0.155042 7.39E-99
MmHSPa12_40 vs MmHSPa12_39 0.061806 0.259192 0.238457 1.29E-21
MmHSPa12_48 vs MmHSPa12_47 0.215566 3.93222 0.054821 0
MmHSPa12_51 vs MmHSPa12_50 0.229313 3.52074 0.065132 0
MmHSPa12_24 vs MmHSPa12_23 0.206561 3.76189 0.054909 0
MmHSPa12_30 vs MmHSPa12_29 0.264318 3.64983 0.072419 0
MmHSPa12_34 vs MmHSPa12_33 0.304513 3.70911 0.082099 0
MmHSPa12_63 vs MmHSPa12_62 0.095559 0.280466 0.340714 5.80E-15
@e CDS
HSPal2 63 H—+—% +— UTR
HSPal2 62 H—H
HSPal2 34 HHe
HSPal2 33 ol -
HSPal2 30 s
HSPal2 29 H—++*%
HSPal2 24 -8
HSPal2 23 o
HSPal2 51 HHHHE
HSPal2 50 H—H-a.
HSPal2 48 HHE
HSPal2 47 Hit®
HSPal2 40 i
HSPal2 39 —H—#
HSPal2 38 H+—#
HSPal2 37 H —
HSPal2_ 15 H—H
HSPal2 14 HE———8
HSPal2 13 H—i—t—r8
HSPa9 2 H———
HSPa9 1 HH—H
HSPal2 106 Hi#
HSPal2 105 i
HSPal2 96 —t—
HSPal2 95 —H+8
HSPal2 93 H H
HSPal2 92 HHE
HSPal2_102 —— ———
HSPal2 101 +—H Hil
HSPal2 99 H—
HSPal2 98 ; f—l —_—
HSPal2 77 ————
HSPal2_76 —— H &
HSPa B2 3 +HB
HSPaB2 2 e
HSPaB2 1 +Ha ,
0 20000 40000 60000 80000 100000 120000

FIGURE 2 | Gene structure of M. mercenaria tandem duplication MmHSP70 gene pairs. Green boxes, black lines and yellow boxes represent exons, introns and
untranslated region (UTR), respectively. The tandemly duplicated gene pairs were shown by adjacent two or three genes with the same colours.
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tissue-specific expression. For example, MmHSPal2_67,
MmHSPa_81 et al. had high expression in the gill.
MmHSPal2_10, MmHSPal2_105 et al. showed high
expression in the hemolymph. MmHSPal2_64,
MmHSPal2_54 et al. showed high expression in the
hepatopancreas. Most HSP70 genes were expressed in at least
one tissue.

Expression Profiles of Tandem Duplication
MmHSP70 Genes in Response to Heat and
Hypoxia Stress

The tightly linked gene modules formed by tandem duplication
play an important role in adaptation to environmental stress in
bivalves (Zhang et al., 2012; Song et al., 2021; Li et al,, 2021). To
provide insight into the functions of tandem duplication HSP70
genes in the M. mercenaria, we determined the expression
profiles of such genes by using RNA-seq data. The expression
data was shown in Supplementary File 3. The tandem
duplication HSP70 gene pairs seemed to have similar
expression patterns (Figure 8). Most of the gene pairs had
high expression under hypoxic stress (C_2, C_02). The gene
pairs consisting of MmHSPa B2_1, MmHSPa B2_2 and
MmHSPa B2_3 had high expression under heat plus extreme
hypoxia stress (H_02). Moreover, the gene pair consisting of

800

. . , 3
1000 1200 1400

FIGURE 3 | Distribution of conserved motifs in tandem duplication MmHSP70 gene pairs. The tandemly duplicated gene pairs were shown by adjacent two or three

MmHSPal2_92 and MmHSPal2_93 also had high expression in
the H_02 group.

DISCUSSION

The HSP70 gene family functions in a wide range of
housekeeping and stress-related activities (Rosenzweig et al.,
2019). The function of HSP70 family members has been
investigated in some bivalves (Zhang et al., 2012; Cheng et al.,
2016; Hu et al., 2019), but to date, no detailed analysis of the
HSP70 family has been reported in the M. mercenaria. In this
study, we performed exhaustive research on the M. mercenaria
genome, conducted phylogenetic and synteny analyses with
selected bivalve species, and determined expression patterns by
examining RNA-seq datasets for M. mercenaria under heat and
hypoxia stress. This study provided a comprehensive
understanding of the HSP70 gene family in the M. mercenaria
and laid a significant foundation for further studies on the
functional characteristics of MmHSP70 genes during exposure
to heat and hypoxia stress.

HSP70 genes are widespread in all domains of life, and the
copy number varies among species. Compared with those in
other representative animals, HSP70 genes exhibit expansion in
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FIGURE 4 | Phylogenetic analysis of 133 M. mercenaria HSP70 protein sequences. The phylogenetic tree was created with MEGA 7.0 software using the Neighbor-
Joining method. The HSPa12s were highlight in red. Support value was assessed using bootstrapping (100 pseudoreplicates), if value was less than 50, the data
was not shown.

bivalves (Guerin et al., 2019; Hu et al., 2019). In this study, a total reflection of regulatory variation affecting physiological
of 133 and 60 HSP70 genes were identified in the M. mercenaria  differences in response to fluctuations in environmental
and C. sinensis genomes, respectively. Compared with other  factors, especially temperature (Zhang et al., 2012). There were
bivalve species, for example, C. gigas (88) (Zhang et al, 2012), 8 subfamilies of M. mercenaria HSP70 genes. Among these, 122
P. yessoensis (61) (Cheng et al., 2016) and C. farreri (65) (Hu HSPal2 genes accounted for the vast majority of HSP70
et al., 2019), the M. mercenaria had the largest HSP70 gene = members, which was consistent with the results of previous
repertoire, to the best of our knowledge. The HSP70 gene copy  reports (Zhang et al., 2012; Cheng et al., 2016; Hu et al,, 2019).
number varied greatly among bivalves, which might be a  In both previous studies and our study, HSPal, HSPa2, HSPa6
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and HSPa7 were absent in the bivalve genome, suggesting
species-specific loss (Fu et al., 2021). Notably, we identified the
HSPal7 gene in the M. mercenaria and C. sinensis genomes,
which was not reported in the oyster (Zhang et al., 2012) and
scallop genomes (Cheng et al,, 2016; Hu et al, 2019). The
HSPal7 gene was also identified in the human (Brocchieri
et al., 2008), bovine (Tripathy et al., 2021), channel catfish
(Song et al.,, 2016), large yellow croaker (Xu et al, 2018),
rainbow trout (Ma and Luo, 2020), and ascidian (Fujikawa

et al, 2010) genomes. However, we did not identify HSPal3 in
the M. mercenaria genome. MmHSP70 genes were unevenly
located on 19 chromosomes and 4 scaffolds, and 41 were located
on Chr 7 (Figure 1). In addition, 46.67% of CsHSP70 genes were
located on Chr 14. It might be a common phenomenon for
members of large gene families to be unequally distributed on
chromosomes. For example, 19 (a total of 66) transient receptor
potential channel genes were located on Chr 2 in an oyster (Fu
et al,, 2021), and 59 (a total of 159) inhibitors of apoptosis genes
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FIGURE 6 | Synteny analyses between the HSP70 genes of the M. mercenaria and C. sinensis. Grey lines in the background indicate collinear blocks in the M.
mercenaria and C. sinensis genomes, while red lines highlight syntenic HSP70 gene pairs.

were densely tandemly linked on Chr 5 in the M. mercenaria
(Song et al., 2021).

Gene duplication can provide materials for evolutionary
novelty (Zhang, 2003; Roth et al, 2007; Song et al, 2021).
Tandem duplication is an important driving force of gene
duplication (Chen et al.,, 2013; Long et al., 2013). After tandem
duplication, dose-sensitive genes are lost through selective
sweeps to ensure normal organismal function, and
environmental stress-related genes tend to be amplified. The
HSPa2 gene has undergone tandem duplication in several teleost
fishes (Evgen'Ev et al, 2014; Metzger et al., 2016). Tandem
duplication was responsible for the expansion of the oyster and
scallop HSP70 gene families (Zhang et al.,, 2012; Cheng et al,
2016; Hu et al., 2019). Forty-five MmHSP70 genes were
tandemly duplicated in the M. mercenaria genome, while
twenty-six CsHSP70 genes were tandemly duplicated in the C.
sinensis genome. Differences in the number of tandemly
duplicated HSP70 genes between species may be explained by
tandemly duplicated genes having independent origins or there
having been some genomic rearrangement in this region
(Metzger et al., 2016). In our study, the same pairs of tandemly
duplicated HSP70 genes seemed to have highly similar conserved
motifs (Figure 3). Moreover, all HSPa B2 tandem duplication
pair genes (MmHSPa B2_1, MmHSPa B2_2 and MmHSPa
B2_3) had the same number of exons (Figure 2). In the early
phase of evolution, the function of duplicated genes is retained
through purifying selection (Kondrashov et al., 2002). The Ka/Ks
values of all tandemly duplicated HSP70 gene pairs were
significantly less than 1 (ranging from 0.0548205 to 0.417659,
P < 0.05, Table 1). Moreover, the tandemly duplicated HSP70
gene pairs seemed to have similar expression patterns under heat
and hypoxia stress (Figure 8). These results indicated that
duplicated MmHSP70 genes had experienced different levels of
purifying selection and that purifying selection could be an
important source of sequence and functional constraints (Song
et al., 2021).

In the present study, MmHSP70 genes were expressed in a
tissue-specific and stress-specific pattern. Specifically, most

MmHSP70 genes were expressed in at least one tissue, while
some MmHSP70s showed tissue-specific expression. Some
HSP70 genes were highly expressed in gills in the Manila clam
(Liuetal,, 2015; Nie et al., 2017) and scallops (Cheng et al., 2019).
In our present study, the expression pattern of HSP70 in the gill
was different from that in the other tested tissues, and some
MmHSP70 genes had high expression in the gill. Bivalve gills are
sensitive to environmental stress, and high HSP70 expression
promotes the regulation of the environmental stress response
(Cheng et al,, 2019). In marine ecosystems, bivalves always
encounter stresses such as high temperature, low osmotic
pressure, low dissolved oxygen, heavy metals, toxic
dinoflagellates and bacterial invasion, and numerous studies
have shown that HSP70 genes play a vital role in maintaining
cellular homeostasis to defend against abiotic and biotic stresses
(Piano et al., 2002; Franzellitti and Fabbri, 2005; Liu et al., 2014;
Cheng et al., 2016; Nie et al., 2017; Nie et al.,, 2018; Cheng et al.,
2019; Clark et al., 2021; Hu et al., 2022). In our previous study,
many HSP70 genes were differentially expressed under heat,
hypoxia and combined stress (Hu et al., 2022). Tandemly
duplicated gene pairs played vital roles in stress adaptation in
bivalves (Zhang et al., 2012; Li et al., 2021; Song et al., 2021). In
the present study, we determined the expression profiles of
tandemly duplicated HSP70 genes by analysing RNA-seq data.
As shown in Figure 8, the tandemly duplicated HSP70 gene pairs
seemed to have similar expression patterns. MmHsp70s
exhibited diverse expression patterns in the gill when bivalves
were exposed to heat, hypoxia and combined stress. This could
be partly explained by HSP70 subfunctionalization after gene
duplication (Ramsge et al, 2020). Most tandemly duplicated
HSP70 gene pairs had higher expression under hypoxic stress.
Interestingly, the tandemly duplicated HSPa B2 gene pairs
(MmHSPa B2_1, MmHSPa B2_2 and MmHSPa B2_3) showed
significantly high expression under heat plus severe hypoxia
stress. Above all, the considerable expansion of HSP70 genes
may enhance transcriptional complexity and play an important
role in adaptation to diverse temperatures and dissolved oxygen
conditions in the M. mercenaria.
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FIGURE 7 | Heatmap analysis of MmHSP70 in ten tissues of adult M.
mercenaria based on the FPKM. The name of tissues was abbreviated as Te,
testis; Ov, ovary; Ma, mantle; Gi, gill; Fo, foot; In, intestine; Hep,
hepatopancreas; St, stomach; Ad, adductor muscle; and Hem, hemolymph.
The colour scale represented Z-score.
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FIGURE 8 | In silico gene expression analysis of M. mercenaria tandem
duplication MmHSP70 genes under heat, hypoxia and combined stress. The
colour scale represented Z-score. C_6: 20°C, 6 mg/L DO, control; C_2: 20°
C, 2 mg/L DO, moderate hypoxia stress; C_02: 20°C, 0.2 mg/L DO, severe
hypoxia stress; H_6: 35°C, 6 mg/L DO, heat stress; H_2: 35°C, 2 mg/L DO,
heat plus moderate hypoxia stress; H_02: 35°C, 0.2 mg/L DO, heat plus
severe hypoxia stress. The tandemly duplicated gene pairs were shown by
adjacent two or three genes with the same colours.
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Background: Understanding how organisms respond and adapt to environmental
changes is central to evolutionary biology. As a sessile organism that has adapted to
life in estuaries and intertidal zones, the eastern oyster Crassostrea virginica can tolerate
wide fluctuations in temperature and salinity and survive for weeks out of water. To
understand the molecular mechanisms underlying the remarkable stress tolerance of the
eastern oyster, we studied the transcriptomic changes induced by exposure to air and
cold stress. Eastern oysters were maintained for 7 days under four conditions, namely, in
seawater (normal) at 22°C, in air at 22°C, in seawater at 5°C and in air at 5°C, and then
sampled for RNA sequencing.

Results: Transcriptomic analysis revealed that many genes involved in cell cycle
progression and DNA replication were downregulated in oysters exposed to air and
cold, which indicates that stress inhibits cell division. Exposure to air at 22°C induced a
concerted inhibition of apoptosis through the upregulation of expanded inhibitors of
apoptosis and the downregulation of caspases. Interactions between TNF and NF-xB
signalling implied a reduction in the inflammatory response and immune functions. Key
genes for proline production, fatty acid synthesis and chromosomal proteins were
upregulated during exposure to low temperatures, which suggested that proline
accumulation, energy conservation, and epigenetic modification of chromosomes are
important for coping with cold stress. The upregulation of melatonin, FMRFamide, and
neural acetylcholine receptors indicate the significance of the neurohormonal regulation of
homeostasis.

Conclusion: These results show that air exposure and cold stress alter the expression of
key genes for cell division, apoptosis, proline accumulation, fatty acid metabolism,
neurohormonal signalling, and epigenetic modifications, suggesting regulation of these
processes plays an important role in the stress response of the eastern oyster and
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possibly other marine molluscs. This study provides new insights into molecular
mechanisms of stress response that are essential for understanding the adaptive
potential of marine organisms under climate change.

Keywords: stress, transcriptome, cell cycle control, apoptosis, growth, immune function, epigenetic modification

1 INTRODUCTION

The mechanism through which organisms respond and adapt to
environmental shifts is a fundamental question of evolutionary
biology. As climate change causes significant shifts in the oceanic
environment, understanding its effects on marine organisms and
ecosystems is critical. The eastern oyster (Crassostrea virginica) is
a marine bivalve widely distributed along the Atlantic coast of
America, ranging from the Gulf of St. Lawrence in Canada to the
Gulf of Mexico and extending to West Indies, and an important
fishery and aquaculture species in the US and Canada. Due to its
adaptation to estuarine and intertidal environments across a
wide latitudinal range, the eastern oyster is remarkably resilient
and can tolerate wide fluctuations in salinity and temperature as
well as long periods of exposure to air. In the intertidal zone,
the eastern oyster may face icy conditions in the winter and
45°C in the summer (Galtsoff, 1964; Shumway, 1996). This
species can survive well for at least a month during exposure
to air at 4°C (Kawabe et al.,, 2010). This remarkable resilience
makes the eastern oyster an interesting model for studying
stress adaptation.

Among all environmental challenges, prolonged exposure to
air may be very stressful for oysters and can cause heavy
mortalities during summer months (Malek, 2010; Clements
et al., 2018). As observed in field experiments, increases in
intertidal air exposure increase disease prevalence and
mortality and reduce growth (Malek, 2010). Genomic
analyses have provided some insights into the molecular
mechanisms of the stress response and adaptation of oysters.
Transcriptomic analyses of the eastern oyster have identified
genes and pathways related to the immune responses of the
species and its responses to salinity and crude oil (Eierman and

Abbreviations: ABCD, ATP-binding cassette subfamily D; ACAA1, 3-ketoacyl-
CoA thiolase A, peroxisomal; ACOX1, peroxisomal acyl-coenzyme A oxidase 1;
ARG, arginase; CASP, caspase; CDC, cell division cycle-related protein kinase;
CDK, cyclin-dependent kinase; CEBP, CCAAT/enhancer-binding protein; CROT,
peroxisomal carnitine O-octanoyltransferase; CYP450, cytochrome P450; E2F,
transcription factor E2F3; ER, endoplasmic reticulum; GADD 45, growth arrest
and DNA damage-inducible protein 45; GST, glutathione S-transferase; IAP,
inhibitor of apoptosis; JUN, AP-1 transcription factor; MAP2K6, dual specificity
mitogen-activated protein kinase 6; MCM2-7, minichromosome maintenance
proteins; NFKB, nuclear factor NF-kappa-B p105; NFKBIA, NF-kappa-B
inhibitor alpha-like; NUDT19, nucleoside diphosphate-linked moiety X motif
19; OAT, ornithine aminotransferase; P5CS, delta-1-pyrroline-5-carboxylate
synthase; PCNA, proliferating cell nuclear antigen; PECR, peroxisomal trans-2-
enoyl-CoA reductase-like; PEX, peroxin protein; PIK3, phosphatidylinositol-4,5-
bisphosphate 3-kinase; PYCR, pyrroline-5-carboxylate reductase; RFC, replication
factor C; ROS, reactive oxygen species; RPA, replication protein A; TNF, tumour
necrosis factor; TNFAIP3, tumour necrosis factor alpha-induced protein 3; TNFR,
tumour necrosis factor receptor.

Hare, 2014; McDowell et al., 2014; Zhang et al., 2014a; Lopez-
Landavery et al., 2019; Modak and Gomez-Chiarri, 2020).
Transcriptomic studies of Pacific oysters Crassostrea gigas
subjected to thermal, salinity, air exposure and heavy metal
stresses have shown that air exposure induces transcriptional
changes in the largest number of genes (Zhang et al., 2012).
These changes include strong upregulation of the expression of
heat shock proteins (HSPs) and inhibitor of apoptosis (IAPs),
which suggests that these proteins play key roles in stress
response and adaptation (Zhang et al., 2012; Guo et al,
2015). A proteomic study of Pacific oysters under desiccation
stress revealed increases in ubiquinone synthesis, reductions in
reactive oxygen species (ROS), and downregulation of the
expression of proteins involved in metabolism, ion transport,
DNA replication and protein synthesis (Zhang et al., 2014b). In
the eastern oyster, air exposure induces the upregulation and
alternative splicing of alternative oxidases that participate in
ROS removal (Liu and Guo, 2017).

Few studies have examined the relationship between air
exposure and the innate immune system. Allen and Burnett
(2008) found that hypoxia and high temperatures reduce the
ability of haemocytes to kill bacteria in C. gigas under air
exposure. Air exposure may result in reduced oxygen levels in
oysters or hypoxia. Alvarez and Friedl (1992) reported that
hypoxia and anoxia have no effects on phagocytosis and
particle clearance in the eastern oyster, whereas another study
(Boyd and Burnett, 1999) in the same species showed that the
respiratory burst function (ROS production) of haemocytes is
reduced under hypoxic conditions. Environmental stressors
exert immunosuppressive effects in Pinctada imbricata
(Kuchel et al.,, 2010). The eastern oyster populations are
seriously impacted by two lethal diseases, MSX caused by
Haplosporidium nelsoni and Dermo caused by Perkinsus
marinus (Guo and Ford, 2016). The effects of air exposure on
the immune function of the eastern oyster are unclear.

Compared with air exposure, cold exposure is a relatively
mild stressor for oysters. The LT50 (median lethal time to reach
50% mortality) values for oysters exposed to air at temperatures
of 4°C, 15°C and 20°C are 47.8, 15.9 and 12.2 days, respectively
(Kawabe et al., 2010). The regulation of energy storage and
consumption is crucial for the survival of animals during long
periods of cold conditions (Storey and Storey, 1990). During cold
periods, bivalves can enter a state of metabolic rate depression
(MRD) (Saucedo et al., 2004; Xiao et al., 2014). An analysis of the
physiological states of oysters at low temperatures has suggested
that the metabolic pathways in oysters change after one week of
exposure (Kawabe et al., 2010), although most of the regulatory
networks at the protein and transcriptomic levels are
largely unknown.
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The availability of the C. virginica genome and high-
throughput next-generation sequencing technology has allowed
accurate measurement of transcriptional levels of all genes,
which provided a valuable tool for studying molecular
mechanisms of stress response in oysters (Zhang et al., 2012;
Gomez-Chiarria et al,, 2015; Guo et al., 2015; Guo and Ford,
2016). In this study, we used the reference genome
(GCA_002022765.4 C_virginica-3.0) and transcriptomic
sequencing to characterize transcriptional changes in eastern
oysters subjected to air exposure and cold stress and thus
elucidate the molecular mechanisms or regulatory pathways
underlying stress response in this species.

2 MATERIALS AND METHODS
2.1 Air Exposure and Cold Stress

Hatchery-produced eastern oysters of the same age (18 months)
and similar shell lengths (5-8 cm) were used in this study. The
oysters were obtained from the Haskin Shellfish Research
Laboratory, Rutgers University, Port Norris, New Jersey, USA.
The oysters were maintained in ambient seawater at 9°C ~ 12°C
and then acclimated to 22°C for 3 days for this experiment in
April. To elicit a strong response to chronic air exposure and cold
stress, oysters were exposed to air and cold (5°C) for 7 days. The
low temperature of 5°C was selected because it is the lowest
possible temperature above freezing that can be stably
maintained in the lab. The duration of 7 days was selected
based on a previous study (Zhang et al., 2012), where oysters
exposed to 5°C for 7 days and to air for 7-9 days exhibited the
strongest responses. Although 7-day exposure is rare in the field
(only experienced by oysters at extremely high tidal positions),
this extreme length helps to identify key genes responding to air
exposure stress. Also, eastern oysters are often stored in cold
rooms without water for 1-2 weeks before being consumed live.
Taking all these factors into account, we subjected oysters to 7
days of air exposure. In winter, the coldest month in New Jersey
is January when the average temperature ranged from -6.7°C to
3.3°C. The oysters may be covered by ice for several days at a
time in the field. The low temperate tested in this study is quite
common for eastern oysters in NJ and the northeastern US. The
average ambient temperature in April was 10°C. The control
oysters were maintained in seawater at 22°C with heaters, an
optimal temperature that is routinely used for oyster
conditioning in our lab. Accordingly, the oysters were divided
into 4 groups (7 per group): one group was maintained in
seawater at 22°C with aeration and served as the control group
(hereafter the 22SW group), one group was exposed to air in an
incubator with temperature set at 22°C (the 22AE group), one
group was maintained in seawater at 5°C (the 5SW group), and
one group was exposed to air at 5°C (the 5AE group). The cold
treatment was conducted in a cold storage room with both water
and air temperature set at 5°C. The temperature decreased from
22°C to 5°C over approximately one day. The oysters exposed to
air were covered with a wet towel to keep them moist, and the
towel was rewetted daily. The oysters kept in seawater were not

fed to ensure consistency with those exposed to air. The salinity
of the seawater was 32 parts per thousand.

2.2 Transcriptome Analysis

2.2.1 Total RNA Extraction

After 7 days of treatment, 6 oysters were sampled from each
group. Gill tissue from each oyster was flash-frozen in liquid
nitrogen and used for transcriptome sequencing. Gills were used
for this study because gills are the organ needed for respiration
and are important for maintaining homeostasis. Total RNA was
extracted from the gill tissue using TRIzol reagent (Invitrogen,
USA) following the manufacturer’s protocol. The quantity and
quality of the extracted total RNA were assessed with a
NanoDrop 2000 (Thermo Scientific, USA) and agarose gel
electrophoresis. For each group, RNA was extracted from six
oysters, and equal amounts of RNA from each oyster were
combined into one sample. A total of 3 pug of RNA per group
was used for library preparation.

2.2.2 Library Preparation and Bulk RNA Sequencing
Sequencing libraries were generated using an NEBNext® Ultra™
RNA Library Prep Kit for Ilumina® (NEB, USA) following the
manufacturer’s recommendations, and unique index codes were
utilised to distinguish the samples. Briefly, mRNA was purified
from total RNA using poly-T oligo-attached magnetic beads.
Fragmentation was performed using divalent cations under
elevated temperature in NEBNext First Strand Synthesis
Reaction Buffer (5X). First-strand cDNA was synthesized using
random hexamer primers and M-MuLV reverse transcriptase
(RNase H"). Second-strand ¢cDNA synthesis was performed
using DNA polymerase I and RNase H. The remaining
overhangs were converted into blunt ends by exonuclease/
polymerase. After adenylation of the 3’ ends, NEBNext
adaptors with hairpin loop structures were ligated to the
fragments to prepare them for hybridization. To preferentially
select cDNA fragments with a length of 150~200 bp, the library
fragments were purified with an AMPure XP System (Beckman
Coulter, USA). The size-selected, adaptor-ligated cDNA was
then incubated with 3 pl of USER Enzyme at 37°C for 15 min
and then at 95°C for 5 min before PCR. PCR was performed with
Phusion High-Fidelity DNA polymerase, universal PCR primers
and the Index (X) Primer. The PCR products were purified
(AMPure XP System), and the library quality was assessed with
an Agilent Bioanalyzer 2100 system. Clustering of the index-
coded samples was performed using a cBot Cluster Generation
System with a TruSeq PE Cluster Kit v3-cBot-HS (Illumina)
according to manufacturer’s instructions. After cluster
generation, the libraries were sequenced on an Illumina HiSeq
2000 platform to generate 100-bp paired-end reads.

2.3 Bioinformatic Analysis

2.3.1 Mapping of Reads Against the C. Virginica
Genome

Raw sequence data in fastq format were first processed through in-
house Perl scripts. Clean reads were obtained by removing reads
containing adapters or poly-N sequences (for which the proportion

Frontiers in Marine Science | www.frontiersin.org

40

June 2022 | Volume 9 | Article 921877


https://www.frontiersin.org/journals/marine-science
http://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles

Lietal

Stress Response of the Oyster

of N bases was > 10%) and reads containing more than 50% of low
quality (Q-value < 20) bases. The C. virginica reference genome and
gene model annotation files were downloaded from NCBI (https://
www.ncbi.nlm.nih.gov/genome/398). An index of the reference
genome was built, and clean paired-end reads were mapped to
the reference genome using HISAT2.2.4 (Kim et al,, 2015) with the
“-rna-strandness RF” setting and default settings for
other parameters.

2.3.2 Gene Expression Analysis

The mapped reads of each sample were assembled with StringTie
v1.3.1 (Pertea et al., 2015; Pertea et al., 2016) using a reference-based
approach. For each transcription region, fragments per kilobase of
transcript per million mapped reads (FPKM) values were calculated
to quantify transcript abundance of each gene using StringTie
software. Differential expression between two samples was
analysed with edgeR (Robinson et al., 2010; McCarthy et al.,
2012). P-values were obtained using the exactTest function with
normalized counts and assuming a negative binomial distribution.
Correction for multiple testing was performed by applying the
Benjamini-Hochberg method to the p-values to control the false
discovery rate (FDR) (Benjamini and Hochberg, 1995). To reduce
false positives due to the lack of replication, a fold-change threshold
was also applied. Genes with a false discovery rate (FDRs) < 0.001
and absolute fold change > 2 were considered DEGs. A hierarchical
cluster analysis of the top 1000 DEGs was performed to assess
transcriptional variations among oysters exposed to different
stresses using in-house R scripts.

2.3.3 Screening of Stress Response Genes

Gene Ontology (GO) enrichment analysis of the DEGs was
performed with the GOseq R package (Young et al., 2010). We
used the Kyoto Encyclopedia of Genes and Genomes (KEGG)
Orthology-Based Annotation System (KOBAS) (Mao et al,
2005) to test the significance of the enrichment of DEGs in
KEGG (Kanehisa et al., 2008) pathways. KOBAS uses the whole
genome as the default background distribution. For each
pathway that occurs in a geneset, it counts the number of
genes in the geneset that belong to the pathway and compares
it against the whole-genome background. The calculating
formula of P-value is:

m—1 ({Vl)(g: {V[

B )

where N is the number of all genes that with KEGG annotation, n
is the number of DEGs in N, M is the number of all genes
annotated to specific pathways, and m is number of DEGs in M.
The calculated p-values were corrected for FDR (Benjamini and
Hochberg, 1995) with FDR < 0.05 as the threshold. Pathways
meeting this condition were defined as significantly enriched
pathways in DEGs.

2.4 qPCR Validation of the RNA-seq
Results

Before combining RNA from 6 oysters for library construction, 2 pg
of total RNA from each oyster was removed and separately reverse-

transcribed into cDNA for qPCR validation. Complementary DNA
(cDNA) was prepared using a FastQuant RT kit (with gDNase)
(Tiangen, Beijing, China).

We selected eight genes for qPCR validation rather arbitrarily
to cover genes with different expression levels. Most of the eight
genes were significantly expressed in at least one treatment
group, but not all of them were DEGs, such as EC-SOD
(Extracellular superoxide dismutaseare). They were chosen to
show the correlation between the read counts obtained by RNA-
seq and the relative expression levels obtained by qPCR. Some
genes were abundantly expressed (KLF5) and some were not
(EEF2). At the same time, they may or may not be key genes or in
important pathways analyzed. Primers for the eight genes were
designed with Primer-BLAST online (http://www.ncbi.nlm.nih.
gov/tools/primer-blast/) (Supplementary Table 2). The
expression of the selected genes and the housekeeping gene f3-
actin (Ivanina et al., 2010) was quantified by qPCR using a 7500
Fast Real-time PCR System (Applied Biosystems, USA). The
cycle threshold (CT) values of each gene were normalized to
those of B-actin, and the relative amount of mRNA specific to
each of the selected genes was calculated using the 2-A<
method (Livak and Schmittgen, 2001). Validation analyses
were performed by comparing the read count of each gene
obtained from the RNA-seq data (adjusted by edgeR software
using one scaling normalized factor) with the mean 24"
from the qPCR results.

value

3 RESULTS AND DISCUSSION

3.1 Transcriptome Mapping and General
Patterns of Gene Expression

A total of 247,921,390 clean paired-end reads were generated
from the four groups of oysters, and these numbers ranged from
55.2 to 67.9 million per group (Supplementary Table 1). The
raw sequence data have been submitted to NCBI under the
accession numbers SRR5643669, SRR5643668, SRR5643671 and
SRR5643670. For all the groups, approximately 80% of the reads
were successfully mapped to the reference genome, covering
84.30% to 86.73% of the genes (Supplementary Table 1). For the
eight genes selected for validation (Supplementary Table 2), a
highly significant correlation (p < 0.0001, r = 0.8553) was found
between the read counts obtained by RNA-seq and the relative
expression levels obtained by qPCR (Supplementary Figure 1),
which indicated that the RNA-seq data are reliable due to the
pooling of six individuals and a high read coverage. Further, we
applied more stringent selection criteria (FDR < 0.001 plus fold-
change > 2) to DEG identification to compensate for the lack of
sequencing replication, and identified affected pathways based on
concerted regulation of multiple protagonist and antagonist
genes (see below) so that the conclusions are not affected by
random false positives. Nevertheless, it should be noted that the
inclusion of independent samples or sample pools would
increase the statistical power and detect more DEGs with small
fold changes that could not be identified in this study.
Additionally, findings of this study should be viewed with
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caution due to the lack of treatment replicates. Finally, the
response to stress is a temporal process, and our observations
are limited to the response at day 7, which may differ from the
responses at other time points.

Differential expression analysis revealed large numbers of
DEGs among the four groups. Compared with the control
condition (22SW), exposure to air at 22°C resulted in the
largest number of DEGs (2488), which suggested that air at 22°
C is the harshest of the tested conditions for the eastern oyster
(Figure 1A). Exposure to air at 5°C produced 1969 DEGs, and
exposure to seawater at 5°C produced 1802 DEGs, which
indicated that these conditions are relatively less stressful. The
two conditions at 5°C shared 987 DEGs (Figure 1B). Under all
three stress conditions, a higher number of genes were
downregulated than upregulated. These results indicate that all
three stress conditions depressed the transcriptional activities of
the eastern oyster and that air exposure at 22°C was the most
stressful. This finding is consistent with the results obtained for
the Pacific oyster, in which air exposure also induces the highest
number (4420) of DEGs (Zhang et al., 2012).

The three stress conditions differed among the types of DEGs
induced. Although the three conditions shared 636 DEGs, they
also had large numbers of unique DEGs: 1296 in 22AE, 713 in
5AE and 528 in 5SW (Figure 1B). Among the four groups, the
expression profiles obtained for 5AE and 5SW were most similar
but differed significantly from that obtained for 22AE, as
indicated by the clustering heatmap (Figure 1C). As low
temperature tends to reduce metabolic activity, oysters might
be less susceptible to air exposure at low temperature than at
normal or high temperatures. All DEGs revealed by pairwise
comparisons are shown in Supplementary Table 3.

>

Number of DEGs

Number of genes
[
g8 g 8
= S S

o
S
S

Venn diagram of DEGs

22AE

1296

713 351 528

indicates the /ngnorma//zed (read count+1

Enrichment analysis revealed that the following KEGG
pathways were overrepresented in the DEGs between the
22AE and 22SW control groups: DNA replication, cell cycle
control, retinol metabolism, apoptosis, nuclear factor kappa B
(NF-xB) signalling, lipid metabolism, peroxisome and tumour
necrosis factor (TNF) signalling (P-value < 0.05, Table 1). The
main processes affected in the 5SW and 5AE groups were lipid
metabolism and DNA replication. The only GO term
significantly enriched in DEGs between 22AE and 5AE was
DNA metabolism (0006259), and these DEGs included genes
involved in DNA replication and cell cycle control. Some of
the significantly enriched pathways and processes are
highlighted below. For brevity, the gene IDs from the
reference genome were shortened by omitting the string
“OC11117, which is shared by all the genes (i.e., L00001
for LOC111100001).

3.2 Cell Cycle Control Under Stress

One of the most significantly affected processes in the eastern
oyster under stress is cell division, as evidenced by the
identification of large number of DEGs related to DNA
replication and cell cycle control under all three stressors at
day 7, particularly in the 22AE group (Table 1). Cell cycle
progression, a process that is conserved in metazoans, is
regulated by cyclin-dependent kinases (CDKs) and their
specific cyclin partners, positive and negative regulators, and
downstream targets (Morgan, 1997). In this study, cyclin A
(L22860, L22939), cyclin D (L03611), cyclin E (L32839,
L99092), and CDK2 (L21435), which are expressed at the G1
phase and determine whether cells proceed through the G1
phase into the S phase, were all downregulated under air

Cluster of DEGs

C

= UP=DOWN

|

FIGURE 1 | Differentially expressed genes (DEGs) among the four experimental groups of eastern oysters. (A), Number of DEGs between pairs of four groups:
seawater at 22°C (22SW, control), exposure to air at 22°C (22AE), seawater at 5°C (5SW) and exposure to air at 5°C (5AE); (B), Venn diagram of DEGs between the
three stress conditions and the control 22SW condition; (C), hierarchical clustering of the expression of the top 1000 DEGs in the four groups. The colour range

) values from high (red, the maximum value is 8.14) to low (green, the minimum value is -6.82).
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TABLE 1 | KEGG pathways enriched in differentially expressed genes induced by stressors in the eastern oyster.

KEGG ID Pathway Gene number Backgroundnumber P-value
22°C air exposure vs. 22°C seawater

Ko03030 DNA replication 24 44 1.16E-07
Ko04110 Cell cycle 41 133 0.000529
Ko00830 Retinol metabolism 20 51 0.000532
Ko04215 Apoptosis, cell growth and death 44 151 0.001249
Ko04064 NF-kappa B signalling pathway 40 137 0.001953
Ko00592 Lipid alpha-linolenic acid metabolism 13 31 0.002447
Ko04146 Peroxisome, transport and catabolism 35 127 0.009693
Ko04668 TNF signalling pathway 41 158 0.015759
5°C seawater vs. 22°C seawater

Ko00061 Lipid fatty acid biosynthesis 11 23 0.000171
Ko00592 Lipid alpha-linolenic acid metabolism 13 31 0.000229
Ko00140 Lipid steroid hormone biosynthesis 12 33 0.001790
Ko03030 DNA replication 14 44 0.003277
5°C air exposure vs. 22°C seawater

Ko00592 Lipid alpha-linolenic acid metabolism 16 31 1.51E-06
Ko03030 DNA replication 15 44 0.001052

Background number is the number of all genes annotated to specific pathways. Gene number is the number of DEGs belonging to specific pathways.

exposure and cold stress (Supplementary Table 4 and
Figure 2). During the S phase, DNA replication starts with
the building of replication complexes, where
minichromosome maintenance (MCM) proteins are loaded
onto chromatin to “licence” DNA for replication (Blow and
Laskey, 1988). Six MCM2-7 complex genes (L09564, L24297,
L35545, L31693, L03623, L36042), the associated component
MCMBP (L00880) and CDC7 (L22674), which can
phosphorylate MCM2 and MCM3, were significantly
downregulated in oysters under the 22AE conditions
(Supplementary Table 4). All six genes under cold stress
showed reduced expression, although the reduction in the
expression of some of the genes was not significant. Once
replication complexes are built and activated, a series of
replicating forks form along the chromosome, generating
bubbles that eventually fuse together to complete DNA
replication (Alberts et al., 2010). Genes associated with the
replication protein A complex, such as replication protein A
(L20888), DNA polymerase (L12959, L30346, L37485, L30057,
L26184, L28010), DNA primase (L26192, L21347) and DNA
clamp proteins (RFC and PCNA, L08767, L31355, L32381,
L34900, L22897, L35799, L20673), were downregulated
(Supplementary Table 4). Genes encoding cyclins and
CDKs that promote the progression of cells from the G2
phase to the M phase, such as G2/mitotic-specific cyclin-A
(L22860, L22939) and M-phase inducer phosphatase
(CDC25A, L32091, L32548, L35070), which function as
dosage-dependent inducers of mitotic progression (Nilsson
and Hoffmann, 2000), were also downregulated (Figure 2).
Other genes, such as CDK7 (L25401), involved in
transcription initiation and DNA repair were also
downregulated. These results strongly suggest that exposure
of the eastern oyster to air and cold stress suppresses the
transcription of key genes needed for cell cycle progression or
cell division, which is crucial for growth and immune
functions. The discovery of the downregulation of key genes
needed for cell division provides molecular support for the

well-known negative effects of stress on growth and the
immune response (Malek, 2010; Guo et al,, 2015; Guo and
Ford, 2016; Clements et al., 2018; La Peyre et al., 2018).

Cell cycle arrest may be induced by DNA damage, and cells
attempt to repair this damage during cell cycle arrest (Pucci et al.,
2000). In this study, genes that are induced by DNA damage,
such as the growth arrest and DNA damage-inducible protein
GADD45 (L18431, L18444, L18682, L21109), which is induced
by p53 and arrests the cell cycle at the G2/M checkpoint (Papa
et al., 2004), were upregulated. High-mobility group proteins
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in eastern oysters under stress. The gene names are the following: CDC,
cell division cycle-related protein kinase; CDK, cyclin-dependent kinase;
E2F, transcription factor E2F3; GADD 45, growth arrest and DNA damage-
inducible protein 45; MCM2-7, minichromosome maintenance proteins;
PCNA, proliferating cell nuclear antigen; RFC, replication factor C; RPA,
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(L09677, L09703, L12806, L17359, L25762, L26226), which  who found that a lower growth rate among oysters that
respond to DNA damage and oxidative stress in yeast (Reeves  experienced daily air exposure. Air exposure in the field may
and Adair, 2005; Lange et al., 2008), were also upregulated. In  also reduce the time dedicated to feeding and increase the use of
addition, sestrinl (L03315), which is induced by the p53 tumour  glycogen storage, which contribute to reduced growth.
suppressor protein and has the ability to arrest cell growth and . .
decrease ROS production, was also upregulated (Sun et al., 2014). 3.3 Evasion of Cell Death during Exposure
It is widely accepted that p53 mediates cell cycle arrest, apoptotic ~ t0 Air at 22°C
cell death, and/or cellular senescence (Li et al., 2012). Although  Exposure to air at 22°C triggers the inhibition of apoptosis and
the transcription level of p53 did not change significantly under ~ related regulatory pathways. Inhibitors of apoptosis (IAPs) play
stress in this study, it is possible that p53 activity, a key event in ~ important roles in promoting cell survival. IAP family members
the cell cycle arrest process, is controlled by a diverse array of  inhibit programmed cell death by binding to and/or directly
posttranslational modifications (Kruse and Gu, 2009).  inhibiting caspases (LaCasse et al., 1998). The C. gigas genome
Additionally, because this study only provides a snapshot in  exhibits an expanded IAP family (48 genes), members of which
time, p53 and its regulators may be differentially expressed at  are highly expressed after air exposure and pathogen infection,
other time points. It should be noted that in addition to DNA  which indicates that IAPs play crucial roles in anti-apoptotic
damage repair, stress and nutritional limitations may also lead to  processes in oysters (Zhang et al., 2012; Green et al., 2015). We
cell cycle arrest and growth arrest (Yanagida et al., 2011; Rossi ~ identified 58 IAPs in the eastern oyster genome; 8 and 4 of these
and Antonangeli, 2015). IAPs were highly and significantly upregulated and slightly
Although the underlying mechanisms are not completely = downregulated, respectively, in the 22AE group, resulting in an
defined, cell cycle arrest is an active response to stress that  overall upregulation of IAPs (Supplementary Table 4).
enables organisms to survive under challenging environmental ~ Furthermore, genes encoding caspases, CASP7 (L3317, L2489,
conditions. The results of this study demonstrate that the  L24891) and CASP10 (L04823, L33185, L33189), were slightly
exposure of eastern oyster to air and cold stress suppresses the ~ downregulated in the 22AE group. These results suggest the
transcription of genes promoting cell cycle progression, which  existence of a concerted effort to inhibit apoptosis in oysters
may lead to cell cycle arrest and in turn affect growth, immune  under stress (Figure 3 and Supplementary Table 4).
responses and other biological processes. Growth retardation Exposure to air at 22°C affected signalling pathways such as
inferred from cell cycle arrest is consistent with the results from  the TNF signalling and NF-kappa B signalling pathways (Table 1
field experiments conducted by Malek (2010), who found that ~ and Supplementary Table 4). These pathways play important
the growth of eastern oysters decreased with increases in the  roles in the responses to biotic and abiotic stresses in the Pacific
duration of intertidal air exposure, and La Peyre et al. (2018),  oyster (Zhang et al, 2015) and other molluscs, such as the
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European flat oyster Ostrea edulis (Martin-Gomez et al., 2012),
disk abalone Haliotis discus (De Zoysa et al., 2009), and Chinese
scallop Chlamys farreri (Li et al., 2009). Depending on which
downstream genes are activated, the TNF signalling pathway can
induce apoptosis or necroptosis or promote cell survival (Baud
and Karin, 2001; Sabio and Davis, 2014). TNF signalling may
induce apoptosis via TNFa-TNFR-(TRADD/RIP1/TRAF2
complex)-FADD-CASP signalling (Rath and Aggarwal, 1999).
However, the upregulation of IAPs and the downregulation of
CASPs may have a negative feedback effect on TNF signalling.
The TNF signalling pathway induces inflammation via TNFo.-
TNFR-(TNFR1 complex I)-TAB/TAKI-IKK-NF-xB signalling
(Bantel and Schulze-Osthoff, 2012). The major pathway for the
systemic inflammatory responses depends on NF-kB. The strong
upregulation of NF-kB inhibitor alpha-like genes (NFxBIA,
L31108, L31219) and the downregulation of NF-xB (L21590)
suggest that the NF-xB signalling pathway is inhibited by stress
(De Martin et al., 1993). Notably, genes encoding TNF alpha-
induced protein 3 (TNFAIP3, L04432, L34417) (Figure 3 and
Supplementary Table 4) induced by TNF were highly
upregulated, and these genes inhibit NF-xB activation and
TNF-mediated apoptosis and thereby negatively regulate
downstream cell death signalling (Song et al., 1996; Jiang et al.,
1999). The prostaglandin E receptor 4 (EP4, L17914, L20936,
L18192, L22415) interacts with prostaglandin E receptor 4-
associated protein (EPRAP) to inhibit the activation of NF-xB
(Minami et al., 2008). Other genes that negatively regulate the
inflammatory response, such as suppressor of cytokine signalling
(SOCS2, L17924), were also upregulated, which could limit the
cytokine response by inhibiting Janus kinase 2 (JAK2) activity
(Rico-Bautista et al., 2006; Posselt et al., 2011). These processes
inhibit apoptosis through TNF signalling pathways and attenuate
the inflammatory response by inhibiting NF«B activation.
Inhibition of the inflammatory response may lead to weakened
immune responses, which explains the susceptibility and
mortality of oysters under stress (Malek, 2010; Guo et al,
2015; Guo and Ford, 2016; Clements et al., 2018). In addition,
Jun proto-oncogene (JUN, L20138) and CEBP-beta (CEBPB,
L36304), which regulate a number of cellular processes,
including differentiation, proliferation, apoptosis and the
immune response, were upregulated, which indicated their
potential role in the stress response and the complex crosstalk
among signalling pathways.

Overall, these transcriptomic changes indicate that an
orchestrated response involving the upregulation of expanded
IAPs and the downregulation of caspases through interactions
with TNF and NF-«B signalling work in concert to help stressed
oyster cells evade apoptosis, whereas the downregulation of NF-
kB signalling may suppress inflammatory responses and impair
immune functions.

3.4 Xenobiotic and Lipid Metabolism
During Exposure to Air at 22°C

The key genes and pathways involved in xenobiotic
biotransformation and lipid metabolism were affected during
exposure to air at 22°C (Table 1). The xenobiotic

biotransformation system helps oysters cope with environmental
contaminants (Zhang et al., 2016). Genes that are known to be
important for xenobiotic biotransformation, such as cytochrome
P450s (CYP450s, 11 genes), myeloperoxidase (MPO, L099927,
L01491, L01639, L01744), GSTs (L02975, L04070), and ATP-
binding cassette subfamily D member (L30560) (Supplementary
Table 4), were significantly downregulated under
22AE conditions.

Genes related to fatty acid synthesis, particularly the key
gene fatty acid synthase (FAS, 118924, L21707), were highly
upregulated under 22AE conditions. Moreover, genes playing
key roles in fatty acid oxidation in peroxisomes, such as
peroxisomal acyl-coenzyme A oxidase 1 (ACOXI, L13840,
L15085, L32545, MSTRG.2967), which is the first enzyme in
the fatty acid beta-oxidation pathway that produces hydrogen
peroxide (Inestrosa et al., 1979), were downregulated. The 3-
ketoacyl-CoA thiolase (ACAAI1, L15744, L15745), which
catalyses the final step in the B-oxidation cycle, was also
downregulated. The upregulation and downregulation of
these key genes were also observed in the groups exposed to
cold stress, albeit at a small magnitude, which suggested similar
regulation of fatty acid metabolism under cold stress
(Supplementary Table 4). Maintaining the energy balance is
critical for stress tolerance (Sokolova et al.,, 2012), and our
results indicate the involvement of lipid metabolism in coping
with air exposure and cold stress. Additionally, organisms in
cold environments often have more unsaturated fatty acids for
membrane fluidity (Dey et al., 1993).

Peroxisomes play particularly important roles in lipid
metabolism, ether-phospholipid biosynthesis, and reactive
oxygen species (ROS) metabolism (Fransen et al., 2012; Jo and
Cho, 2019). Moreover, peroxisomes are signalling platforms for
antiviral innate immune responses (Dixit et al., 2010). More
peroxisomal genes were downregulated during exposure to air at
22°C than under cold stress conditions. Proteins that control
peroxisome assembly, division, and inheritance, such as peroxins
or peroxisome biogenesis factors (PEXs, L03004, L08788, L31586,
L17608, L28390, L35112) (Ma et al., 2011), were downregulated
(Figure 3 and Supplementary Table 4), which indicated that
peroxisome biogenesis is downregulated during exposure to air
at 22°C.

The downregulation of xenobiotic biotransformation and
peroxisome-related genes may decrease fatty acid oxidation
(Mayer et al., 1995), whereas the upregulation of fatty acid
synthase increases the de novo synthesis of fatty acids;
altogether, these effects alter the fatty acid composition. These
results all indicate that fatty acid metabolism plays a critical role
in mediating the responses of oysters to air exposure.

3.5 Proline Accumulation and Histone
Upregulation Under Cold Stress

The proline accumulation pathway was activated in oysters
under cold stress (Figure 4). The synthesis of proline is
mediated by two pathways: the L-glutamic acid pathway and
the ornithine pathway (Verbruggen and Hermans, 2008).
Delta-1-pyrroline-5-carboxylate synthase (P5CS, L36221), a
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key enzyme responsible for the synthesis of L-glutamate 5-
semialdehyde from L-glutamate in steps 1 and 2 of the
subpathway, was significantly upregulated (Figure 4
and Supplementary Table 4). Arginase (ARG, L30979),
which transforms arginine to ornithine, and ornithine
aminotransferase (OAT, L36290), which catalyses the
transformation of ornithine into L-glutamate 5-semialdehyde,
were both upregulated by cold stress. The enzyme pyrroline-5-
carboxylate reductase (PYCR2, L28747, PYCR3, L28753), which
catalyses the last step in proline biosynthesis, was also
upregulated. Together, these results suggest that the proline
accumulation pathway is activated or upregulated under cold
stress. The accumulation of proline has been observed in
oysters under hyperosmotic stress (Meng et al., 2013) and is a
key mechanism for cold tolerance in plants (Szabados and
Savoure, 2010). The activation of the proline accumulation
pathway observed in this study implies that a large proline pool
is important for the survival of oysters under cold
stress conditions.

Nine genes for histone H4 and four genes for histone H2B
were highly upregulated under cold stress, particularly under
5SW conditions. The upregulation of some but not all histone
subunits was also observed in the Pacific oyster under stress
(Zhang et al., 2012). Canonical histones are synthesized during
the S phase for the packaging of newly synthesized DNA.
Because genes that promote cell division were downregulated
under stress, the upregulation of some histone genes is intriguing
and begs other explanations. Moving, ejecting or restructuring
nucleosomes is one of the strategies for maintaining chromatin
stability (Cedar and Bergman, 2009; Clapier and Cairns, 2009).
The high-mobility groups (HMGs) of proteins (L09677, L09703,
L12806, L17359, L25762, L26226), another group of major
chromatin architectural components of eukaryotes, were also
highly upregulated under cold stress (Supplementary Table 4).
Although preliminary and to be confirmed through further
studies, these results indicate that genes encoding
chromosomal proteins are upregulated under cold stress,
probably for repairing or stabilizing DNA under stress or as
epigenetic modifications that regulate transcription. In plants,

stress induces dramatic epigenetic changes, such as DNA
methylation, histone modifications and changes in the
composition of different histone variants, which regulate gene
expression and enable stress responses and memory
(Chinnusamy and Zhu, 2009). We hypothesize that the
upregulation of the expression of certain chromosomal
structural protein genes observed in this study is involved in
the epigenetic modifications of chromatin that are needed for
regulating the transcriptional response to stress and facilitating
epigenetic memory in oysters.

3.6 Upregulation of Hormone and
Neurotransmitter Receptors

Several genes encoding hormone and neurotransmitter receptors
were upregulated in oysters under air exposure and cold stress
conditions. The melatonin receptor (MTNR, L03709, L04987,
L03710) and the FMRFamide receptor (FMRFAR, L22789,
122537, 1L21307) were upregulated under all three conditions,
particularly under 22AE conditions (Supplementary Table 4).
FMRFamide and FMRFamide-related neuropeptides are
abundant in invertebrates and have several important functions.
FMRFamide-related peptides (FaRPs) in gastropods are involved in
movement, feeding, defecation, and reproduction (Lopez-Vera
et al, 2008). Melatonin is involved in circadian and seasonal
timing (Reppert et al., 1994; Dubocovich et al, 2003) and was
highly upregulated under all stresses in this study. In addition,
genes encoding atrial natriuretic peptide receptor A and neuronal
acetylcholine receptor were also upregulated under 5AE
conditions. The up regulation of these hormone and
neurotransmitter receptors may be critical for activating
physiological responses or inducing physiological state transitions
as in a circadian system shift (Ottaviani and Franceschi, 1996;
Fuentes-Pardo et al,, 2013; Lenz et al., 2015). In C. gigas, many
GPCR genes, including those encoding prostaglandin E2 receptors,
FMRFamide receptors, cholecystokinin receptors, melatonin
receptors, prolactin-releasing peptide receptors, adenosine
receptors and dopamine D2-like receptors, are upregulated by
OsHV-1 infection (He et al, 2015). It has been shown that
neuronal acetylcholine receptors are greatly expanded in bivalve
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molluscs and are important for adaptation to stationary life under
variable environments (Jiao et al., 2019).

4 CONCLUSIONS

The remarkable resilience of the eastern oyster is not well
understood at the molecular level. The results obtained in this
study clearly demonstrate that exposure to air and cold stress
induce significant changes in the transcription of large numbers
of genes that are likely crucial for the response and tolerance of
the eastern oyster to stress. The observed suppression of genes
promoting cell cycle progression suggests that cell division may be
arrested in oysters under stress. The upregulation of anti-
apoptosis genes and the downregulation of pro-apoptosis genes
and regulatory pathways indicate a concerted effort to evade cell
death. The inhibition of key signalling pathways that activate the
immune response suggests that immune defence is impaired by
stress. Receptors for hormones and neurotransmitters were found
to be upregulated in response to stress. The upregulation of genes
for proline synthesis and chromosome structural proteins
indicates that proline accumulation and epigenetic
modifications of chromosomes are important for coping with
cold stress. Although it is well known that stress depresses growth
and immune responses, which often lead to disease outbreaks and
mass summer mortalities in molluscs (Guo and Ford, 2016), the
underlying molecular mechanisms are not well understood. By
revealing the downregulation of genes involved in cell cycle
progression and the inflammatory response under stress, this
study provides transcriptomic evidence for the negative effects of
stress on growth and immune functions. This study reveals
several previously undescribed responses to stress in oysters
and other molluscs. The genes and pathways implicated in
this study provide useful resources for further studies on the
stress response and adaptation in molluscs and other marine
invertebrates. Knowing how stress affects growth and immune
response at molecular levels is essential for understanding
stress impact and assessing the adaptive potential of
marine organisms under climate change. Oysters are
economically important and support major aquaculture
industries worldwide. The sustainable development of the
oyster aquaculture industry depends on genetic improvement of
cultured stocks (Guo, 2021). The candidate genes and their
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Transcriptome analysis provides
insight into adaptive
mechanisms of scallops under
environmental stress

Junxia Mao, Xiaofang Huang, Hongyan Sun, Xin Jin,
Wenjuan Guan, Jiahui Xie, Yiying Wang, Xubo Wang,
Donghong Yin, Zhenlin Hao, Ying Tian, Jian Song,
Jun Ding* and Yaqing Chang*

Key Laboratory of Mariculture and Stock Enhancement in North China’s Sea, Ministry of Agriculture
and Rural Affairs, Dalian Ocean University, Dalian, China

High temperature and hypoxia greatly threaten marine life and aquaculture.
Scallops, a diverse and ecologically important group of high economic value,
mostly thrive in fluctuating environments, and are vulnerable to environmental
stress. In the present study, the molecular response mechanism of scallops to a
combination of environmental stressors was investigated via transcriptome
analysis of the gill tissues in three scallop species, the Yesso scallop
(Patinopecten yessoensis), Zhikong scallop (Chlamys farreri) and bay scallop
(Argopecten irradians) that were exposed to transient heat, hypoxia and a
combination thereof. The Yesso scallop had the most differentially expressed
genes (DEGs) compared with the other two scallop species, indicating the
highest sensitivity of the Yesso scallop to environmental stress. With increased
temperature and decreased dissolved oxygen, the number of DEGs was greatly
increased in the three scallop species, indicative of the enhancement in gene
expression regulation in scallops in response to severe environmental changes.
Heat and hypoxia had a synergistic effect on scallops. GO and KEGG
enrichment analysis of DEGs under different stressors revealed overlapping
molecular mechanisms of response in scallops following exposure to heat and
hypoxia. Severalimmune and apoptosis-related pathways were highly enriched
in the upregulated DEGs of the three scallops, suggesting that immune system
activation and apoptosis promotion occurred in scallops in response to
environmental stress. Heat shock proteins (HSPs) were significantly
upregulated under heat and hypoxia, which likely assisted in correct protein
folding to facilitate the adaption of the scallops to the altered environment.
Additionally, the HIF-1 signaling pathway—the key pathway associated with
hypoxia response—was triggered by extremely acute environmental changes.
Comparative transcriptome analysis revealed 239 positively selected genes
among the different scallops, including those involved in immune system and
environmental adaptation, suggesting a long-term mechanism of
environmental adaptation. The present study provides new insights into the
molecular response mechanism in scallops to multiple environmental stressors
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and improves our understanding of the adaptive mechanisms of marine organisms
under changing global climate conditions.

KEYWORDS

scallops, heat, hypoxia, transcriptome, response mechanism

Introduction

Water temperature and dissolved oxygen (DO) are two
important environmental factors for marine organisms. The
changing global climate has increased the ocean
temperatures, which in turn has led to a decline in the DO
levels in coastal zones (Vaquer-Sunyer and Duarte, 2008;
Keeling et al., 2010; Vaquer-Sunyer and Duarte, 2011;
Doney et al, 2012). High ocean temperatures have been
proven to be a major driver of hypoxia (Vaquer-Sunyer and
Duarte, 2011). Over the past decades, global warming and
marine eutrophication have increased the number of coastal
hypoxic zones, as well as their extension, severity and
duration, which has been a major threat to coastal
ecosystems, globally (Vaquer-Sunyer and Duarte, 2011; Sun
et al., 2021). High temperature and hypoxia decrease the
feeding, growth, reproduction and even survival of marine
species (Levin et al., 2009; Hoegh-Guldberg and Bruno, 2010;
Doney et al., 2012; Gobler et al., 2014; Li et al., 2020).
Particularly, hypoxia caused by high temperatures resulted
in high mortality in benthic marine organisms, leading to a
major loss of marine biodiversity and also impacting
aquaculture (Breitburg, 2002; Vaquer-Sunyer and Duarte,
2011). High temperatures in summer and hypoxia due to
global warming, algal blooms and high-density aquaculture
have led to frequent outbreaks of disease and the large-scale
death of aquatic species, resulting in huge economic losses
(Kemp et al., 2009; Portner, 2010; Portner, 2012; Stevens and
Gobler, 2018). Thus, uncovering the molecular response
mechanism of marine life to environmental stress (heat and
hypoxia) is of priority concern to better comprehend the
effects of the changing climate on marine organisms.
Recently, the adaptive responses of marine organisms to
heat and hypoxia have been widely investigated at
molecular, metabolic, and cellular levels. However, most
studies focused on only a single stressor (Truebano et al.,
2010; Artigaud et al., 2014; Huo et al., 2019; Sun et al., 2020;
Sun et al., 2021), whereas the two environmental stressors
(heat and hypoxia) often affect marine life concurrently
(Parthasarathy et al.,, 1992; Portner, 2010). Although the
physiological effects of combined environmental stressors
have been reported in some marine species (Portner and
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Knust, 2007; Portner and Farrell, 2008; Stevens and Gobler,
2018), the molecular response mechanism in marine
organisms, including scallops, remains largely unknown.

Scallops, a diverse group of animals, consist of more than 300
extant marine species distributed worldwide. They play an
important role in the structure and function of local benthic
ecosystems (Brand, 2016). As filter-feeding bivalves, they are
recognized for their ability to mitigate eutrophication, improve
light availability, and recycle nutrients and organic matter, which
reduces the risk of algal blooms in the coastal ecosystems (Officer
et al., 1982; Cerrato et al.,, 2004; Gobler et al., 2005; Carroll et al.,
2008; Wall et al., 2008). Additionally, many scallop species are of
great economic value and support both commercial fisheries and
mariculture. However, most of the commercially valuable species
live and are farmed in shallow water, where environmental
conditions are fluctuating, making scallops vulnerable to heat and
hypoxia stresses (Guo and Luo, 2016; Stevens and Gobler, 2018).
Therefore, elucidating the response and adaptive mechanism of
scallops to heat, hypoxia and multiple environmental stressors is
imperative to understanding the ecology of scallops and improving
aquaculture strategies. Studies have shown that individual or
combined environmental stressors could have different
physiological effects on bivalve species with different
environmental sensitivities (Stevens and Gobler, 2018). However,
comparisons of molecular response mechanisms of different scallop
species remain poorly studied, limiting our knowledge of their
evolutionary adaptation to environmental changes.

Particularly, the Yesso scallop (Patinopecten yessoensis),
Zhikong scallop (Chlamys farreri) and bay scallop (Argopecten
irradians) are the three most important aquaculture scallop
species in northern China with varying degrees of temperature
tolerance. The Yesso scallop is a cold-water species that is
naturally distributed along the coastlines of northern Japan,
the far east of Russia, and the northern Korean Peninsula
(Kosaka, 2016). The tolerable temperature range of the Yesso
scallop is 4 to 23°C with the optimum temperature for growth
ranging from 10 to 15°C (Kosaka, 2016). Since it was introduced
into China in the 1980s, the aquaculture of the Yesso scallop has
been growing rapidly due to its large size (Guo and Luo, 2016).
However, the high summer water temperatures of the Bohai Sea,
which can reach 25 to 28°C, are a challenge (Guo and Luo, 2016).
The Zhikong scallop is a local species of China, which thrives
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mainly in the southern Liaoning Peninsula and the north and
south coasts of the Shandong Peninsula (Guo and Luo, 2016).
Although the Zhikong scallop can tolerate a wide range of water
temperatures (about -1.5°C to 30°C, with rapid growth at
temperatures ranging from 16 to 18°C), growth decreases
sharply when the water temperature exceeds 23°C (Yang et al.,
1999; Guo and Luo, 2016). The large-scale mortality of cultured
individuals has occurred each summer in most areas of northern
China since 1996 (Xiao et al., 2005). In contrast to Yesso and
Zhikong scallops, the bay scallop is a native of the east coast of
the United States, occurring from Cape Cod to around New
Jersey and Maryland (Clarke, 1965; Shumway and Castagna,
1994). It was successfully introduced into China in 1982 and can
tolerate higher temperatures (the tolerable temperature range of
adults is about -1 to 31°C with the optimum temperature for
growth ranging from 18 to 28°C), growing fast in summer
(Wang et al., 2011; Robinson et al,, 2016). In addition to being
impacted by the high temperatures, these three scallop species
often suffer from hypoxia caused by environmental changes and
intensive culture (Chen et al., 2007; Li et al., 2020; Silina, 2019;
Gurr et al., 2021). For example, a decline in the growth rate of a
Yesso scallop population in the coastal waters of Amur Bay off
Vladivostok was found to be due to the lower oxygen saturation
of water (Silina, 2019). A large-scale mortality event for the
Zhikong scallop was caused by severe hypoxia resulting from
eutrophication (Chen et al.,, 2007). Low DO also significantly
increases the heartbeat rates and respiration rates of the bays
scallop during hypoxia (Gurr et al, 2021; Yang et al, 2021).
Therefore, to elucidate the molecular response mechanism of
scallops with different thermal tolerance to combined
environmental stressors, transcriptome analysis of the three
scallops exposed to heat, hypoxia and heat plus hypoxia was
first performed in the present study. Next, comparative
transcriptome analysis was performed and positively selected
genes were identified. This study provides new insights into the
molecular response mechanism of scallops under multiple
environmental stressors and improves our understanding of
the adaptive mechanism of marine organisms in response to a
changing global climate.

Results

Transcriptome sequencing, assembly and
annotation of the three scallop species

To elucidate the response mechanism of scallops to high
temperature and hypoxia, a total of 63 RNA-seq libraries were
constructed to analyze the gill tissues of the Yesso scallop,
Zhikong scallop, and bay scallop under normal and stressed
conditions (heat or/and hypoxia). After eliminating adaptors
and low-quality reads, a total of 3023.51 million reads (~424.64
Gb) with an average of 47.99 million reads (~6.74 Gb) for each
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sample were obtained, and the detailed sequencing information
for each library is presented in Supplementary Table S1 and
summarized in Table 1. A de novo assembly was separately
carried out for each species using the Trinity method to
construct the reference sequences for the analysis of
differential gene expression and comparative transcriptome
analysis. Finally, a total of 94,592, 112,109 and 83,299
unigenes with an average length of 1351.12 bp, 1174.67 bp and
1254.20 bp were obtained for the Yesso scallop, Zhikong scallop
and bay scallop, respectively. The assembly information for the
three scallops is summarized in Supplementary Table S2. The
unigenes for each scallop were annotated by searching the
sequences against the Nr, Swiss-Prot, GO, KOG, eggNOG and
KEGG databases using BLASTX with a cut-off Evalue < le-5 to
describe their functions at different levels. The annotation
information is summarized in Supplementary Table S3 and
Figures S1-3.

Gene regulation of the three scallop
species exposed to heat stress

The expression of the assembled unigenes was analyzed via the
FPKM method. Analysis of differential gene expression was
conducted in the three individual scallop species exposed to heat
stress (HIG1: 22°C, HIG2: 25°C) and under normal (NOR: 15°C)
conditions. At 22°C, there were 5231 differentially expressed genes
(DEGs) detected in the Yesso scallop (PY_HIG1 vs PY_NOR), 3838
DEGs in the Zhikong scallop (CF_HIGI vs CF_NOR) and 3227
DEGs in the bay scallop (AI_HIGI vs AI_NOR) (Figure 1). After
the temperature was increased to 25°C, a total of 8713 unigenes in
the Yesso scallop (PY_HIG2 vs PY_NOR), 4018 unigenes in the
Zhikong scallop (CF_HIG2 vs CF_NOR), and 3882 unigenes in the
bay scallop (AI_HIG2 vs AI_NOR) were found be differentially
expressed (Figure 1). Overall, the number of DEGs in the three
scallops increased as the temperature increased. The Yesso scallop
had more DEGs than the other two scallops.

GO enrichment analysis was performed to elucidate the
functions of the DEGs. At 22°C and 25°C, a total of 288 and
444 GO terms in the Yesso scallop (Tables S4, 5), 165 and 179
GO terms in the Zhikong scallop (Tables S6, 7), and 192 and 177
GO terms in the bay scallop (Tables S8, 9) were significantly
enriched, respectively. Among these GO terms, many immune
response-related functions—such as ‘immune response’, ‘innate
immune response’, and ‘regulation of immune response’ —and
apoptosis-related functions—such as ‘regulation of apoptotic
process’ and ‘regulation of necroptotic process’ —were
enriched at both temperatures for the three scallop species.
GO functions related to heat response, such as ‘cellular
response to heat’, ‘regulation of cellular response to heat’, and
‘Hsp 70 (heat shock protein 70) protein binding’, were
significantly enriched at 25 °C, indicating the obvious cellular
response processes to severe heat stress. Additionally, protein
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TABLE 1 Summary of transcriptome sequencing of scallop gill tissue.

Species Group Conditions

P. yessoensis PY_NOR Normal (15°C, 8 mg/L)
PY_HIGI Heat (22°C, 8 mg/L)
PY_HIG2 Heat (25°C, 8 mg/L)
PY_LOW1 Hypoxia (15°C, 6 mg/L)
PY_LOW2 Hypoxia (15°C, 4 mg/L)
PY_LOW3 Hypoxia (15°C, 2 mg/L)
PY_UNI Heat plus hypoxia (25°C, 2 mg/L)

C. farreri CF_NOR Normal (15°C, 8 mg/L)
CF_HIG1 Heat (22°C, 8 mg/L)
CF_HIG2 Heat (25°C, 8 mg/L)
CF_LOW1 Hypoxia (15°C, 6 mg/L)
CF_LOW2 Hypoxia (15°C, 4 mg/L)
CF_LOW3 Hypoxia (15°C, 2 mg/L)
CF_UNI Heat plus hypoxia (25°C, 2 mg/L)

A. irradians AI_NOR Normal (15°C, 8 mg/L)
AI_HIG1 Heat (22°C, 8 mg/L)
AI_HIG2 Heat (25°C, 8 mg/L)
AI_LOW1 Hypoxia (15°C, 6 mg/L)
AI_LOW2 Hypoxia (15°C, 4 mg/L)
AI_LOW3 Hypoxia (15°C, 2 mg/L)
AI_UNI Heat plus hypoxia (25°C, 2 mg/L)
SUM

processing-related GO functions, such as ‘response to unfolded
protein’, ‘protein refolding’, ‘chaperone cofactor-dependent
protein refolding’, ‘misfolded protein binding’, and ‘regulation
of proteolysis’, were much more enriched at the higher
temperature. This was indicative of heat damage to the
structures of many proteins in cells and the organisms’

Sample number

10.3389/fmars.2022.971796

CleanReads (Million) CleanBases (Gb)

3 143.10 20.23
3 140.91 19.93
3 144.74 20.28
3 144.02 20.15
3 140.73 19.84
3 138.60 19.51
3 141.69 19.93
3 137.38 19.36
3 147.59 20.66
3 144.15 20.28
3 141.57 19.84
3 144.74 20.25
3 144.60 20.22
3 143.50 20.16
3 145.48 20.39
3 146.48 20.64
3 148.80 20.95
3 147.45 20.68
3 146.45 20.51
3 144.12 20.21
3 147.41 20.62
63.00 3023.51 424.64

activated response mechanisms to repair or eliminate these
abnormal proteins. Additionally, GO functions associated with
the oxidative stress response, such as ‘regulation of cellular
response to oxidative stress’ and ‘response to hypoxia’, were
also enriched at higher temperatures, which probably resulted
from the hypoxia caused by high temperature. Overall, the above
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related GO terms were found much more enriched in the Yesso
scallop, as highlighted in Supplementary Tables S4-59.

KEGG enrichment analysis was further performed for all
DEGs as well as up- and downregulated DEGs to identify the
important molecular pathways involved in heat stress. The
results showed that, at 22°C and 25°C, a total of 40 and 76
pathways in the Yesso scallop, 19 and 24 pathways in the
Zhikong scallop, and 17 and 14 pathways in the bay scallop
were significantly enriched for all the DEGs, respectively.
Notably, the most significantly enriched pathways were those
related to immune response and apoptosis, which were
significantly upregulated at two heat stresses in the three
scallops (Figure 2). However, many more related pathways
were found in the Yesso scallop (Supplementary Tables S10-
S15). Among these pathways, “TNF (tumor necrosis factor)

10.3389/fmars.2022.971796

signaling pathway’, ‘Toll and Imd (immune deficiency)
signaling pathway’, ‘NF (nuclear factor)-kappa B signaling
pathway’, ‘NOD (nucleotide oligomerization domain)-like
receptor signaling pathway’, ‘Apoptosis-multiple species’ and
‘Necroptosis’ were simultaneously enriched at both heat stress
groups for the three scallop species (Figure 2; Tables S10-515).
The pathways of ‘Protein processing in endoplasmic reticulum’
and ‘Ubiquitin mediated proteolysis’, which were involved in
protein processing, were also significantly enriched in the three
scallop species. ‘Ubiquitin mediated proteolysis’ was upregulated
in all the heat-treated groups of the three scallop species; and
‘Protein processing in endoplasmic reticulum’ was upregulated
in both two treated groups of the Yesso scallop and HIG2 group
of the Zhikong scallop, but downregulated in HIG2 group of the
bay scallop (Tables S10-S15; Figure S4). With the temperature
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increase, the ‘HIF-1 signaling pathway was significantly
upregulated in the Yesso and bay scallops at 25°C (Tables
S11, 15).

Gene regulation of the three scallop
species exposed to hypoxia stress

Changes in transcriptomic expression in the three scallop
species exposed to different levels of hypoxia (LOW1: 6 mg/L,
LOW2: 4 mg/L, LOW3: 2 mg/L) were then determined by
comparison with scallops under normal conditions (NOR: 8
mg/L). A total of 5552, 6596, and 9815 DEGs were identified in
the Yesso scallop at DO concentrations of 6 mg/L (PY_LOW1 vs
PY_NOR), 4 mg/L (PY_LOW2 vs PY_NOR), and 2 mg/L
(PY_LOW3 vs PY_NOR), respectively (Figure 1A). In the
Zhikong scallop, a total of 2205, 3957 and 7828 DEGs were
detected at DO concentrations of 6 mg/L (CE_LOW1 vs
CF_NOR), 4 mg/L (CF_LOW2 vs CF_NOR), and 2 mg/L
(CF_LOW3 vs CF_NOR), respectively (Figure 1B). In the bay
scallop, the number of DEGs were 3023, 3482 and 3487 at
different DO levels (AI_LOW1 vs AI_NOR, AI_LOW2 vs
AI_NOR and AI_LOW3 vs AI_NOR) (Figure 1C). Under
hypoxia stress, the Yesso scallop exhibited the most DEGs
among the three scallop species, followed by the Zhikong
scallop, and the bay scallop. Generally, the number of DEGs
increased with the decrease in DO among the three scallop
species, but especially in the Yesso and Zhikong scallops.

GO enrichment analysis of the DEGs in the three scallop
species showed that a total of 319, 353 and 527 GO terms in the
Yesso scallop (Tables S16-518), 89, 163 and 390 GO terms in the
Zhikong scallop (Tables S19-521), and 204, 196 and 228 GO
terms in the bay scallop (Tables S22-524) were significantly
enriched under different levels of hypoxia stress (LOW1 to
LOWS3). A variety of functions were affected. Among these GO
terms, functions related to immune response, apoptosis, protein
folding, and hypoxia response (highlighted with different colors
in Tables S16-524) were significantly enriched in three scallop
species, especially in the Yesso scallop. Some related GO
functions were also found in the Zhikong and bay scallops, but
fewer than in the Yesso scallop.

KEGG enrichment analysis revealed that, at different degrees
of hypoxia (LOW1, LOW2, and LOW3), a total of 47, 42 and 91
pathways in the Yesso scallop, 38, 45 and 51 pathways in the
Zhikong scallop, and 31, 18 and 11 pathways in the bay scallop,
were significantly enriched, respectively. Like in response to heat
stress, the most significantly enriched pathways in the three
scallop species were those related to immune response and
apoptosis. This was most pronounced in the Yesso scallop,
with all pathways upregulated simultaneously in all the three
hypoxia groups, including “TNF signaling pathway’, ‘Toll and
Imd signaling pathway’, “Toll-like receptor signaling pathway’,
‘NF-kappa B signaling pathway’, ‘NOD-like receptor signaling
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pathway’, ‘IL (interleukin)-17 signaling pathway’, ‘RIG (retinoic
acid-inducible gene)-I-like receptor signaling pathway’,
‘Apoptosis’, ‘Apoptosis-multiple species’, and ‘Necroptosis’
(Figures 3A-C; Figures S5A-C; Tables S25-S27). In the
Zhikong scallop, some of these immune and apoptosis-related
pathways were downregulated or both up- and downregulated
(Figures 3D-F; Figures S5D-F; Tables 5§28-30). In the bay scallop,
some of these pathways were upregulated in the LOWI1 and
LOW2 groups but not in the LOW3 group, except for the
downregulated pathway of ‘Apoptosis’ (Figures 3G-I; S5G-I;
Tables S31-S33). Additionally, protein processing-related
pathways of ‘Protein processing in endoplasmic reticulum’ and
‘Ubiquitin mediated proteolysis’ were upregulated at all hypoxia
levels for the Yesso scallop and at most for the Zhikong scallop,
but were not enriched in the bay scallop except for the
upregulatation of ‘Ubiquitin mediated proteolysis’ in the
LOW?2 group. Following decreased DO, the ‘HIF-1 signaling
pathway’ was found to be significantly upregulated in the severe
hypoxia groups of the three scallop species, i.e., the LOW3 group
of the Yesso and Zhikong scallops and the LOW2 and LOW3
groups of the bay scallop (Figure 3). DNA replication- and
repair-associated pathways, such as ‘DNA replication’,
‘Mismatch repair’, ‘Base excision repair’, and ‘Nucleotide
excision repair’, were also found to be significantly enriched,
but were downregulated, in severe hypoxia groups of the Yesso
(LOW2 and LOW3) and Zhikong scallops (LOW3) (Figure S5).

Gene regulation of the three scallop
species exposed to combined heat
and hypoxia

The regulation of gene expression in the three scallop species
following exposure to a combination of heat hypoxia (UNI: 25 °C
and 2 mg/L) was analyzed. A total of 17810 (PY_UNI vs PY_NOR),
11174 (CF_UNI vs CF_NOR) and 6885 unigenes were differentially
expressed in the Yesso, Zhikong, and bay scallops, respectively
(Figure 1). This was much higher than that induced by each stressor
individually. GO enrichment analysis of the DEGs showed that a
total of 481, 501, and 280 GO terms were significantly enriched in
the Yesso, Zhikong and bay scallops, respectively (Tables 534-536),
which covered a variety of functions, including those related to
immune response, apoptosis, and stress response (highlighted with
different colors in Tables S34-536). KEGG enrichment analysis
showed that a total of 84, 50 and 25 pathways were significantly
enriched in the Yesso, Zhikong, and bay scallops, respectively. As
expected, the pathways involved in immune response, apoptosis,
and protein processing were most significantly enriched in the three
scallop species All were upregulated under combined stress, with
significant upregulation of “TNF signaling pathway’, ‘Toll and Imd
signaling pathway’, ‘NF-kappa B signaling pathway’, ‘NOD-like
receptor signaling pathway’, ‘Apoptosis’, ‘Apoptosis-multiple
species’, ‘Necroptosis’, as well as ‘Ubiquitin mediated proteolysis’

frontiersin.org


https://doi.org/10.3389/fmars.2022.971796
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Mao et al.
PYLOWITSPYNOR o e
Protein processing in endoplaso retulam . TNF signaing pattway
TNE sgnaing painway . Toxopiasmosis
Toxoplasmosis . aaad Apoptosis - multiple species
Apoplosis - muliple species. . seos Small cel lung cancer
Herpes simplex vius 1 nfocion . NOD ke roceptr signaing paway
gionellosi . Protein processing in ndop asTic reicuum
Antigen processing and presoniaton o Goneumber Veases
NOD-Iko receptor Sqnaling patnway . N sappa srigpaniey
NF-kappa B signaling pathway . . thways in cancer
mall cell lung cancer . Hevvessvmpiexwushnieclmn
Measles . .2 Antigen processing and Dresemzannn
Toll and Imd signaling pathway - Legionellosis.
Patnways i cancer .w 17 signaiing patwy
N ccropioss
Samonela mecton ® Longevity reguiating patway - muliple speces
. lis recoptor signaling petwiey
Plainum drug reaiance . ol and md sgnaing patway
Longevi reguating patay - muliple species . aimonela infecion
Epstein-Barr virus infection . RIG-Hike receptor signaling pathway
Tolike receptor sgnaling paiay Pitinum g resstance
Enrichment scors
D criomworNor e E
Artigen processing and presentaton . Toxopasmosid
Prsin procsssiag n endoplasis et . on Longortyeatng oty s
Roosomo @ igen roceseing and prosentaion
hooposs e s Voasios
Legioneloss . Legioneloss
wopeermoss . Sulfur metabolim
Toll and Imd signaling pathway + GeneNumber Cytokine-cytokine receptor interaction
Utiquiin medated proeolyss @ . rosne metaboliom
Longevity regulating pathway - multiple species . . Apoptosis - multiple species.
ikt shear sross and aloroscierosts @ Nocroptosis
Estrogen signaling pathway . e Ubiquitin mediated proteolysis
ety a6 degradation . Progastorono motiaiod cocyte maturaton
Necropioss @ oz " Pt g esirce
casios . rogen sgnaiig petvey
Ascarbate and aldaate motabolm Giyonyiste nd deabonae mobwolon
Longeviy reguting pahviay - vorm . poptoss
Rneumaton ats Spicessome
Sysamic lupus erytromatosus . Folato bosyminesi
NOD-IKeroceptr sgnalng patway Giycine soio and throorine meiabolem
Apoplosis. Mulipe species NOD-Iks receptr sgnalng painway
Envichment score
G ALLOWISALNOR. e H
Oxicatve prosstonyaton . oo Odative hosphorytion
Pankinson diseass . o Paninson dscase
e sy . Necropions
10genesis . o060 TNF signaling pathway
Hontingion deeess @ HIF- sgnaing paitway
popioss| & trogen metabolem
oo aty e o () . Gonoumber Tremogonesis
Liolic acd metabolism .o Niaopa s sraig vy
‘ocal adhesion . . Focal adhesion
oll and imd signaing paiwy o Alcheimer diosse
izheimer disease & e Glycolysis / Gluconeogenesis |
Gheonss ] Glonecgeress . Motk apc ey gy
s o o o nrcin
NFkappa ngw [ Drug metabolsn ber
i - i species|— o Norvalconsit faty e isease (NAFLD)
Steroa hormane biosyniesis . Toroplasiosis
NOD- ke roceplor Sghaing paiiway o Sl ell lg cancer
Gontal crbon metaboiom i cancer Plainum g restanc
Retinol metabolam ot Aaning metabaism
Cardac musdl contacion Paiways n cancer
Envchment soore
FIGURE 3

10.3389/fmars.2022.971796

PY_LOW2 vs PY_NOR PY_LOW vs PY_NOR

qrvalue
. TNF signaling pathway .

. w05 Small cell lung cancer . 7se07
. Toxoplasmosis . -
. £ Pathways In cancer &
. NOD-ike receptor signaling pathway .
. I
. Apoptosis - multiple species N
. Herpes simplex virus 1 infection .

quvalue

GeneNumber GeneNumber

o .

8 signaling pathway .
. “Toll and Imd signaling pathway .
. o Longevity regulating pathway - multple species
. Protein processing in endoplasmic reficulum @
. o5 Legioneliosis .
. Anigen processing and presenaton
‘Salmonelia nfection &
. Adpocyickine graingpathusy
. Platinum drug resistance .
. T Sonaing sty

o

Xy

Tolllike receptor signaling pathway

Enrichment_score
CFLOW2VSCENOR g pie F qwalie
. oplasmosis @ oons
. o2 Sek STAT snaing paty .
. Legionellosis: .
oo Insuiin signaiing pathwa .
. Smallcell ung cancer @
Longevity regulating pathway - mulple species
. GeneNumber HIF-1 signaling pathway .
. Antigen processing and presentation .
. Type Il diabetes melitus
poplosis &
Pathways incancer @ ot
. Fluid shear siress and athoroscieross
Estrogen signaling pathway
NOD-ike recaptor signaling pathway
Carbonydrate aigestion and absorption
. TNF signaling pathway ¢
. Neomyci, kanamycin and genlamich boynthess
metabolism
st aro estones
GnRH signaling pathway

Enrichment_score

CF_LOW3 vs CF_NOR

‘GeneNumber
.4

. o5

R P4 e s ow
Enrichment_score Enrichment_score

ALLOW2 vs AL_LNOR

qvae I ALLOWSSALNOR e
.

o o HIF-1 signaling pathway.

Im Giycolsis Gluconeagonesis .

o Neuroactive ligand-receptor nteracton o
Central carbon metabolism in cancer . o
. GeneNumber Cytokine-cytokine receptor nteraction
\ os Insulin secretion . s
. Fructose and mannose metabolism .
Pancreatic secretion ~ ©
T Oxidative phosphorylation ~~ ®
- ‘Ovarian steroidogenesis. .
{ Glucagon signaling pathway
* Serotonergic synapse
Caicium signaling pathway
Parkinson disease

Enrichment_score Enrichment_score

Top 20 significantly enriched KEGG pathways of upregulated DEGs in the Yesso scallop (A—=C), Zhikong scallop (D-F), and bay scallop
(G-1) exposed to different levels of hypoxia stress. (PY, Patinopecten yessoensis; CF, Chlamys farreri; Al, Argopecten irradians; LOW1-LOWS3,
hypoxia stress associated with DO levels of 6 mg/L, 4 mg/L, and 2 mg/L, respectively; NOR, normal conditions at 15°C and 8 mg/L DO).

and ‘HIF-1 signaling pathway’, in the three scallop species (Tables
§37-539; Figure 4). Like the downregulated pathways of the severe
hypoxia groups, DNA replication- and repair-associated pathways
were mainly enriched in the downregulated DEGs of the Yesso and
Zhikong scallops (Figure S6).

Finally, a Venn analysis of the DEGs was performed in all
the treatment groups (HIG1, HIG2, LOW1, LOW2, LOW3, and
UNI). Following exposure to heat and hypoxia, the number of
non-redundant DEGs in the three scallops was 14019, 10787,
and 6466 for the Yesso, Zhikong, and bay scallops, respectively
(Figures 7A-C). Additionally, 722, 71, and 164 DEGs were
shared by all the separate treatment groups of the Yesso,
Zhikong, and bay scallops (Figure 5). Due to the relatively few
shared DEGs—including several non-annotated ones—that were
identified in the Zhikong and bay scallops, a significant
enrichment of GO functions and pathways was mainly
observed in the Yesso scallop. A total of 91 GO terms,
including those related to immune response, apoptosis, heat
and hypoxia response were significantly enriched in the Yesso
scallop (Table S40). KEGG enrichment analysis showed 51
significantly enriched pathways, including some associated
with immune response and apoptosis (Table S41).
Furthermore, among the enriched GO functions and pathways
for the Yesso scallop, several key candidate genes involved in
stress response were detected, including TNF receptor-associated
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factor 3, TNF receptor superfamily member 11B, TNF receptor
superfamily member 27, HSP 70B2, Heat shock cognate 71 kDa
protein, HSP 90-beta, HSP 90 co-chaperone Cdc37, Putative
tyrosinase-like protein-3, Cell division cycle and apoptosis
regulator protein 1, and Cytochrome P450 2C38 (Figure 6).

Comparative transcriptome analysis of
different scallop species

The transcriptome sequences of the king scallop (Pecten
maximus) reported by Kenny et al. (2020) were used because at
least four species were required for phylogenetic analysis. A total
of 5693 single-copy orthologs were detected with the CDS
sequences of the four scallop species. Phylogenetic analysis of
these orthologs indicated clusters of Yesso and Zhikong scallops,
followed by the bay scallop and king scallop, which was
consistent with their species phylogeny (Figure 7A). The color
of each branch indicated the dN/dS value of the ‘super gene’ and
was generated by directly connecting all the orthologs of each
species. The distribution of dN/dS in each species is shown in
Figure 7B. Overall, the dN/dS value of the Yesso scallop was the
largest among the three scallop species, followed by the Zhikong
and bay scallops, suggesting a relatively rapid evolutionary speed
of the Yesso scallop compared with that of the other two
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Top 20 significantly enriched KEGG pathways of upregulated DEGs in the Yesso scallop (A), Zhikong scallop (B), and bay scallop (C) exposed to
heat and hypoxia. (PY, Patinopecten yessoensis; CF, Chlamys farreri; Al, Argopecten irradians; UNI, heat + hypoxia stress at 25°C and 2 mg/L

DO; NOR, normal conditions at 15°C and 8 mg/L DO).
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scallops. A total of 239 positively selected genes were identified
using the branch-site model of the PAML software (p < 0.05).
These genes may be associated with positive selection. GO
enrichment analysis of these positively selected genes indicated
enrichment of 44 GO functions (level 2), including ‘response to
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stimulus’ and ‘immune system process’ (Figure 7C). KEGG
enrichment showed that pathways related to ‘immune system’,
‘infectious disease’ and ‘environmental adaptation’ were also
significantly enriched (Figure 7D). Positively selected genes that
were possibly involved in stress adaptation are listed in Table 2.
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Comparative transcriptome analysis of different scallops. (A) Phylogenetic analysis of different scallop species with single-copy orthologs. The
color of the branch indicates the dN/dS value of the 'super gene’ connected by all orthologs of the species. (B) Distribution of dN/dS values in
different scallops. (C) GO enrichment analysis of positively selected genes. (D) KEGG enrichment analysis of positively selected genes.

TABLE 2 Positively selected genes associated with stress adaptation.

Ortholog ID

0G2311
0G4032
0G3293
0G1353
0G2977
0G1437
0G229

0G3492
0G1437
0G4631
0G3689
0G3013
0G5521
0G2729
0G1700
0G4894
0G2143
0G3529
0G2568
0G1575
0G4652
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Annotation Description

protein toll-like
Toll-like receptor 3
Toll-like receptor 6
C-type lectin domain family 4 member K-like, partial
proto-oncogene tyrosine-protein kinase receptor Ret-like
Cytochrome ¢ oxidase subunit 6B1
Sulfhydryl oxidase 2
amiloride-sensitive amine oxidase (copper-containing)-like
Cytochrome ¢ oxidase subunit 6B1
sulfite oxidase, mitochondrial
Cytochrome P450 2C40
cytochrome c-like
Insoluble matrix shell protein 5
chitinase-3-like protein 1
Temptin
Calmodulin
Calmodulin
calcium/calmodulin-dependent protein kinase type 1-like
Calcium uniporter protein, mitochondrial
calexcitin-2-like isoform X1

cadherin-23-like

59

p (< 0.05)

3.37E-03
4.25E-02
4.27E-03
8.85E-03
2.25E-06
1.65E-07
3.25E-05
2.86E-02
1.65E-07
4.87E-02
4.92E-02
5.42E-03
2.54E-02
1.71E-02
4.23E-02
7.83E-03
1.39E-02
9.92E-03
4.35E-02
3.48E-02
3.71E-02
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Discussion

High temperature and hypoxia have become common stress
factors that pose a great threat to marine life and aquaculture.
Although some studies have explored the influence of each of
these stressors on aquatic animals individually, the combined
effects of the two stressors remain largely unknown, especially in
scallops. In the present study, three scallop species—Yesso,
Zhikong and bay scallops— were exposed to short-time heat
and hypoxia, both individually and combined. Then, an analysis
of transcriptome regulation was performed to elucidate the
molecular response mechanism of the scallops under
environmental stress, especially under combined stress. The
key molecular pathways of scallops involved in the response of
the scallops to heat, hypoxia and heat plus hypoxia were
obtained. Comparative transcriptome analysis among the
different scallop species was also performed to reveal an
evolutionary mechanism of the scallops’ adaptation to
environmental changes. This study provides insights into the
response mechanisms of scallops exposed to multiple
environmental stressors and improves our understanding of
adaptive mechanisms in marine organisms in response to a
changing global climate.

Effects of different environmental
stressors on scallops

Environmental stress can damage macromolecules within
cells, such as DNA and proteins, which induces a response
mechanism by the organisms to maintain cellular homeostasis
(Halliwell and Cross, 1994; Visick and Clarke, 1995; Chen and
Jin, 2019). Accumulated DNA damages and unrepaired
abnormal proteins will activate apoptosis or cell death (Franco
et al, 2009; Erguler et al, 2013). In the present study, heat,
hypoxia, and their combination resulted in high levels of protein
disorder. Many protein folding-related GO functions—such as
“protein folding”, “chaperone-mediated protein folding”,
“protein refolding”, “chaperone cofactor-dependent protein
refolding”, “response to unfolded protein”, “unfolded protein
binding”, and “misfolded protein binding”—were significantly
enriched in the three scallop species, especially the Yesso scallop,
in response to the different environmental stressors. However, it
appeared that DNA damages mainly occurred under acute
hypoxia stress, as DNA replication and repair-related
pathways—such as “DNA replication”, “mismatch repair”,
“base excision repair”, and “nucleotide excision repair”—were
significantly downregulated in the acute hypoxia groups of the
Yesso (LOW 2, LOW3 and UNI) and Zhikong scallops (LOW3
and UNI). These effects would lead to a high mutation ratio
(Artigaud et al, 2015). Acute hypoxia probably caused high
levels of reactive oxygen species (ROS) in scallops, which would
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lead to DNA damage and, ultimately, cell death (de Almeida
et al., 2007).

Exposure to single stressors—increased temperature and
decreased DO—increased the number of DEGs in the three
scallop species. This was consistent with results for the hard clam
(Mercenaria mercenaria); that is, the number of DEGs increased
with an increase in the severity of heat and hypoxia stresses (Hu
et al., 2022). Heat often accompanies hypoxia, as high
temperatures decrease the solubility of oxygen, while
increasing the metabolic and respiratory rates of organisms,
thus enhancing oxygen requirements in warmer water that holds
less DO (Vaquer-Sunyer and Duarte, 2011). However, the
combined impact of heat and hypoxia on scallops was unclear
before this study. Multiple stressors interact in unpredictable
ways (Stevens and Gobler, 2018). Environmental stressors are
more likely to act synergistically or antagonistically than
additively (Crain et al, 2008). In the present study, the
number of DEGs in the three scallop species following
exposure to combined stress (heat plus hypoxia) was
significantly higher than for either single stressor and was also
greater than the summation of non-redundant DEGs under heat
and hypoxia individually. This was suggestive of a synergistic
effect of the two stressors. GO and KEGG enrichment analysis
revealed the simultaneous enrichment of multiple functions and
pathways related to immune response, apoptosis, and protein
processing in response to different stressors (Figure 8). This
suggested shared molecular responses, that is, activation of the
immune system and promotion of apoptosis, to heat and
hypoxia in scallops. Similar results were reported in small
abalone (Haliotis diversicolor), suggesting a similar molecular
response to thermal stress and hypoxia (Zhang et al., 2014).

Activation of immune pathways in
response to environmental changes

Environment stress has been shown to significantly alter the
immunity of several marine organisms (Chen et al, 2007;
Malagoli et al., 2007; Sun et al.,, 2020). Immune regulation can
be activated by the exposure to environmental stressors to
increase the immune defenses of organisms in adverse
environments (Huo et al., 2019; Zhang et al., 2019; Nie et al,,
2020). In the current study, several innate immune-related GO
functions and pathways were significantly enriched in the three
scallop species following exposure to heat, hypoxia, and heat
plus hypoxia. Most of these pathways were upregulated and
included in the most significantly enriched pathways, which
indicated the activation of the immune response of the scallops
to the different environmental stresses. The TNF signaling
pathway, NF-kappa B signaling pathway, Toll and Imd
signaling pathway, and NOD-like receptor signaling pathway
were significantly upregulated under different levels of heat
stress and the combination of heat and hypoxia in all the three
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upregulated DEGs, green dots represent enriched pathways in downregulated DEGs, and yellow dots represent enriched pathways in both up-

and downregulated DEGs.

scallop species, and were significantly enriched in all the hypoxia
groups of the Yesso scallop (all upregulated) and at least one
hypoxia group of the Zhikong and bay scallops (Figure 8). These
findings indicated the important role of these pathways in the
immune response of the scallops to heat, hypoxia and heat
plus hypoxia.

Similar immune pathways were also detected in response to
environmental stressors in several other bivalves. For example, both
the NF-kappa B signaling pathway and TNF signaling pathway
were significantly enriched in ark shells (Scapharca subcrenata) for
DEGs under heat and hypoxia stresses (Ning et al., 2021). In the
Manila clam (Ruditapes philippinarum), KEGG analyses of the
DEGs showed that the TNF signaling pathway, NOD-like receptor
signaling pathway, RIG-I-like receptor signaling pathway, and NF-
kappa B signaling pathway were significantly enriched under
hypoxia stress (Nie et al,, 2020), and the TNF signaling pathway
and NF-kappa B signaling pathway were highly enriched after aerial
exposure stress (Nie et al., 2020). Similar results have also been
found in hard clams under aerial exposure; that is, the NF-kappa B
signaling pathway, NOD-like receptor signaling pathway, and RIG-
I-like receptor signaling pathway were significantly enriched (Zhou
et al,, 2021). Therefore, mollusks may have developed sophisticated
immune regulatory mechanisms to sense the environmental
changes and orchestrate appropriate signaling pathways to
facilitate adaptation in the marine environment.

The TNF family members and their receptors are important
pleiotropic cytokines that mediated inflammatory signaling in
infectious diseases (Wajant et al., 2003). TNF can coordinate
with Imd, Toll, and JNK pathways to regulate the innate
immune response through controlling the capacity of
phenoloxidase and the expression of antimicrobial peptide
genes synergistically (Tang et al., 2019), while the NF-kappa B
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signaling pathway is crucial for mediating cellular TNF
responses (Tanji and Ip, 2005). NF-kappa B is prominently
involved in the regulation of immune and inflammatory
responses, typically by inducing antiapoptotic gene expression
to promote cell survival (Mattson and Meffert, 2006). NOD-like
receptors have emerged as pivotal intracellular sensors in innate
and adaptive immunity, which can integrate positive and
negative incoming signals and stimulate other signaling
pathways, such as the NF-kappa B signaling pathway (Shaw
et al,, 2010; Liu et al,, 2019). Therefore, these immune pathways
do not function alone. The simultaneous regulation of these
pathways in the three scallop species under different
environmental stressors is also indicative that the pathways
can interact to protect organisms from stresses. Among these
pathways, the TNF signaling pathway may represent a key
environmental response mechanism in the Yesso scallop, given
the significant upregulation of several TNF receptor superfamily
genes (TNF receptor-associated factor 3, TNF receptor
superfamily member 11B, TNF receptor superfamily member
27) in all the stressed groups of the Yesso scallop.
Additionally, TNF is also a crucial regulator of the generation
of ROS, and high ROS concentrations in cells ultimately lead to
DNA damage and cell death (Blaser et al., 2016).

Induction of apoptosis in response to
environmental changes

Apoptosis, or programmed cell death, plays a vital role in
organ development, tissue homeostasis regulation, elimination
of abnormal or damaged cells, and the immune response
(Jacobson et al., 1997; Ameisen, 2002; Sokolova, 2009).
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Environmental stressors are well known to induce apoptotic cell
death (Franco et al, 2009). In the present study, the apoptotic
GO functions and pathways were highly enriched for DEGs in all
the three scallop species following exposure to heat, hypoxia, and
heat plus hypoxia, indicating the key role of apoptosis in
response to environmental stress. Furthermore, these
apoptosis-related pathways, such as “Apoptosis”, “Apoptosis-
multiple species”, and “Necroptosis”, were significantly
upregulated and mostly involved in the top enriched pathways,
suggesting the induction of apoptosis under environmental
stress. Similar conclusions were also obtained for the Manila
clam in response to hypoxia and aerial exposure stresses (Nie
et al., 2020; Nie et al., 2020), the king scallop in response to
aeration stress (Pauletto et al., 2018), the Pacific oyster
(Crassostrea gigas) in response to heat stress (Yang et al,
2017) and the Pacific abalone (H. discus hannai) in response
to hypoxia stress (Shen et al., 2019).

Apoptosis can be induced via the unfolded protein response
(UPR), which is a major signaling cascade controlling the quality
of protein folding in the endoplasmic reticulum (ER) (Hetz, 2012;
Erguler et al., 2013; Sun et al., 2020). If the unfolded or misfolded
proteins in cells are not repaired within a certain period, the UPR
triggers cellular apoptosis (Sun et al., 2020). In the present study,
many protein folding-related GO functions were significantly
enriched, suggesting that an active UPR occurred in scallop gill
cells in response to environmental changes. Protein quality
control is critical in maintaining cellular homeostasis under
environmental stress, and the ER has quality control systems
that ensure the correct folding of proteins (Ellgaard et al., 1999). In
this study, the pathway of “protein processing in endoplasmic
reticulum” was significantly upregulated in most of the Yesso and
Zhikong scallop treatment groups; this would recognize and
selectively direct misfolded proteins to be either refolded or
degraded. “Ubiquitin mediated proteolysis”, which plays an
important role in degrading irreparable proteins (Hampton,
2002), was another significantly upregulated pathway in nearly
all of the treated groups of the three scallop species. This indicated
that abnormal proteins induced by environmental stress in
scallops may be eliminated by ubiquitin-mediated proteolysis.
Similar conclusions have also been reported in the hard clam, with
these same two pathways being the most significantly enriched
under heat and hypoxia stresses. These results suggest that
bivalves employ a strict quality control system to guarantee
correct protein folding and the elimination of irreparable
proteins, thereby alleviating cytotoxicity and maintaining cell
homeostasis under environmental stress (Hu et al., 2022).
However, even in the presence of a quality control system,
incorrectly folded proteins will accumulate in the ER under
severe stress (Ma and Hendershot, 2004). Therefore, as exposure
to heat or hypoxia may induce considerable protein disorder in
scallops, apoptosis could eventually result despite the attempts at
maintaining homeostasis via the UPR.
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HSPs mediation of acute environmental
stress response

HSPs are highly conserved proteins that act as biomarkers of
environmental stress (Kregel, 2002; Sorensen et al., 2003). Most
studies on HSPs, such as HSPs 70 and 90, have mainly focused
on thermal tolerance in mollusks; however, these genes are
widely involved in several other environmental stresses
responses, including hypoxia and aerial exposure (Delaney and
Klesius, 2004; Mohindra et al., 2015; Huo et al., 2019; Nie et al.,
2020; Nie et al., 2020). In the hard clam, the elevated expression
of two HSP 90 genes and some HSP 70 members was induced by
heat and hypoxia stresses (Hu et al., 2022). In the present study,
the GO functions of “HSP 70 protein binding” were significantly
enriched in the HIG2, LOW1, LOW2, LOW3, and UNI groups
of the Yesso scallop and the UNI group of the Zhikong scallop.
The GO functions of “HSP binding” were significantly enriched
in the LOW1, LOW2, and LOW3 groups of the bay scallop and
the LOW1 group of the Yesso scallop. Furthermore, for DEGs
shared by all stressed groups in the Yesso scallop, the “HSP
binding” GO functions were also highly enriched, and the
involved genes HSP 70B2, Heat shock cognate 71 kDa protein,
HSP 90-beta, and Hsp 90 co-chaperone Cdc37 were significantly
upregulated in all the heat, hypoxia, and heat plus hypoxia
groups. These results suggested that HSPs play an important role
in response to different types of environmental stress in scallops.
HSPs have extensive functions associated with apoptosis,
including enhanced cell survival by inhibiting apoptosis
(Roberts et al., 2010; Artigaud et al.,, 2015). Acting as
molecular chaperones, HSPs can catalyze protein folding and
refolding, stabilize normal proteins to prevent degeneration,
eliminate irreversibly damaged proteins, and maintain cellular
homeostasis. HSP 90 and HSP 70 are two major chaperone
classes (Frydman, 2001; Serensen et al., 2003; Liu et al., 2019).
Therefore, given the highly enriched protein folding and
apoptosis-related functions and pathways in the present study,
it is likely that HSPs inhibited apoptosis by interacting with
abnormal proteins to facilitate the adaption of scallops to
environmental changes.

HIF-1 signaling pathway mediates severe
heat and hypoxia stress

The ability of marine organisms to adapt to changing levels
of DO is important for their survival. Several studies have
suggested that the modulation of oxygen homeostasis in
animals greatly depends on HIF-1 signaling. This induces
similar biochemical and physiological responses in different
organisms, including oxygen sensor mobilization and oxygen
transport, to facilitate cellular or tissue adaptation to low oxygen
levels (Semenza, 1999; Zhang et al., 2017). The important role of
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the HIF-1 signaling pathway in environmental stress tolerance
and resistance has been reported in some mollusks. In the Pacific
oyster, the expression of HIF-o; was significantly increased by air
exposure and heat shock (Kawabe and Yokoyama, 2012). The
HIF-1 signaling pathway was significantly enriched in the
Manila clam and small abalone under hypoxia stress (Sun
et al,, 2019; Nie et al, 2020). In the Yesso scallop, Kotsyuba
reported that the activity of HIF-1o. depended on the duration of
anoxia and the temperature (Kotsyuba, 2017). In the present
study, the HIF-1 signaling pathway was significantly enriched
for the upregulated DEGs under severe heat and hypoxia. The
pathway was significantly enriched in the HIG2 groups of the
Yesso and bay scallops, and the LOW3 and UNI groups of all the
three scallop species, suggesting that the HIF-1 signaling
pathway was triggered by extreme and acute environmental
changes. Thus, the activation of the HIF-1 signaling pathway
in scallops depends on the intensity of stress. A few GO
functions related to the hypoxia response were also
significantly enriched at increased temperatures, suggesting
that the activation of the HIF-1 signaling pathway under acute
heat stress was probably due to a sharp decrease in DO at
high temperatures.

Comparative transcriptome analysis of
the three scallop species in response to
environmental stressors

Different numbers of DEGs in the three scallop species were
induced by individual and combined stressors, which were
associated with their susceptibility to environmental stress.
This is perhaps the first study to simultaneously analyze the
gene expression regulation induced by environmental stress in
more than one bivalve species. In the present study, many more
DEGs were observed in the Yesso scallop compared with the
other two scallop species in response to both the individual and
combined stressors. This suggested the higher sensitivity of the
Yesso scallop to environmental changes (heat and hypoxia),
followed by the Zhikong scallop, and then the bay scallop.
Consistent with the DEGs numbers, more immune response
and apoptosis-related GO functions and pathways were enriched
in the Yesso scallop. This indicated that the Yesso scallop likely
enhanced its gene expression related to the biological processes
of immune response and apoptosis in response to environmental
stresses. As a tropical species, the bay scallop has a higher
thermal tolerance than the other two scallop species.
Therefore, the environmental stresses used in this study were
likely mild for the bay scallop, resulting in the least DEGs being
induced. It is probable that fewer cytotoxic effects—such as DNA
and proteins damages—were caused by the environmental
stressors in the bay scallop: the DNA repair-related pathways
and the protein processing in endoplasmic reticulum pathway
were virtually unaffected this species following exposure to any
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environmental stressor but were down- or upregulated in the
other two scallop species (Figure 8). As a result, fewer molecular
pathways—such as immune response-related pathways—were
induced in the bay scallop in response to environmental changes.

The extent of impacts of environmental stressors varies
among taxa, depending on their physiological strategies, life
stages, and motility, but also depending on the capacity of
microevolutionary processes to increase the resistance of
organisms (Vaquer-Sunyer and Duarte, 2011). Intriguingly,
different dN/dS ratios, indicating different evolutionary ratio,
were discovered among the three scallop species and were
consistent with their sensitivity to environmental stress. The
highest dN/dS ratio was for the Yesso scallop, followed by the
Zhikong and then the bay scallops, This result indicated that
scallops with higher environmental sensitivity may experience
ongoing accelerated evolution to enable the species to better
cope with the changing environment.

Bivalves are mostly weak-swimming or stationary filter-
feeders. Many live in intertidal zones or shallow waters where
there are wide fluctuations in environmental conditions. Thus,
bivalves may have evolved mechanisms such as high genetic
diversity and expansion of key stress response genes to adapt to
diverse and highly variable environments (Guo et al., 2015). A
growing body of evidence shows that environmental stress can
affect genome stability in eukaryotes (Galhardo et al., 2007). For
instance, hypoxia can suppress DNA repair pathways and cause
an increase in mutagenesis in mammalian cells (Yuan et al,
2000; Mihaylova et al., 2003), and yeast regulates mutagenesis in
response to environmental stress (Shor et al., 2013). In mollusks,
downregulated genes involved in DNA replication and/or repair
were detected in the king scallop and Pacific abalone under
different environmental stresses (Artigaud et al, 2015; Shen
et al, 2019). Consistently, pathways associated with DNA
replication and repair were also suppressed in the Yesso and
Zhikong scallops under severe hypoxia and combined stresses,
which indicated that these individuals might experience
increased mutation rates under different environmental
stresses (Artigaud et al., 2015).

Evolutionary pressures of various kinds have often been
hypothesized to cause active and rapid evolutionary changes,
which occasionally generate fitter mutants and potentially
accelerate adaptive evolution (Galhardo et al, 2007). Positive
selection is a form of natural selection that influences the process
by which new advantageous genetic variants sweep across
populations (Wang et al., 2010). In Tibetan Schizothoracinae
fish (Gymnocypris przewalskii), significant signals of positive
selection were discovered on genes controlling innate immunity
(Tong et al, 2017). In oysters, some members of expanded
immune-related gene families diverged in function at different
temperatures and salinities or assumed new roles in abiotic stress
responses (Guo et al., 2015), and a positive selection pressure on
immune-related genes has also been documented (Yu et al,
2011). In the present study, a total of 239 positively selected
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genes were identified among four different scallop species,
including those involved in immune system and
environmental adaptation such as the toll-like, toll-like
receptor, c-type lectin, cytochrome ¢ oxidase, and cytochrome
P450 genes. The selection of these genes represents an important
adaptive mechanism in response to the long-term
environmental changes. Further study is needed to investigate
the molecular functions of these genes that are associated with
environmental adaptation.

Conclusion

In the present study, a transcriptome analysis of the gill
tissues of three scallop species—the Yesso, Zhikong, and bay
scallops—was performed following short-term exposure to
heat, hypoxia, and heat plus hypoxia. The molecular response
mechanism of the scallops under environmental stress,
especially under combined stress was explored. The DEGs
under different types of stress were determined and important
functional pathways in environmental stress were identified
via GO and KEGG analyses. Comparative transcriptome
analysis was performed and positively selected genes were
identified, suggesting possible mechanisms of long-term
environmental adaptation. The present study provides new
insights into the molecular response mechanisms of scallops
exposed to combined environmental stressors and improves
our understanding of adaptive mechanisms in marine
organisms in response to the changing global climate.

Materials and methods

Experimental design and
scallop collection

Healthy Yesso, Zhikong, and bay scallops with an average
shell size of 71.33 + 0.72 mm, 63.07 + 0.85 mm and 54.87 +
1.13 mm, respectively, were obtained from culture populations
in the Lvshun Sea area in Dalian, Liaoning Province. The
scallops were then cultured under laboratory conditions in the
Key Laboratory of Mariculture & Stock Enhancement in North
China’s Sea for one week, with filtered and aerated seawater at
15°C, and a twice-daily mixed algal diet of Chlorella sp. and
Spirulina platensis. The individual scallop species were divided
into the following groups: normal control (NOR) at a water
temperature of 15°C and adequate DO (8 mg/L); heat stress at a
water temperature of 22°C (HIG1) and 25°C (HIG2) under
adequate DO (8 mg/L); hypoxia stress with decreased DO at 6
mg/L (LOW1), 4 mg/L (LOW?2), and 2 mg/L (LOW3) at a water
temperature of 15°C; and combined stress (UNI) at a water
temperature of 25°C and low DO of 2 mg/L. Although the three
types of scallops thrive at different temperature ranges, 15 °C is
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within the optimum temperature range of all the three scallop
species and was selected as the control temperature. The
temperatures of 22 °C and 25 °C were to indicate the tolerance
of the Yesso scallop. The lowest DO of 2 mg/L would be stressful
but not lethal for the scallops and has been used in previous
studies on hypoxia stress in scallops (Chen et al., 2007; Stevens
and Gobler, 2018). The three levels of DO were set as low (6 mg/
L), moderate (4 mg/L), and high (2 mg/L) levels of hypoxia
compared with the control group of 8 mg/L.

A total of 105 individuals of each species with similar size and
good activity were divided into the above seven groups and cultured
in 70 L tanks. There were three replicates for each group. For heat
stress, the temperature was controlled by a thermostatic heating rod
(RS Electrical®, China). For hypoxia stress, the scallops were
cultured in closed tanks in which the DO was controlled by
pumping nitrogen or air into the seawater with adjustment of the
nitrogen flow to maintain the DO level (Sun et al,, 2020; Nie et al,,
2020). The temperature and DO levels were constantly monitored
with a thermometer and O, sensing probe (YSI ProPlus, USA),
respectively, and adjusted whenever necessary. All the scallops from
each group were exposed to stress for 36 h. Due to the use of short-
term stress treatments in the present study, to avoid the effects of
feeding on the culture environment and physiology of the scallops,
the scallops were not fed during the experiment. Following
treatment, the gill tissues of scallops from each group were
sampled, immediately frozen in liquid nitrogen, and stored at
-80°C. Three individuals from different tanks of each group (three
biological replicates) were selected for transcriptome sequencing.
The experimental design is presented in Figure 9. No specific
permits were needed for the described field studies. All the Yesso,
Zhikong, and bay scallops utilized in this study were cultured
marine species that are commercially available and are not
endangered or protected species. All experiments were conducted
in accordance with the regulations of the local and
central governments.

RNA extraction, library construction
and sequencing

The total RNA of each sample was isolated with the RNAprep
pure tissue kit (Tiangen, China) according to the manufacturer’s
protocol. The quantity and quality of total RNA were determined
using an NV3000 micro-spectrophotometer (Vastech, US), and the
integrity was determined by agarose gel electrophoresis. The mRNA
was purified from total RNA using oligo(dT) magnetic beads. The
RNA-seq libraries were constructed using the TruSeq Stranded
mRNA LTSample Prep Kit (Illumina, San Diego, CA, USA)
following the manufacturer’s instructions. The quality of the
libraries was evaluated using the Agilent 2100 Bioanalyzer
(Agilent Technologies, Santa Clara, CA, USA). Finally, a total of
63 libraries were subjected to 150 bp paired-end sequencing on the
Mlumina Hiseq X TEN sequencing platform.
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Experimental design

Data processing, de novo assembly
and annotation

Raw sequencing data were processed utilizing Trimmomatic
(Bolger et al., 2014) to remove reads containing poly-N and low-
quality reads. The high-quality clean reads of each scallop
species were combined and used for de novo transcriptome
assembly using the Trinity software (version: 2.4) (Grabherr
et al., 2011) with the paired-end method and a kmer size of 32.
The longest transcript was selected as the unigene based on the
similarity and length of a sequence for subsequent analysis. The
functions of the unigenes in each scallop species were separately
annotated by aligning the unigene sequences to the NCBI non-
redundant protein (Nr) database, Swiss-Prot database, Gene
Ontology (GO) database, Eukaryotic Orthologous Groups
(KOG) protein database and Kyoto Encyclopedia of Genes and
Genomes (KEGG) pathway database (Kanchisa et al., 2007)
using BLASTX with an E-value of 107,

Analysis of differentially expressed genes

The expression of unigenes was determined by mapping the
reads from each sample to the assembled references using Bowtie 2
(Langmead and Salzberg, 2012) and the fragments per kilobase per
million mapped reads (FPKM) method, which eliminated the effects
of gene length and sequencing depth on the calculation of gene
expression. Differentially expressed genes (DEGs) in stressed and
normal groups were identified by DESeq (Anders and Huber, 2012).
The negative binomial distribution hypothesis was tested to
determine the significance of differential expression. A fold
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change > 2 or < 0.5 and unadjusted p-value < 0.05 was set as the
threshold for statistically significant differential expression. GO and
KEGG enrichment analysis of DEGs were carried out using the
clusterProfiler package in R (Yu et al, 2012) based on the
hypergeometric distribution test. GO functions or pathways with
q-values (calibrated p-values via the Benjamini-Hochberg method)
< 0.05 and gene numbers > 3 were considered to be enriched.

Comparative transcriptome analysis

The transcripts of the three scallop species and the king scallop
(Kenny et al., 2020) were subjected to comparative transcriptome
analysis. The transcript coding region sequences (CDS) were
predicted by ESTScan software (Iseli et al., 1999). The CDS were
then translated into amino acid sequences via standard genetic
coding. The orthologous gene clusters were constructed with the
CDS sequences of four scallop species using OrthoMCL software (Li
et al., 2003) with BLASTP (E-value < 10™'). Single-copy genes with
clear one-to-one orthologs between species were used for
subsequent analysis. The putative orthologous pairs were then
aligned using MUSCLE software (Edgar, 2004) with the default
parameters. The polygenetic tree of the four scallops was
constructed using RAXML software (Stamatakis, 2014) using the
maximum likelihood (ML) method. The dN, dS, and dN/dS values
of the orthologs were calculated using the CodeML program of the
PAML package (Yang, 2007). The positively selected genes were
identified using the branch-site model of PAML with the threshold
p-value < 0.05. GO and KEGG enrichment analyses were
performed to determine the function of these positively selected
genes using the method described in the previous section.
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Hypoxia is one of the most important environmental stressors in aquatic
ecosystems. To deal with the hypoxia environment, fishes exhibit a series of
physiological and molecular responses to maintain homeostasis and organism
functions. In the present study, hypoxia-induced changes in gene expression
profiles and alternative splicing (AS) events in spotted sea bass (Lateolabrax
maculatus), a promising marine-culture fish species in China, were thoroughly
investigated by RNA-Seq analysis. A total of 1,242, 1,487 and 1,762 differentially
expressed genes (DEGs) were identified at 3 h, 6 h and 12 h in gills after hypoxia
stress. Functional enrichment analysis by KEGG and GSEA demonstrated that
HIF signal network system was significantly activated and cell cycle process was
remarkably suppressed in response to hypoxia. According to the temporal gene
expression profiles, six clusters were generated and protein-protein interaction
(PPI) networks were constructed for the two clusters that enriched with
hypoxia-induced (cluster 2) or -suppressed genes (cluster 5), respectively.
Results showed that HIF signaling related genes including vegfa, igfl, ednli,
cox2b, cxcrdb, ctnnbl, and slc2ala, were recognized as hubs in cluster 2, while
mcm?2, chekl, pole, mcmb5, polal, and rfc4, that tightly related to cell cycle,
were down-regulated and considered as hubs in cluster 5. Furthermore, a total
of 410 differential alternative splicing (DAS) genes were identified after hypoxia,
which were closely associated with spliceosome. Of them, 63 DAS genes also
showed differentially expressed levels after hypoxia, suggesting that their
expression changes might be regulated by AS mechanism. This study
revealed the key biological pathways and AS events affected by hypoxia,
which would help us to better understand the molecular mechanisms of
hypoxia response in spotted sea bass and other fish species.
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Introduction

Fish are frequently exposed to variations in oxygen levels
due to the rapid fluctuations in patterns of oxygen production
and consumption in aquatic environment (Nikinmaa and Rees,
2005). As one of the most important environmental stressors in
aquatic ecosystems, hypoxia is usually defined as the dissolved
oxygen (DO) levels of less than 2.0 mg/L, which is low enough to
negatively influence the normal physiological conditions of
fishes (Hrycik et al., 2017). If severe hypoxia persists, fish will
eventually die and result in serious yield losses (Abdel-Tawwab
et al., 2019). Hypoxia occurres with temperature, seasonal and
compositional changes in water (Xiao, 2015). In aquaculture
system, hypoxia can be accelerated by several factors such as
high stocking density, water pollution, excessive nutrient
enrichment and human activities (Ng and Chiu, 2020). To
deal with the hypoxia environment, fishes exhibit a number of
behavioral, morphological, physiological and molecular
responses to maintain homeostasis and organism functions.
For example, in order to get more oxygen, they try to breathe
directly by emerging at the water surface (Xiao, 2015), or enlarge
the respiratory surface area by remodeling their gills (Sollid et al.,
2005). Some fishes make a rapid reorganization of cellular
metabolism to suppress ATP and O, consumption (Richards,
2011), and increase the number of red blood cells to improve
oxygen-carrying capacity (Claireaux et al., 1988). Moreover,
hypoxia response is always correlated with the activation of
anaerobic metabolism and the increase of anaerobic glycolysis,
in order to meet the high energy demand during hypoxia
(Abdel-Tawwab et al., 2019).

At the molecular level, several proteins and signaling
pathways have been reported to involve in hypoxia response.
Among them, hypoxia-inducible factor 1 (HIF-1) is recognized
as master regulator of the cellular responses to hypoxia by
promoting target genes transcription under hypoxia (Dery
et al,, 2005). HIF-1 is a heterodimeric DNA-binding complex
consisting of an oxygen-labile o-subunit (HIF-10:) and a stably
expressed [3-subunit (HIF-1f). Under normoxia (normal oxygen
condition), HIF-1o is hydroxylated by prolyl hydroxylase
domain-containing enzymes (PHDs) whose activities are
closely related with oxygen levels, and eventually degraded by
proteasome. In contrast, when exposed to hypoxia conditions,
HIF-1a. is not hydroxylated because of the catalytic activity of
PHD is inhibited by the lack of oxygen. Meantime, HIF-1
heterodimers rapidly accumulate and bind to hypoxia response
elements (HREs) contained in the promoter or enhancer regions
of the hypoxia-inducible genes (Bartoszewski et al., 2019). These
HIF-1 target genes were demonstrated to involve in numbers of
signaling pathways such as redox status (Semenza, 2001), AMPK
(Bohensky et al., 2010), MAPK (Zhang et al,, 2013), PI3K-Akt
(Zhang et al, 2018), mTOR (Wei et al., 2019), and VEGF
(Kajimura et al., 2006), which affect multiple aspects of the

Frontiers in Marine Science

70

10.3389/fmars.2022.1024218

physiological responses including proliferation, apoptosis, and
differentiation (Zhu et al., 2013). Moreover, it has recently
become clear that HIF-1 pathway is not a linear cascade of
signal transduction but a multi-level regulatory network
representing a high degree of complexity (Bardos and
Ashcroft, 2005; Yee Koh et al., 2008; Zheng et al., 2008; Agani
and Jiang, 2013; Fabian et al., 2016).

Investigation into the hypoxia responses of fish will not only
help us to understand the strategies and mechanisms for
environmental stress adaptation in fish, but will also guide us
in improving fish hypoxia tolerance capabilities and preventing
economic losses in aquaculture, and artificial breeding of
hypoxia-tolerant fish strain/species in the future. In recent
years, with the rapid development of high-throughput
sequencing technology, RNA-Seq tool has been successfully
used in studying the molecular responses to hypoxia in various
fish species, and several known and novel hypoxia-related genes
and pathways have been identified in different tissues. For
examples, in large yellow croaker (Larimichthys crocea), genes
involved in innate immunity, ion transport and glycolytic
pathways were significantly differentially expressed in the gill
and/or heart under hypoxia, indicating they may contribute to
maintain cellular energy balance during hypoxia (Mu et al,
2020). In bighead carp (Hypophthalmichthys nobilis), the cardiac
transcriptomic analysis identified that MAPK signaling pathway
played a key role in cardiac tolerance after acute hypoxia
treatment (Zhou et al, 2020). In the gill of Nile tilapia
(Oreochromis niloticus), the hypoxia responsive genes were
significantly enriched in energy and immune-related pathways
including glycolysis, metabolic process and antigen processing
and presentation (Li et al., 2017). For channel catfish (Ictalurus
punctatus), RNA-Seq analysis with swimbladder samples
revealed that many genes affected by hypoxia were enriched in
the HIF, MAPK, PI3K/Akt/mTOR, VEGF and Ras signaling
pathways (Yang et al,, 2018). Moreover, liver transcriptomes
under hypoxia have been widely studied in aquaculture fishes
such as large yellow croaker (Ding et al., 2020), silver sillago
(Sillago sihama) (Tian et al., 2020a), largemouth bass
(Micropterus salmoides) (Sun et al., 2020), golden pompano
(Trachinotus blochii) (Sun et al.,, 2021b), rainbow trout
(Oncorhynchus mykiss) (Hou et al., 2020) and Nile tilapia
(Oreochromis niloticus) (Ma et al., 2021).

Alternative splicing (AS) mechanism are widely existed in
eukaryotes that could generate multiple transcripts and enables
different proteins to be synthesized from one single gene (Nilsen
and Graveley, 2010). This regulatory mechanism significantly
expands transcript variability and proteome diversity, servicing
as an enhancing ability to cope with biotic or abiotic stresses in
eukaryotes, including fishes (Mastrangelo et al., 2012; Lee and
Rio, 2015). It has been documented that there are changes in
splicing patterns for a set of functional genes that play central
roles in cold-acclimation responses in Atlantic killifish
(Fundulus heteroclitus), threespine stickleback (Gasterosteus
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aculeatus) and zebrafish (Danio rerio) (Healy and Schulte, 2019).
AS events of several RNA-binding proteins are significantly
induced by different salinity environments in turbot
(Scophthalmus maximus), tongue sole (Cynoglossus semilaevis)
and steelhead trout (Oncorhynchus mykiss), which may affect the
splicing decisions of many downstream target genes in response
to osmoregulation (Tian et al., 2022). However, the AS events
related to hypoxia adaptation are only reported in Nile tilapia
until now. A total of 103 genes undergo differential usage of
exons and splice junction events after acute hypoxia stress in the
heart of Nile tilapia, the biological function of which are tightly
associated with structural constituent of ribosome, structural
molecule activity and ribosomal protein (Xia et al., 2017).

Spotted sea bass (Lateolabrax maculatus), also known as
Chinese sea bass, is a euryhaline and eurythermic fish species
which broadly distributed along the coasts of China and Indo-
China Peninsula (Chen et al., 2019). Because of its fast growth,
high nutritive value and pleasant taste, the industry of spotted
sea bass is considered as one of the leading aquaculture marine
fish in China (Wen et al., 2016; Liu et al., 2020), with the
production capacity of 195,000 tons last year (Yearbook, 2021).
However, spotted sea bass is threatened by hypoxia in natural
watersheds resulted from ongoing global warming and
environmental pollution, as well as in cultured conditions due
to the sustained high temperature in summer and high-density
farming (Dong et al., 2020). To date, studies about hypoxia
responses of spotted sea bass remains largely unknown. The fish
gill is the dominant organ responsible for physiological
exchanges with the surrounding environment, playing a
primary role in gas exchange and is the first target under
hypoxia (Evans et al,, 2005), but the underlying molecular
basis has not been explored in spotted sea bass. Therefore, in
this study, hypoxia-induced changes in gene expression profiles
and AS events in gills were investigated by RNA-Seq analysis in
spotted sea bass. Our results revealed the key biological pathways
and AS events affected by hypoxia, and candidate regulatory hub
genes involving in hypoxia response, which will provide new
insights into the elucidation of the responses and adaption
mechanism to environmental stress in fish.

Materials and methods
Ethics statement

This study was carried out in accordance with the rules and
approval of the respective Animal Research and Ethics
Committees of Ocean University of China (Permit Number:

20141201), and was not involved in any endangered or
protected species.
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Fish maintenance and hypoxia exposure

A total of 60 healthy spotted sea bass (body length: 48.76 +
4.26 cm, body weight: 178.25 + 18.56 g) were obtained from
Shuangying Aquatic Seeding Co., Ltd. (Lijin, Shandong, China).
Before hypoxia experiment, the individuals were acclimated in
the square tank (5m x 5m x 1 m, L x W x H) for two weeks. All
the water was obtained from the natural sea area in Bohai, China
(38.04°N, 118.58°E), followed by plain sedimentation, sand
filtration and UV sterilization. During the periods of
acclimation, the water quality conditions were kept relatively
constant and suitable for the culture of spotted sea bass,
including temperature (17.0 + 1.0°C), dissolved oxygen
saturation (7.0 = 0.5 mg/L), salinity (27 - 30) and pH (6.5 - 7.5).

After acclimation, fish individuals were transferred to three
tanks (0.5 m x 0.5 m x 1 m, L x W x H) for hypoxia challenge
experiment and the density was set as 20 individuals per tank.
The oxygen level in each tank was quickly reduced to 1.1 £ 0.14
mg/L within ~ 1h by bubbling nitrogen gas. Then, the hypoxia
experiment started and lasted for 12 h. During the periods of
experiment, dissolved oxygen levels were maintained relatively
constant by pumping the mixture of air and nitrogen gas and
continuously monitored using YSI DO200 oxygen meter (YSI
EcoSense, OH, USA) every ten minutes. 3 individuals per tank (a
total of 9 individuals for each time point) were anesthetized and
euthanized with MS-222, and collected for gill tissues at 0 h
(before hypoxia experiment), 3 h, 6 h and 12 h after hypoxia
(named as TO, T3, T6 and T12 groups, respectively). Then gill
tissues were quickly frozen in liquid nitrogen until
RNA extraction.

RNA extraction, library construction and
Illumina sequencing

Total RNA of gill tissues was extracted using TRIzol
reagents (Invitrogen, USA). The concentration of total RNA
was determined by NanoDrop 2000 (Thermo Scientific,
Waltham, MA), and RNA integrity was checked by the
Agilent 2100 Bioanalyzer (Agilent Technologies, USA). Equal
quantity of high-quality RNA from the 3 individuals each tank
was pooled as one sample, and 3 replicated samples were
generated for each time point to minimize the individual
differences. A total of 12 sequencing libraries (3 replicated
samples X 4 time points), named TO0 (T0-1, T0-2, T0-3), T3
(T3-1, T3-2, T3-3), T6 (T6-1, T6-2, T6-3), and T12 (T12-1,
T12-2, T12-3), were generated using NEBNext® UltraTM RNA
Library Prep Kit for lumina® (NEB, USA), respectively.
Sequencing was conducted on the Illumina Novaseq
platform, generating 150 bp paired-end reads.
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Identification of differential
expressed genes

Raw reads were treated to discard adapter sequences and
ambiguous nucleotides using fastp v0.20.1 software to generate
the clean reads. The reference genome file of spotted sea bass
(Assembly ID: GCA_004028665.1) was used for the following
bioinformatics analysis. Index of the reference genome was built
using “hisat2-build” function of Hisat2 v2.1.0 software (Kim
et al,, 2015) and paired-end clean reads were mapped to the
reference genome using Hisat2 with the default parameters. The
count matrixes were constructed using featureCounts software
from Subread v1.6.4 program, which were then transformed into
fragments per kilobase of transcript per million fragments
mapped (FPKM) for the normalization of gene expression
levels. DEGs among the three comparisons (T3 vs. TO, T6 vs.
TO and T12 vs. TO) were calculated using the scripts
run_DE_analysis.pl in Trinity program (Grabherr et al., 2011),
and the calculation method was performed using the DESeq2
package. The threshold of DEGs were set as false discovery rate
(FDR)-p < 0.05 and |log, (fold change)| = 1. Expression cluster
analysis of time-series data was performed based on fuzzy c-
means using Mfuzz v2.48.0 R package (Kumar and Futschik,
2007) and the number of centers was set as 6.

Functional enrichment analysis

Kyoto Encyclopedia of Genes and Genomes (KEGG)
enrichment analysis of DEGs were implemented using
clusterProfiler v4.2.2 R package (Yu et al,, 2012) and FDR-p <
0.05 was considered as statistically significant. Additionally,
Gene Set Enrichment Analysis (GSEA) (Subramanian et al,
2005) was performed to interpret expression matrix from
RNA-Seq data. The FPKMs of all genes in gill transcriptome
were used for the calculation of normalized enrichment score
(NES) in GSEA. |NES|>1, FDR-p < 0.25 and Nominal (NOM) p-
value < 0.05 were regarded as the significant threshold.

Protein-protein interaction network
construction and hub gene identification

The PPI network was constructed via STRING v11.5
(Szklarczyk et al., 2016). Minimum required interaction score
was settled as 0.4. The predicted network was analyzed and
visualized by Cytoscape v3.8.0 software. The highly connected
protein nodes were determined by Cyto-Hubba v0.1, a plug-in of
Cytoscape software. Significant modules in PPI network were
identified by MCODE (Bader and Hogue, 2003) v1.6.1 of
Cytoscape, which meet the following parameters: MCODE
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score > 5, degree cut-off = 2, node score cut-off = 0.2, max
depth = 100, and k-score = 2.

Identification of differential alternative
splicing events

rMATS v4.0.1 (Shen et al., 2014) was utilized to determine
DAS events by computing the inclusion level from two-group
RNA-Seq data with replicates. Five classical types of DAS events
were identified including exon skipping (ES), intron retention
(IR), alternative 3 splice sites (A3SS), alternative 5 splice sites
(A5SS), and mutually exclusive exon (ME). In details, rMATS
applied a hierarchical framework to simultaneously model the
variability among replicates, and estimated uncertainty of
inclusion and exclusion isoform proportions in individual
replicates. Mature mRNAs including or excluding additional
sequences were regarded as inclusion or exclusion isoforms,
respectively (Ding et al., 2017). A likelihood-ratio test was used
to calculate the p-value and FDR-p of the inclusion levels
between two sets of RNA-Seq datasets. FDR-p < 0.05 was set
as the threshold for significant DAS events. DAS genes were
determined and their KEGG functional enrichment analysis was
performed by the same procedures as for DEGs.

Validation experiments by quantitative
real-time PCR and RT-PCR

To validate the gene expression results of DEGs generated
from RNA-Seq analysis, qPCR was performed to detect the
relative expression levels of several DEGs among different
pairwise comparisons. In details, total RNA of gills collected
from hypoxia experiment was reverse-transcribed to cDNA
using PrimeScript RT reagent kit (Takara, Shiga, Japan)
following the manufacturer’s instructions. 10 x diluted cDNA
(~100ng/ul) was served as the template for PCR amplification,
which was conducted using FastPfu reagent kit (TransGen,
Beijing, China). The gene specific primers used in qPCR were
designed using Primer 5 software and listed in Supplementary
Table 1. qPCR was performed on the StepOne Plus Real-Time
PCR system (Applied Biosystems, CA, USA) using the SYBR
Premix Ex TaqTM Kit (Takara, Shiga, Japan). qPCR reaction
system consisted of 2 ul of cDNA, 10 ul SYBR premix Ex Tagq,
0.4 pl forward primers, 0.4 pl reverse primers, 0.4 pl ROX
reference dye, and 6.8 ul ddH,O in a final volume of 20 pl, which
was repeated in triplicate and was run in accordance with the
following procedure: 95°C for 30 s, then 40 cycles of 95°C for 10
s and 55°C for 30 s, and finally 72°C for 30 s. The 18S ribosomal
RNA was considered as the internal reference gene (Strepparava
et al, 2014). The expression levels were calculated using the
2744 method.
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The cDNA samples were subsequently used as templates for
following RT-PCR experiment, which was performed to validate
the identified DAS events. Transcript-specific primers were
designed to span the predicted splicing events using Primer 5
software and Primer-BLAST (https://www.ncbi.nlm.nih.gov/
tools/primer-blast/) (Supplementary Table 1). PCR condition
was set as follows: 94°C for 5 min, following by 35 cycles of 94°C
for 30 s, melting temperature for 30 s, 72°C for a time period that
depends on the product sizes, and finally extended at 72°C for
10 min. PCR products were monitored on 1% agarose gel stained
by GelStain (TransGen, Beijing, China).

Statistical analysis

In the present study, all the data are shown as the mean +
standard deviation (SD). Correlation coefficient between the
results of DEGs in RNA-Seq and qPCR were determined by
SPSS 22.0 software (SPSS Inc., Chicago, USA). One-way
ANOVA was conducted followed by Duncan’s multiple tests
to identify significance differences when P < 0.05.

Results

Overview of high-throughput
sequencing data

In the present study, RNA-Seq analysis was performed on
the gill tissues of spotted sea bass at 0 h, 3 h, 6 h and 12 h after
hypoxia. As a result, a total of 655,653,966 raw reads were
generated respectively, on average, 99.12% of which were
considered as clean reads after quality control. Then, all clean
reads were aligned to the reference genome of spotted sea bass
with mapping ratio ranging from 83.14% to 92.50%, and the
unique mapping ratios were different between 80.91% and
89.91% (Supplementary Table 2).

The expression profiles of DEGs

As results showed, the total number of DEGs increased as
the hypoxia-treating time was prolonged (Figure 1). In details, a
total of 1,242, 1,487 and 1,762 DEGs were identified through the
comparisons of T3 vs. T0, T6 vs. T0O and T12 vs. TO, respectively.
In those comparison groups, 914 DEGs were significantly up-
regulated and 328 DEGs were down-regulated in T3 vs. TO
group (Figure 1A), and 853 up-regulated DEGs and 634 down-
regulated DEGs were identified in T6 vs. TO group (Figure 1B),
as well as 1,254 up-regulated and 508 down-regulated DEGs
were discovered in T12 vs. TO group (Figure 1C). The number of
DEGs were greatly increased with the prolongation of hypoxia
stress from 3 h to 12 h. Notably, 607 DEGs were shared among
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all three comparison groups, and 181 (overlapped between T3
vs. T0 and T6 vs. T0), 205 (overlapped between T6 vs. TO and T3
vs. T0), and 247 (overlapped between T6 vs. TO and T12 vs. TO0)
DEGs were coexisted in two comparison groups, respectively.
Meantime, 249 (T3 vs. T0), 452 (T6 vs. T0) and 703 (T12 vs. T0)
DEGs was only appeared in unique comparison group
(Supplementary Figure 1).

To confirm the accuracy of our bioinformatic analysis results
for gene expression pattern of RNA-Seq data, the expression
levels of 10 randomly selected genes were detected by qPCR
experiment at 0 h, 3 h, 6 h and 12 h after hypoxia, including hif-
1o, L-lactate dehydrogenase A chain (Idha), hexokinase-1 (hkI),
glyceraldehyde-3-phosphate dehydrogenase (gapdh), pyruvate
kinase M1/2 (pkm), aldolase, fructose-bisphosphate A (aldoa),
insulin like growth factor binding protein 1 (igfbpl), insulin like
growth factor binding protein 4 (igfbp4), ephrin A2 (epha2) and
transforming growth factor beta 3 (tgff-3). As shown in
Supplementary Figure 2, expression patterns determined by
qPCR were consistent with the results of RNA-Seq analysis
with the R* = 0.87, 0.93 and 0.89 in the pairwise comparisons of
T3 vs. TO, T6 vs. TO and T12 vs. T12, respectively. The results
indicated the accuracy and reliability of our bioinformatic
analysis results.

KEGG enrichment analysis for DEGs

KEGG enrichment analysis was conducted to investigate the
potential biology function of DEGs. Results revealed that a total
of 31 (T3 vs. T0), 17 (T6 vs. TO) and 26 (T12 vs. TO) pathways
were significantly enriched (FDR-p < 0.05) in the three
comparison groups, respectively. The top 20 KEGG pathways
(ranked by FDR-p) in each comparison group were displayed in
Figures 1D-F, which were categorized into distinct KEGG
orthology classes including environmental information
processing, organismal systems, cellular processes, metabolism,
genetic information processing and human disease. Among
them, the two functional classes, environmental information
processing and metabolism, which harbored a large number of
significantly enriched pathways in our study, were recognized
playing essential roles in sensing stress associated with changes
in environmental dissolved oxygen and intracellular
transduction. For example, at 3 h after hypoxia, the
significantly enriched pathways were concentrated in signaling
transduction and signaling molecules and interactions, such as
ECM-receptor interaction, PI3K-Akt signaling pathway,
Calcium signaling pathway, Cytokine-cytokine receptor
interaction, Apelin signaling pathway, cGMP-PKG signaling
pathway, and HIF-1 signaling pathway (Figure 1D). At 6 h,
DEGs involved in four carbohydrate metabolism processes
including Glycolysis/Gluconeogenesis, Fructose and mannose
metabolism, Galactose metabolism, Starch and sucrose
metabolism, as well as two lipid metabolism processes
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including Steroid hormone biosynthesis and Alanine, aspartate
and glutamate metabolism, were significantly enriched
(Figure 1E). At 12 h, the DEGs were also significantly enriched
in signaling pathways like PI3K-Akt signaling pathway, HIF-1
signaling pathway, Rapl signaling pathway, Cytokine-cytokine
receptor interaction, and cAMP signaling pathway. Notably, the
HIF-1 signaling pathway was enriched in all three tested time
points after hypoxia (Figure 1F), confirming the key roles of HIF
pathway in the response to hypoxia.

GSEA analysis for functional gene sets
enriched in the whole gene lists

In addition to determine the KEGG enrichment information
of these DEGs, we performed GSEA analysis for interpreting gene
expression data of the gills under hypoxia at the level of gene sets,
by using canonical pathways (CP) collection in the Molecular
Signatures Database (MSigDB). We identified the significant gene
sets within each comparison group (T3 vs. T0, T6 vs. T0, T12 vs.
T0), and the top 20 most significant enrichments (ranked in
descending order of the |NES-value|) were listed in
Supplementary Table 3. Overall, the most significantly enriched
gene sets positively correlated with all the hypoxia-treatment
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groups (gene sets that up-regulated in T3, T6 and T12) included
HIF-1-alpha transcription factor network, HIF-2-alpha
transcription factor network, Glycolysis and Gluconeogenesis,
and Cori cycle (Figure 2 and Supplementary Table 3).
Additionally, signal transduction associated pathways such as
signaling by Type 1 Insulin-like Growth Factor 1 Receptor
(IGF1R), Insulin receptor, VEGF, as well as metabolism
pathways including Oxidative phosphorylation and Respiratory
electron transport, were also enriched in the gill after hypoxia
(Supplementary Table 3). Alternatively, the most significant
enriched gene sets positively correlated with the control group
(gene sets that up-regulated in T0) were mainly concentrated in
cell cycle and DNA replication related processes such as Cell Cycle
Mitotic, Cell Cycle Checkpoints, Mitotic G1 phase and G1/S
transition, G2/M Checkpoints, DNA Replication Pre-Initiation,
Activation of the pre-replicative complex, and other associated
pathways (Figure 2 and Supplementary Table 3).

Dynamic gene expression patterns

A total of 2,796 DEGs were assigned to six clusters, the gene
number of which varied from 422 to 541 (Figure 3). The six
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clusters represented six distinct patterns of expression trajectories
in the time course, and the detected clusters of co-expressed genes
indicated co-regulation. As we mainly focus on the most relevant
regulation networks (genes) interacted with hypoxia environment,
the two clusters including cluster 2 and cluster 5, which enriched
with hypoxia-responsive genes and pathways, were further
analyzed. As shown in Figure 3A, with the prolonging of
hypoxia time, the expression pattern of DEGs in cluster 2
showed a general upward trend, while expression of DEGs in
cluster 5 exhibited the overall downward trend. KEGG
enrichment analysis showed that DEGs in cluster 2 were
significantly enriched in signal transduction pathways including
HIF-1 signaling pathway, MAPK signaling pathway, AMPK
signaling pathway, PI3K-Akt signaling pathway and Insulin
signaling pathway, as well as carbohydrate metabolism pathways
such as Glycolysis/Gluconeogenesis, Fructose and mannose
metabolism, and Galactose metabolism (Figure 3B). The DEGs
in cluster 5 were enriched in 1) replication and repair related
pathways containing DNA replication, Base excision repair,
Mismatch repair, Homologous recombination, and Fanconi
anemia pathway; 2) Cell cycle; and 3) several nucleotide
metabolism and lipid metabolism pathways (Figure 3C).
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PPl network construction, hub genes
recognition and module analysis

PPI networks were constructed and hub genes were identified
for co-expression genes of cluster 2 and cluster 5. STRING
analysis identified 206 nodes and 240 edges for cluster 2, as well
as 246 nodes and 817 edges for cluster 5. Their networks were
visualized using Cytoscape software, showing in Figures 4A, B.
Cyto-Hubba of Cytoscape was used for determining highly
connected protein nodes (hubs) by four algorithms (MCC,
MNC, Degree and EPC). The ranks and names for top 10 hub
genes of each algorithm were shown in Supplementary Table 4.
The results showed that for cluster 2, all four methods identified
vascular endothelial growth factor A (vegfa), insulin-like growth
factor 1 (igfl), endothelin 1 (ednl), cyclooxygenase 2b (cox2b),
chemokine (C-X-C motif) receptor 4b (cxcrdb), catenin beta 1
(ctnnbl), and solute carrier family 2 member 1a (slc2ala) as hub
genes, and hkl was considered as hub gene by three of the four
algorithms (Supplementary Table 4). For cluster 5, six hub genes,
that were minichromosome maintenance 2 (mcm?2), replication
factor C subunit 4 (rfc4), minichromosome maintenance 5 (mcms5),
DNA polymerase alpha 1 catalytic subunit (polal), DNA
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polymerase epsilon catalytic subunit A (pole), and HK1 checkpoint
homolog (chekl), were identified by all four algorithms.
Additionally, cell division cycle 20 (cdc20), recombinase rad51
(rad51), replication protein Al (rpal) and gins complex subunit
2 (gins2) were suggested as hub genes by three algorithms
(Supplementary Table 4).

MCODE defined one and three significant modules from the
PPI networks of cluster 2 and cluster 5, respectively. For cluster
2, the five genes in the significant module (vegfa, igfl, ednl,
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cox2b, cxcr4b) all belonged to hub genes with top-ranking
obtained from the Cyto-Hubba analysis (Figure 4C). For
cluster 5, the identified hub genes including mcm2, mcmb5,
pola, pole, chekl, rfc4 were also included in the most
significant module (Figures 4D-F).

Taken together, from the enrichment analysis results
generated by above methods, the genes and pathways involved
in HIF signal network system were induced most significantly in
response to hypoxia, meanwhile the cell cycle related genes and
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Cluster2

FIGURE 4

ClusterS

Protein-protein interaction (PPI) network and significant module of DEGs in cluster 2 and cluter 5. (A) PPl network of DEGs in cluster 2 created
by STRING and visualized using Cytoscape software; (B) PPl network of DEGs in cluster 5 created by STRING and visualized using Cytoscape
software; (C) The significant module of cluster 2 identified by MCODE (score = 5.000). The hub genes identified by Cyto-Hubba analysis were
shown in red; (D) The most significant module of cluster 5 identified by MCODE (score =20.286); (E) The second significant module of Cluster 5
identified by MCODE (score =7.167); (F) The third significant module of Cluster 5 identified by MCODE (score =5.000). The hub genes identified

by Cyto-Hubba analysis are shown in red.

pathways were dramatically suppressed by hypoxia. Putative
pathways and genes involved in low oxygen response in spotted
sea bass gills were illustrated in Figure 5, and their gene
expression levels were shown in Supplementary Tables 5, 6. In
addition, their potential biological functions were discussed in
detail in the Discussion section.

DAS events in gill tissues under hypoxia

In order to survey AS events in genes associated with
hypoxia response in gills, DAS events were determined
between two sets of RNA-Seq samples within each comparison
group using rMATS. As a result, a total of 400 DAS events were
identified after hypoxia including 166, 176 and 295 DASs in
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comparison group of T3 vs. TO, T6 vs. TO and T12 vs. TO, which
were derived from 153, 158 and 262 genes, respectively (Table 1).
Among the five types of AS events (ES, IR, A3SS, A5SS, and ME),
ES was the most abundant type, accounting for more than 80%
of the total DAS events (Table 1). To validate the reliability of the
bioinformatic analysis results for AS, four predicted DAS genes
with ES type (slc6al3, zmym?2, tnipl, msrb3) were selected, and
specific primers of the inclusion isoforms were designed and the
sizes were validated by RT-PCR. The results demonstrated that
the amplified product sizes were consistent with predicted target
fragments (Supplementary Figure 3).

The KEGG functional enrichment analysis result for the
DAS genes indicated the most significant pathway was
spliceosome (Figure 6A), which is directly related to the
occurrence of DAS events. Notably, 63 DAS genes were also
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Schematic diagram of key genes and pathways in response to hypoxia based on the expression profiles in gills of spotted sea bass. (A) The
genes involved in HIF-1 signal network system were significantly induced by hypoxia. (B) The genes involved in cell cycle progression were
significantly suppressed by hypoxia stress. Cell cycle is generally consisted of four different phases, including M, S, G1 and G2. DEGs in HIF-1
signal network system and cell cycle progression were labeled with red and green texts, respectively. The detailed information of these genes
involved in HIF-1 signaling pathway and cell cycle are given in Supplementary Tables 3, 4, respectively.
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determined as DEGs after hypoxia (Figure 6B and
Supplementary Table 7), suggesting that the hypoxia-response
expression of these genes might be regulated by the alternative
splicing mechanism.

Discussion

Fish are often challenged to survive in hypoxia environments
caused by various factors such as high temperature, low
atmospheric pressure and eutrophication in water (Abdel-
Tawwab et al, 2019; Sun et al, 2020). Although fishes are
capable to make quickly reactions to hypoxia to maintain

TABLE 1 Statistics of DAS events detected in gills after hypoxia.

normal physical activity, a lack of oxygen will have
detrimental effects on growth, reproduction and survival
(Wang et al., 2017). Therefore, to prevent yield loss, increasing
attention should be taken into account on DO levels and
elucidating the mechanisms of fish reaction under hypoxia.
Over the past decade, the profound changes in gene
expression profiles were generated based on transcriptomic
datasets, which have been widely employed in investigating the
molecular basis for hypoxia-responsive and -adaptive
mechanisms in a number of fish species. Fish gills play
dominant roles in aquatic gas exchange and are responsible
for making behavioral, morphological and physiological
adaptions to hypoxia conditions (Wu et al., 2017; Abdel-

Alternative splicing types T3 vs. TO T6 vs. TO T12 vs. TO
Exon skipping 147 (61:86) 156 (58:98) 278 (72:206)
Mutually exclusive exons 15 (8:7) 17 (8:9) 12 (4:8)
Alternative 3’ splice site 2 (1:1) 2 (1:1) 4(2:2)
Alternative 5’ splice site 1(0:1) 0 (0:0) 0 (0:0)
Intron retention 1 (1:0) 1 (1:0) 1 (1:0)
Total DAS events 166/153 176/158 295/262

/DAS gene
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An overview of differential alternative splicing (DAS) events in gills of spotted sea bass after hypoxia. (A) KEGG enrichment analysis of DAS genes.

(B) Venn diagram showing the overlap of DEGs and DAS genes.

Tawwab et al., 2019). Previous studies have characterized the
plastic hypoxia-induced changes in gill morphology and cellular
ultrastructure in several fish species (Sollid et al., 2003; Sollid and
Nilsson, 2006; Matey et al., 2008; Wu et al., 2017), but the
underlying molecular basis in gills was still lacking. In this study,
we performed the in-depth analysis of transcriptomic datasets of
spotted sea bass gills to better understand the molecular changes
affected by hypoxia and the underlying adaptive mechanisms. It
was noted that the number of DEGs were greatly increased with
the prolongation of hypoxia stress from 3 h to 12 h. It suggested
that a series of adaptive mechanisms may be gradually activated
to deal with hypoxia stress and maintain homeostasis in gills of
spotted sea bass.

The HIF signal network system is
induced in gills under hypoxia

Several proteins and signaling pathways have been reported
to function in hypoxia adaptation in fishes, and the changes of
their expressions can trigger a great number of biological
processes (Zhu et al, 2013). In our study, through function
enrichment annotation analysis by DEGs-based KEGG, or
GSEA analysis based on all the gene expression data under
hypoxia in spotted sea bass, the transcriptional inducible genes
and pathways in gills were significantly enriched in HIF signal
network (Figures 1D-F and 2). This evolutionarily conserved
signal network included HIF homologs and their targets, and
hypoxia adaptation signaling pathways such as PI3K-Akt,
MAPK, AMPK, VEGF and calcium signaling pathway, which
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have been extensively reported in vertebrate species (Xiao, 2015;
Xie et al., 2019).

HIF-a. is recognized as a key modulator for the regulation of
the hypoxia signaling pathway. Among the three isoforms of
HIF-o, (HIF-10, HIF-200 and HIF-3) that have been identified
in vertebrates, HIF-1o. and HIF-2o are widely studied and
considered particular critical for hypoxia response. They share
similar domain structures, heterodimerize with the stable HIF-
1B and bind to hypoxia responsive element (HRE), but their
regulations on the expression of genes may be different (Loboda
et al,, 2010). In mammals, HIF-1o is expressed ubiquitously in
all cells, whereas HIF-20. are selectively expressed in certain
tissues (Majmundar et al., 2010). For the central adaptation to
hypoxia that shift towards non-oxidative forms of carbon
metabolism and ATP production, both HIF-1o and HIF-20
play essential functions in modulating cellular metabolisms and
controlling redox homeostasis, but through distinct
transcriptional programs (Majmundar et al., 2010). For
example, glucose consumption and glycolysis were reported to
be promoted primarily by HIF-1o., while fatty acid storage was
promoted by HIF-2o. (Loboda et al., 2010; Majmundar et al.,
2010). In our results, both HIF-1ot and HIF-20, were identified to
be expressed in gills of spotted sea bass, and their mRNA
expressions were regulated by hypoxia (Supplementary
Table 5). In addition, several KEGG pathways related to
carbohydrate and lipid metabolism processes were significantly
induced by hypoxia exposure (Figures 1D-F). The related up-
regulated DEGs potentially to be targeted by HIF-o included
genes encoding pdkl that represses the flux of pyruvate into
acetyl-CoA and suppresses O, consumption (Simon, 2006), ednl
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used for vasomotor control (Koltsova et al.,, 2014), slc2al that
facilitate cellular glucose uptake, cox2b that promotes
angiogenesis, hkl, hk3, Idha, pfkp, gapdh, and enol as
metabolic enzymes that reduce oxygen consumption and
promote anaerobic glycolysis (Rye and LaMarr, 2015)
(Figure 5A and Supplementary Table 5). However, the specific
targets regulated by HIF-1o and HIF-2o in fish gills couldn’t be
distinguished based on expression patterns, which need to be
further investigated. In addition, we performed GSEA analysis as
it could provide valuable information based on expression levels
of all the genes in an experiment instead of only considering
those DEGs (Subramanian et al., 2005). Our results also
indicated that hypoxia-treatment groups (T3, T6 and T12)
were most positively correlated with enriched gene sets, like
HIF-1-alpha transcription factor network, HIF-2-alpha
transcription factor network, Glycolysis and Gluconeogenesis
and Cori cycle (Figure 2).

As the master regulator of the transcriptional response to
hypoxia, HIF is not merely a transducer but an integrator of
multiple signaling pathways (Fabian et al., 2016). Numerous
signaling pathways have been reported to function in hypoxia
adaptation. VEGF has been demonstrated as the common target
gene shared by HIF-1ow and HIF-2a. (Loboda et al., 2010), and
the HIF-0//VEGF signaling pathway showed to play a crucial role
in angiogenesis which stimulates the proliferation of blood
vessels to increase oxygen supply (Zhu et al, 2013). In our
study, the mRNA expression levels of numerous genes involved
in signaling by VEGF was significantly induced by hypoxia, such
as vegfa, fms-related tyrosine kinase 1 (flt]), kinase insert domain
receptor (kdr), angiopoietin-like 4 (angpt) and cox2b (Figure 5A
and Supplementary Table 5). Although not detected by KEGG
enrichment analysis based on DEGs, we noted that the gene sets
of VEGF and angiogenesis were positively correlated with
hypoxia treatment groups (T3 and T12) by GSEA analysis
(Supplementary Table 3). In addition, PI3K/Akt, MAPK and
AMPK pathways have been reported to play important roles in
hypoxia response in both higher vertebrates and fish species
(Zhu et al., 2013). The PI3K/AKkt signaling pathway is activated
by IGF1, which increase synthesis and transcriptional activity of
HIF-1o by preventing its ubiquitination and degradation (Yang
et al,, 2018). The MAPK signaling pathway is essential for
controlling the production of reactive oxygen species (ROS)
and oxygen homeostasis (Seifried et al., 2007), and has been
proved to be implicated in regulating the activity of HIF
(Bracken et al., 2003). For AMPK signaling pathway, hypoxia
can lead to the activation of AMPK, which initiates various
adaptive responses to decreased ATP levels or reduced oxygen
levels (Zhu et al., 2013). Moreover, in brain of mammals, PI3K
and MAPK pathways have been reported to be involved in
stimulating HIF in angiogenesis and could be activated by the
insulin signaling pathway, which suggested that PI3K and
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MAPK pathways might act as cross-talk between the insulin
signaling pathway and the angiogenesis pathway (Zeng et al.,
2016). Correspondingly, in our study, we found that insulin,
PI3K/AKt, MAPK and AMPK signaling pathways were all
enriched based on the expression patterns of genes in cluster
2, which showed a general upward trend towards hypoxia
(Figure 3) The identified DEGs involved in these pathways
included insulin receptor (insr), hkl in the insulin signaling
pathway, platelet-derived growth factor receptor beta-like
(pdgfrb), CREB binding protein (creb), growth hormone
receptor 2 (ghr) in the PI3K/AKt signaling pathway,
transcription factor jun-D (jund), igfl in the MAPK signaling
pathway and ATP-dependent 6-phosphofructokinase, platelet
type (pfkp), cyclin, C-terminal domain (cycd) in the AMPK
signaling pathway (Supplementary Table 5). This result
indicated the potential critical involvement and conservative
functions of these genes and signaling pathways in gills of
spotted sea bass after hypoxia stress, and future studies are
required to elucidate how the hypoxia signaling cascade can
integrate information from many other signaling pathways.

Furthermore, we performed PPI analysis and identified hub
genes in cluster 2, which showed continuously induced
expression patterns by hypoxia in our study. Notably, the
identified hub genes in cluster 2 (vegfa, igfl, ednl, cox2b,
cxcrdb, slc2al) were all related to HIF signal network system
and supposed to be targeted by HIF-a (Figure 4 and
Supplementary Table 4). The significant module identified by
MCODE included five hub genes (vegfa, igfl, ednl, cox2b and
slc2al), and their potential roles in response to hypoxia have
been mentioned above. In addition, hypoxia enhances cxcr4
expression by activating HIF-1a. in several types of tumor cells
(Korbecki et al., 2021). Moreover, there are extensive
interactions among those hub genes (Figure 4). For example,
cox2 was reported to play a critical role in VEGF induction and
stimulation of angiogenesis (Kaidi et al., 2006), meanwhile
VEGF was proved to be one of the principal factors produced
by hypoxia myocytes that is responsible for the induction of
endothelial cell cox2 expression (Wu et al., 2003). Overall, in line
with expectations, the HIF signal network system plays the most
important roles in response to hypoxia in gills of spotted sea
bass, and the functions of HIF target genes and related pathways
may highly conserved from teleost to mammals.

The cell cycle progression is inhibited in
gills under hypoxia

In mammals, it have been demonstrated that hypoxia served
as a stimulus for cell cycle arrest, which might be mediated
through the non-transcriptional role as an inhibitor of MCM
helicase activity of HIF-1o. (Hubbi et al., 2013). MCM helicase is
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composed of six protein subunits termed MCM2-7 and is a
principal component of the prereplicative complex, which
assemble at origins of replication during G1 before the onset
of DNA replication. Under hypoxia, the HIF-1o. protein may
bind to the MCM proteins, maintaining the complex in a loaded
but inactive state (Hubbi and Semenza, 2015). Moreover,
evidence showed that MCM mRNA expression was inhibited
in a HIF-1lo-dependent manner (Semenza, 2011). Conversely,
individual MCM subunit such as MCM2, MCM3, MCM5 or
MCM7 can inhibit the activity of HIF-1a, which functions as
negative regulators of HIF activity (Hubbi et al., 2011). Thus HIF
and MCM proteins act in a mutually antagonistic manner,
however, the ability of HIF-1o to inhibit cell cycle progression
under severe hypoxia may be dominant over the ability of
MCMs to promote cell cycle progression by inhibiting HIF-1o
(Semenza, 2011).

Although the relationship of hypoxia and cell cycle arrest has
not revealed in teleosts, in our study, it can be obviously observed
that numerous cell cycle related genes and pathways were
significantly suppressed in gills of spotted sea bass under
hypoxia (Figures 1D-F and 2). Consistent with the findings in
mammals, genes encoding MCM proteins (mcm2-6 and mcm10)
were dramatically down-regulated in the hypoxia treatment
groups than that in the control group (Supplementary Table 6).
Besides MCM helicase, several other types of DEGs which are
functioning for DNA replication at the S phase showed down-
regulation, such as genes encoding: 1) the different catalytic
subunits of DNA polymerase complex (polal, DNA polymerase
delta 3 subunit 3 (pold3), pole, DNA polymerase epsilon 4 subunit
(pole4)); 2) the replication factor C (replication factor C subunit 3
(rfc3) and replication factor C subunit 4 (rfc4)) which act as an
activator of DNA polymerases; 3) the replication protein A
complex (rpal) that binds to single-stranded DNA; 4) the
subunits of the origin recognition complex (origin recognition
complex subunit 1-2, 4-5 (orcl-2, orc4-5)) that form a core
complex and bind specifically to origins of replication; 5) the
subunit of DNA primase (DNA primase large subunit 2 (prim2))
which forms a heterodimer to function as RNA polymerase to
synthesize small RNA primers that are used to create Okazaki
fragments on the lagging strand of the DNA. In addition, the
expression levels of genes function in other cell cycle stages,
including G1 phase and G1/S transition (ccne2, rbl2, anapc4-5),
cell cycle checkpoints (cell division cycle associated 8 (cdca8),
chekl, protein DBF4 homolog A (dbf4), weel-like protein kinase
(weel), DNA excision repair protein ERCC-6-like (ercc6l)), and
chromosome maintenance (centromere protein H (cenph),
centromere protein K (cenpk), telomeric repeat-binding factor 1
(terfl)) exhibited remarkably downregulation under hypoxia
(Figure 5B and Supplementary Table 6). Overall, a large
numbers of cell cycle related genes were suppressed significantly
by hypoxia in our study, indicating hypoxia may mediate severely
inhibition of cell cycle progression in fish gills.
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AS mechanism plays regulatory roles in
gills under hypoxia

AS plays critical roles at the post-transcriptional level of gene
regulation by producing structurally and functionally distinct
mRNA and protein variants (Blencowe, 2006). In recent years,
accumulating studies have showed that AS in teleost species
served as the tightly regulated processes to cope with
environmental stresses. For example, through transcriptome
analysis, AS has been demonstrated as important regulator in
channel catfish and rainbow trout in response to heat stress (Tan
etal., 2019; Sun et al,, 2021a), in common carp (Cyprinus carpio)
and Atlantic killifish during cold acclimation (Healy and Schulte,
2019; Long et al., 2020), in spotted sea bass during salinity
adaptation (Tian et al, 2020b), as well as in Nile tilapia after
hypoxia stress (Li et al., 2017; Xia et al., 2017). In our study, for
the first time, the hypoxia stress induced AS changes in gills of
spotted sea bass has been investigated by transcriptome analysis.
We found that among the typical patterns of AS (ES, IR, A3SS,
AS5SS, and ME), ES was the most abundant type, accounting for
more than 80% of the total DAS events in gills under hypoxia
(Table 1). Moreover, in our previous study, ES was proved to be
the most enriched type of AS event in spotted sea bass based on
the RNA-Seq data generated by pooling tissues (Tian et al,
2020b). The similar result was also reported in rainbow trout,
catfish and common carp (Tan et al., 2018; Long et al., 2020; Ali
et al,, 2021). It has been demonstrated that animals have higher
rates of ES than other eukaryotes (Patthy, 2019). Besides, ES is
reported to be the most common AS event leading to a variety of
human diseases, due to the loss of functional domains/sites or
shifting of the open reading frame (ORF) (Kim et al., 2020).
Since the correct processing for the production of a mature
mRNA requires specialized interaction with the splicing
machinery, we hypothesized that hypoxia stress may induce
alteration of the communication between the transcriptional and
splicing machinery, which may result in widespread ES and play
important role in response to hypoxia (Dutertre et al., 2010).

Notably, KEGG functional analyses revealed that the genes
undergoing hypoxia-induced DAS in gills of spotted sea bass
were mainly involved in spliceosome (Figure 6). In consistence
with our findings, DAS involved in spliceosome were
significantly enriched in the brain of common carp during
cold adaption (Long et al, 2020), in both gill and liver of
spotted sea bass during salinity acclimation (Tian et al,
2020b), and in the liver of catfish after heat stress (Tan et al.,
2019). Spliceosome is known as a large and ribonucleoprotein
complex, which are differently assembled at distinct introns and
accomplishes the feat of intron removal from the messenger
RNA precursors (pre-mRNA) of eukaryotic cells (Jenkins and
Kielkopf, 2017; Yan et al, 2019). It suggested that some
important elements in spliceosome, RNA splicing regulators,
underwent different splicing events between normoxia and
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hypoxia, which may alter their function in pre-mRNA splicing
and affect the splicing decisions of numerous downstream target
genes to deal with hypoxia stress and maintain homeostasis in
gills of spotted sea bass. The results were largely consistent with
the previous observation that splicing factors themselves often
undergo auto- or cross-regulation by AS in response to
environmental and developmental cues (Staiger and Brown,
2013; Tian et al, 2022). However, the underlying mechanism
need to be investigated further in the future.

Conclusions

In the current study, the in-depth analysis of transcriptomic
datasets of spotted sea bass gills have been performed to study
the molecular changes including the gene expression patterns
and AS profiles affected by hypoxia, which provided further
insights into the underlying adaptive mechanisms. As results, a
total of 1,242, 1,487 and 1,762 DEGs were identified through the
comparisons of T3 vs. T0, T6 vs. T0O and T12 vs. TO, respectively.
KEGG enrichment analysis based on these DEGs and GSEA
analysis performed with the whole gene expression datasets
indicated that HIF signal network system was significantly
activated and cell cycle related genes and pathways were
suppressed in response to hypoxia in gills of spotted sea bass.
Six clusters were generated based on dynamic gene expression
patterns, and PPI networks were constructed and hub genes
were recognized for the cluster 2 and cluster 5, which enriched
mostly with hypoxia-responsive genes and pathways. Vegfa, igfl,
ednl, cox2b, cxcrdb, ctnnbl, and slc2ala were identified as hubs
for hypoxia-induced genes (cluster 2), and mcm2, chekl, pole,
mcmb5, polal, rfc4 were considered as hubs for down-regulated
genes (cluster 5). Besides, a total of 153, 158 and 262 DAS genes
were identified in comparison group of T3 vs. T0, T6 vs. TO and
T12 vs. TO, which were mainly enriched in spliceosome. Of
them, 63 DAS genes also showed differentially expressed levels
after hypoxia, suggesting that the expression changes of these
genes might be regulated by the AS mechanism. Our results will
lay the valuable basis for elucidated the molecular mechanisms
that contribute to short-term hypoxia acclimation in spotted sea
bass and other fish species.
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and lipid remodeling in a
high-altitude fish species,
Triplophysa bleekeri
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and Zhijian Wang™
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The effect of thermal changes on the physiology and behavior of fish is a major
research focus in the face of ongoing global warming. There is little information
about the effects of temperature increase on fish in the wild. However, the
consequences of temperature increase on fish in controlled laboratory
conditions can provide insights into what can be expected in the wild.
Triplophysa bleekeri, a high-plateau fish, exhibits high sensitivity to high
temperatures, suggesting it to be a good model to investigate the impact of
temperature increase on fish. In this study, we analyzed the effect of gradual
temperature increase on transcriptional and metabolic levels of T. bleekeri
subjected to a gradual temperature change of 0.5°C/day until temperatures of
10°C, 13°C, 16°C, and 19°C were reached. Transcriptomics results of the liver,
gut, spleen, and trunk kidney showed that metabolic pathways are widely
involved in the response to increased temperatures in T. bleekeri. Lipidomics
results further indicated that the lipid composition was altered by increased
temperatures, and three lipids (PC 14:0e/22:1, PC 18:0e/22:5, and TAG 14:3-
21:2-21:2) were identified as potential biomarkers of heat stress in T. bleekeri.
Moreover, a decline in unsaturated fatty acid levels was observed in T. bleekeri
under high temperatures. These results suggest that high temperatures modify
the metabolomic pathways. Overall, our results help improve the
understanding of physiological responses in fish to increased temperatures,
and provide valuable information predicting the consequences of global
warming on fish.

KEYWORDS

temperature change, heat stress response, lipid metabolism, metabolic reprogramming,
high-plateau fish
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Introduction

Temperature acts as an important abiotic factor that
constrains the geographical distribution and controls the
physiological and behavioral parameters of fish (Nilsson et al.,
2009; Dadras et al., 2017; Forgati et al., 2017). Fish have evolved
the ability to adapt to a certain range of temperature variations
in nature, such as seasonal variations and diurnal fluctuations
(Crozier and Hutchings, 2014). However, the magnitude of
temperature change approaching or beyond the thermal
tolerance range of fish can lead to severe sublethal
disturbances and mortality (Donaldson et al., 2008). In the
context of ongoing global warming, threats for over one-third
freshwater fish species have increased considerably (Barbarossa
etal, 2021). Fish populations, biodiversity, and distribution have
been altered by rising temperature coupled with increased
extreme climate events around the world, and some fish
species even face local extinction (Free et al, 2019; Punzon
et al,, 2016). Hence, there is a need to better understand the
impact of temperature increase on fish physiology for predicting
the consequences of global warming on fish.

The capacity of fish to cope with temperature changes is
closely related to the degree of phenotypic plasticity (Norin et al.,
2016; Keen et al., 2017). Phenotypic plasticity is defined as the
ability of a genotype to produce different phenotypes in response
to different environmental conditions (Pigliucci et al.,, 2006).
When fishes face a challenge caused by temperature changes,
they attempt to alter their physiological and behavioral traits
through producing a cascade of plastic responses (e.g.,
neuroendocrine, metabolic, cellular, and immunological
responses), a process termed acclimation, to resist sublethal
and lethal effects (Donaldson et al., 2008; Alfonso et al., 2021).
Increasing evidence shows that transcriptional variabilities are
key contributors to phenotypic plasticity, allowing organisms to
adapt to a changing environment (Smith et al., 2013; Wellband
and Heath, 2017; Ecker et al., 2018; Li et al., 2021).
Understanding the transcriptional variability of fish to altered
temperature is critical for assessing the heat/cold acclimation
ability in the face of climate change. Coincident with the
advancement of sequencing, RNA-seq offers opportunities to
explore transcriptional responses as well as molecular
mechanisms underlying responses (Oomen and Hutchings,
2017). The transcriptional plasticity to temperature decrease
has been described in multiple teleosts using RNA-seq (Long
et al,, 2012; Zhou et al., 2019; Liu et al., 2020; Long et al., 2020).
However, there is little information to explain the transcriptional
responses to temperature increase in fishes (Alfonso et al., 2021).
Both acute and chronic exposures to high temperature are
regarded as a stress by fish, inducing transcriptional changes
in processes including stress response, signal transduction,
metabolism, and immune response (Smith et al., 2013; Guo
etal., 2016; Huang et al., 2018; Chen et al., 2021). With respect to
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long-term heat stress, the number of differentially expressed
genes (DEGs) involved in stress and immune response decreased
comparing to that of short-term challenge studies (Narum and
Campbell, 2015; Li et al, 2017), which suggests that fishes
acclimate to temperature increase after chronic heat stress.

Stenothermal high-plateau fishes are expected to be
vulnerable to global warming. However, the mechanism
underlying the response of high-plateau fish to temperature
increase is still largely unknown. Triplophysa bleekeri, an
endemic fish inhabiting the peripheral areas of Qinghai-
Tibetan Plateau, is widely distributed at elevations of 200-
3,000 m (Wang, 2013). The optimal temperature range of T.
bleekeri is 14-15°C, and this fish can spawn even in December
(approximately 10°C) (Wang et al., 2013). However, T. bleekeri
dies as a result of long-term exposure to temperatures exceeding
21°C. This means that T. bleekeri is very sensitive to high
temperatures. Therefore, T. bleekeri is an ideal model for
studying the impact on fish due to temperature increase. To
gain a comprehensive understanding of transcriptional
responses to temperature increases, we detected the
transcriptional variations in multiple tissues (liver, gut, trunk
kidney, and spleen) under four temperature conditions (10°C,
13°C, 16°C, and 19°C). This approach differs from those in
previously reported studies on transcriptional responses to
temperature changes in fish in that previous studies used a
single or two tissues for RNA-seq. The transcriptional change of
genes involved energy metabolism is a critical part of the
plasticity response to temperature increases (Veilleux et al,
2015; Jeffries et al., 2016). Hence, we hypothesized that the
transcriptional levels of metabolism pathways are affected by
temperature increases in T. bleekeri, resulting in changes in
metabolites. Liver tissue is a lynchpin in metabolic
reprogramming in response to temperature changes (Barat
et al, 2016; Lyu et al,, 2018; Paul et al, 2021). In this study,
we characterized the lipid metabolite changes in the liver of T.
bleekeri at high temperatures using a hybrid quadrupole time-of-
flight mass spectrometry (UHPLC-QTOF-MS) and gas
chromatography-mass spectrometry (GC-MS) analysis. To the
best of our knowledge, only a few studies have examined the
metabolic profile of fish at high temperatures. Our findings
reveal the transcriptional and metabolic response of T. bleekeri
exposed to high temperatures, and provide valuable information
for understanding how fish biology will be affected by
global warming.

Materials and methods
Animals and sampling

Fish were caught from a tributary of the Yangtze River using
brails and were then transferred to the laboratory. Fish were
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maintained in indoor tanks (50 x 40 x 30 cm) with a water-
circulating system at 15°C under a 14L:10D lighting cycle. All fish
were fed tubificid worms twice daily. Fish were acclimated under
these conditions for 3 weeks before the formal experiment. After
acclimation, fish (weight 5.6 + 0.8 g, length 7.1 + 0.6 cm) were
randomly split into four groups, i.e., 10°C group (3 tanks, n = 9/
tank), 13°C group (3 tanks, n = 9/tank), 16°C group (3 tanks, n = 9/
tank), and 19°C group (3 tanks, n = 9/tank). The temperatures were
gradually declined/increased from 15°C to four temperature
conditions (10°C, 13°C, 16°C, and 19°C) at a rate of
approximately 0.5°C/day using a thermostat. Fish were
maintained at aforementioned temperature conditions for 2
weeks. Thereafter, fish were anesthetized by immersion in ice-
cold water and were immediately dissected to collect the liver, gut,
trunk kidney, and spleen samples. These tissues were quickly frozen
in liquid nitrogen for 1 h and then stored at —80°C.

All experimental protocols were approved by Southwest
University, and the study was carried out under the protocols
of the Institutional Animal Care and Use Committee of
Southwest University.

RNA sequencing

Total RNA was extracted from the liver, gut, trunk kidney,
and spleen using an Animal Total RNA Isolation Kit (Foregene,
China). The quality and quantity of RNA were detected as our
previous study (Yuan et al., 2020). Samples with a total RNA
concentration > 10 pg and RIN > 8 were used for sequencing.
The RNA sequence library was constructed using a paired-end
sample preparation kit (Illumina Inc., USA), and the library was
sequenced on an Illumina HiSeq 2000 sequencer.

RNA-seq data analysis

A quality control step was conducted on the raw sequencing
reads of each sample before bioinformatics analysis. The raw
reads were filtered, and then clean reads were aligned to the
reference genome of T. Bleekeri (Yuan et al., 2020) using HISAT
(Kim et al,, 2015). The differentially expressed genes (DEGs)
between the low-temperature and high-temperature groups were
analyzed using DESeq2 (Love et al., 2014). The DEGs of each
group were identified and compared with the other group in T.
Bleekeri. Genes with p-value < 0.01 and [log,FC| > 1 were
considered as DEGs. GO enrichment and KEGG pathway
analyses for DEGs were performed using Tbtools (Chen et al.,
2020). R packages ggplot and cytoscape were used for
visualization of the Go and KEGG enrichment results. The
Short Time-series Expression Miner (STEM) analysis based on
FPKM values was conducted to cluster, compare, and visualize
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gene expression data from the four temperature groups. Genes
which had similar expression patterns were clustered into a
profile (Ernst and Bar-Joseph, 2006).

Validation of RNA-Seq results using real-
time PCR

Total RNA was extracted from the tissue samples, viz., liver,
gut, trunk kidney, and spleen, as described above. The synthesis
of ¢cDNA was conducted as described in our previous study
(Yuan et al,, 2021). Real-time PCR (RT-PCR) was performed on
the LightCycle 96 (Roche, USA). Primers for the target genes
were designed based on the genomic and transcriptomic data of
T. bleekeri (Yuan et al., 2020) and are listed in Supplementary
Table A.1. B-actin was used as the reference gene, and the
relative gene expression was analyzed as described in our
previous study (Yuan et al,, 2021).

Lipid extraction for UHPLC-QTOF-MS
and GC-MS analysis

Lipid extraction was carried out on liver samples, and six
liver samples each were sampled from fish of 10°C, 13°C, 16°C,
and 19°C groups. Into an EP tube, 25 mg of each liver sample,
200 pL of water, and 480 UL of extracting solution (Vyirpg:
Vmeon = 5: 1) were added sequentially. This mixture was
homogenized (35 Hz, 4 min) and sonicated for 10 min. After
repeating this process three times, the mixture was incubated (1
h) at -40°C and centrifuged at 4°C (3,000 rpm, 15 min), and then
the supernatant (350 L) was dried at 37°C. The dried sample
was then reconstituted in 50% methanol in DCM (200 pL) by
sonication for 10 min. The mixture was centrifuged at 4°C
(13,000 rpm, 15min). Subsequently, the 75 pL of supernatant
was used for UHPLC-QTOF-MS analysis.

Similarly, each liver sample (50 mg) was extracted with 460 uL
of extracting solution (Visopropanol: Va-Hexane = 2: 3), and then mixed
with 40 uL of Octadecanoic-D35 acid (1 mg/L). The mixture was
placed in an ice-water bath for 5 min and then centrifuged at 4°C
(12,000 rpm, 15 min). The supernatant was transferred to a fresh
tube. Next, the extracting solution (500 pL) was added to the
mixture, which was then placed in an ice-water bath and
centrifuged for 15 min, as mentioned above. The supernatant was
collected and mixed with the previously obtained supernatant. The
resulting supernatant (400 uL) was then added to a fresh tube, dried
under nitrogen, and mixed with 200 UL of methanol and 100 uL of
(trimethylsilyl) diazomethane and maintained for 15 min. This
mixture was dried under nitrogen, reconstituted in 160 UL of n-
hexane, and then centrifuged at 4°C (12,000 rpm, 5 min). The
resulting supernatant was used for GC-MS analysis.
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UHPLC-QTOF-MS analysis of lipids

The lipid analysis was performed by an UHPLC System (AB
Sciex, USA), coupled with a high-resolution mass spectrometer
(Triple TOF 5600, AB Sciex). Lipid species were separated using
mobile phases A and B. The mobile phase A consisted of 40%
water, 60% ACN, and 10 mmol/L HCOONH,, and the mobile
phase B consisted of 10% ACN and 90% IPA. The mobile phase
was carried out as described previously (Zhang et al., 2021). The
injection volume was 1 UL for the positive ionization (POS)
model and negative ionization (NEG) model, respectively. MS/
MS spectra were acquired on an information-dependent
acquisition (IDA) model using the Triple TOF 5600 mass
spectrometer. In the IDA model, the full scan survey MS data
was continuously evaluated using analyst TF 1.7 (AB Sciex).

GC-MS analysis of free fatty acids

The free fatty acid (FFA) profiles in the liver samples were
analyzed using an Agilent 7890 B gas chromatography system
coupled with an Agilent 5977B mass spectrometer and
an Agilent DB-FastFAME capillary column (Agilent
Technologies, USA). Helium was used as the carrier gas (flow
rate: 3.0 mL/min). The temperature program conditions were as
follows: the initial temperature was maintained at 75°C for 1
min, raised to 200°C (rate: 50°C/min), and maintained at 200°C
for 15 min. The temperature was then increased to 210°C (rate:
2°C/min) for 1 min, finally increased to 230°C (rate: 10°C/min)
and maintained at 230°C for 16.5 min. The analytes were ionized
by electron impact (EI) at -70 eV. Subsequently, the mass
spectrometry data were obtained in Scan/SIM mode with
continuous scanning ions from m/z 33 to 400.

Lipid data processing

The format of raw data files (.wiff format) was converted to
special format (mzXML) (Holman et al., 2014). Then, the XCMS
software (parameters: minfrac=0.5; cutoff=0.3) was used to
generate the peak information of MSI, including the retention
time (RT), peak area, and m/z values (Tautenhahn et al., 2012).
Lipids were identified using the LipidBlast library based on RT
and m/z values in the MS/MS spectra (Kind et al., 2013). The
principal component analysis (PCA) and orthogonal projections
to latent structures discriminant analysis (OPLS-DA) were
performed as previous study (Wen et al, 2018), and the VIP
was obtained using OPLS-DA. The SPSS 23 was used to analyze
data using Student’s t-test. The lipids with p-values < 0.05, and
VIP > 1 were considered significantly different. The GraphPad
Prism 9 software was used for visualization of lipids. The
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differential lipids were normalized by Z-score following
the equation:
Z = (x-n)/c

in which, z is the value of Z-score, x is a value of data, |1 is a mean
of data, and ¢ is a number of standard deviation of data. The
normalized differential lipids were analyzed by K-means
clustering using fpc and cluster package in R to illustrate
pattern in lipids with the increasing temperature.

Results

RNA-seq analysis reveals metabolic
reprogramming under high temperatures

To comprehensively investigate the transcriptional response
to temperature variations, 48 samples from the liver, gut, spleen,
and trunk kidney at 10°C, 13°C, 16°C, and 19°C were used for
library construction and sequenced. In total, 2,176 Mb of raw
reads were obtained. All raw reads were deposited in the NCBI
SRA database. After filtering the raw reads, approximately 2,133
Mb clean reads were obtained from each library. The average
Q20 and Q30 of the clean reads were 98.14% and 94.24%,
respectively. Approximately 92.47% of the clean reads from
each library were mapped to the reference genome of T.
bleekeri (Supplementary Table A.2).

A total of 1,150, 1,709, 1,243, and 510 DEGs were identified
in the gut, spleen, trunk kidney, and liver among the four
temperature groups (10°C, 13°C, 16°C, and 19°C) through
pairwise transcriptome comparison. The largest number of
DEGs was observed in the aforementioned tissues between 19°
C group and 10°C group (Supplementary Table A.3). The
functional enrichment analysis on the KEGG and GO
parameters for DEGs was conducted to elucidate molecular
pathways involved in transcriptional response to temperature
variations. DEGs (19°C group vs. 10°C group) were mainly
enriched in categories related to energy metabolism, such as
lipid metabolic process, lipid biosynthetic process, steroid
metabolic process, fatty acid metabolic process, cellular
carbohydrate metabolic process, and glucose metabolic process
(Figure 1; Supplementary Table A.4). Besides, DEGs were also
significantly enriched in signal transduction, immune response,
stress response (Supplementary Table A.4). Carnitine
palmitoyltransferase 1A (CPT1A) was shared as a DEG by all
four tissues, and was upregulated in the 19°C group
(Supplementary Figure A.1; Supplementary Table A.4).

To validate the RNA-seq results, DEGs in the liver, gut,
spleen, and trunk kidney of four groups were randomly selected
and analyzed by RT-PCR. The expression patterns of DEGs
detected using RT-PCR were highly consistent with RNA-seq
data (Supplementary Figure A.2).
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Clustering analysis reveals dynamic
expression profiles of genes with
increasing temperature

A clustering analysis (STEM) was conducted to investigate
the dynamic expression patterns of genes with increasing
temperature. A total of 10, 9, 9, and 8 significant expression
profiles (P < 0.01) were identified in the gut, spleen, trunk
kidney, and liver, respectively (Supplementary Figure A.3). The
clustered profile 25 and 0 reflect responsive genes that
consistently increase or decrease along with increasing
temperature, respectively. The biological functions of genes in
profile 25 and 0 (P < 0.01) were further analyzed through GO
and KEGG assignments. Genes in profile 25 mainly enriched in
arachidonic acid metabolism, Hedgehog signaling pathway,
Fanconi anemia pathway, DNA repair and recombination
pathway, mTOR signaling pathway, thyroid hormone signaling
pathway, insulin signaling pathway, metabolic process,
and response to stimulus (Figure 2). The majority of
genes in profile 0 were involved in ribosome biogenesis,
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glycosylphosphatidylinositol (GPI)-anchored proteins,
adipocytokine signaling pathway, glucagon signaling pathway,
signal transduction, and cellular response to stimulus (Figure 2).

Untargeted lipidomics shows
lipid remodeling along with
increasing temperature

Twenty-four liver samples from the 10°C, 13°C, 16°C, and 19°C
groups were processed for UHPLC-QTOF-MS analysis in the POS
and NEG modes. PCA and OPLS-DA analysis indicated that
aforementioned groups achieved good separation of lipid extracts
(Figure 3; Supplementary Figure A.4). Finally, 2,560 lipids were
identified based on existing databases. These detected lipids were
further analyzed to identify differential lipids. In total, 265
differential lipids were identified among the four temperature
groups. These differential lipids were predominantly attributable
to phosphatidylcholine (PC, 12.08%), triacylglycerol (TAG,
10.57%), and phosphatidylethanolamine (PE, 7.55%) (Figure 3).
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The largest number of differential lipids was observed in the 19°C Targeted lipidomics reveals decreased

group vs. 13°C group (142), followed by the 19°C group vs. 10°C concentration of unsaturated fatty acids

group (105) (Supplementary Table A.5). The differential lipids with under high temperature

high fold change in 19°C group vs. 13°C group, and 19°C group vs.

10°C group are showed in the Figure 3. The targeted lipidomics was conducted using a GC-MS
platform to evaluate the effect of high temperature on free fatty
acids (FFAs). 49 FFAs were detected, and 14 FFAs were significantly

Clustering analysis reveals potential altered in 19°C group compared to that of 10°C group (Figure 5).

markers of heat stress Among these 14 FFAs, only heneicosanoic acid was significantly

elevated in the 19°C group. Unsaturated fatty acids, such as 9-elaidic

To investigate the dynamic change of differential lipids with acid, 9-palmitelaidic acid, 10-pentadecenoic acid, 11-octadecenoic

increasing temperature, the K-means analysis was conducted. The acid, 11-eicosenoic acid, 6,9,12-linolenic acid, 7,10,13,16-

total of nine clusters was obtained (Figure 4), and the list of docosatetraenoic acid, and 4,7,10,13,16-docosapentaenoic acid,
differential lipids from each cluster is shown in Supplementary were significantly decreased in the 19°C group.

Table A.6. The clusters 1 and 9 contain consistently decreasing and
increasing lipids with increasing temperature, respectively. PC
14:0¢/22:1, PC 18:0e/22:5, and TAG 14:3-21:2-21:2, which belong Discussion
cluster 9, have a high content under temperature 19°, suggesting

that these three lipids can be used as potential biomarkers of heat In this study, we used two postgenomic approaches,
stress in T. bleekeri (Figure 4; Supplementary Table A.6). transcriptomics and lipidomics, to reveal the transcriptional and
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lipid alterations in T. bleekeri with increasing temperature. RNA-seq
analysis reveals that metabolic pathways are widely involved in the
response to temperature changes. In T. bleekeri, DEGs (19°C vs. 10°
C) were significantly enriched in the lipid metabolic process, lipid
biosynthetic process, steroid metabolic process, and fatty acid
metabolic process. This observation is similar to the results
observed in other fish. The expressions of genes involved in lipid
metabolism category were significantly changed in response to
elevated temperature in Sparus aurata (Balbuena-Pecino et al,
2019), and Scophthalmus maximus (Zhao et al, 2021). In
Acanthochromis polyacanthus, a tropical damselfish, lipid
metabolism genes were among the most upregulated
transgenerationally at elevated temperatures (Veilleux et al,
2015). These results suggest that lipid metabolism has a critical
role in heat resistance in fish, which is a conservation mechanism
for responding to high temperatures.

To explore the role of lipid metabolism in temperature
acclimation of T. bleekeri, mass spectrometry-based lipidomics
was used in this study. As the liver is a central player in lipid
metabolism, the differences in lipid profiles of the liver among
10°C, 13°C, 16°C, and 19°C groups were investigated. Significant
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lipid remodeling was observed in T. bleekeri with increasing
temperature. The contents of PC, TAG, and PE account for
the majority of differential lipids. PC and PE, which act as
structural lipids, are an essential component of the cellular
membrane (Coskun and Simons, 2011). In fish, the
phospholipid composition of the cell membrane was altered
by temperature (Farkas et al, 2001; Grim et al, 2010). In
rainbow trout (Oncorhynchus mykiss), the levels of PC and
lysophosphatidylcholine (LysoPC) in the liver were reduced
after exposure to high temperatures (Li et al., 2022). Here,
most of the glycerophospholipids containing polyunsaturated
fatty acids (PUFAs), such as PC 18:5-22:6 and PE 22:4e-20:5,
were downregulated in the 19°C group (Supplementary Table
A.5.). It suggests that these PUFAs play an imporatnt role in
lipid remodeling in T. bleekeri under high temperatures, since
the proportion of saturated and unsaturated acyl chains in
membrane lipids is closely related to membrane viscosity and
fluidity (Ernst et al., 2016). Fatty acids are also an important
component of membrane phospholipids as well as a major
energy source that play crucial physiological roles in various
tissues (Wakil and Abu-Elheiga, 2009). The previous studies
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Dynamic change of differential lipids with increasing temperature.

showed that fatty acids are involved in metabolic response to
temperature changes. In Antarctic notothenioid fish, high
temperature (6°C) induced the saturated fatty acids, and
reduced the unsaturated fatty acids (Malekar et al, 2018).
Conversely, the content of unsaturated fatty acids increased to
maintain membrane fluidity in fish at low temperatures (Grim
et al, 2010; He et al,, 2015). In this study, PUFAs, such as
linolenic acid (C18:3, n-6), docosatetraenoic acid (C22:4, n-6),
and docosapentaenoic acid (C22:5, n-3), were significantly
decreased in the 19°C group. To sum up, altered lipid
saturation in response to temperature change is a major
thermal acclimation mechanism. Except above-mentioned n-3/
n-6 PUFAs, palmitic acid (C16:0), palmitoleic acid (C16:1), and
octadecenoic acid (C18:1) significantly decreased in the 19°C
group. Accumulation of fatty acyls containing either n-3 or n-6
indicates the reduced utility of these fatty acids through
oxidation, whereas an increase in 16:0, 16:1, 18:0, and 18:1
fatty acids indicates their increased de novo biosynthesis under
physiological conditions (Han, 2016). Hence, we speculated that
high temperatures decrease lipid biosynthesis but enhance fatty
acid oxidation in T. bleekeri. RNA-seq results also support the
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hypothesis that the genes involved in the biosynthesis of
phospholipids and TAG, such as phosphatidate phosphatase-1
(lipin-1) (Bou Khalil et al., 2009), were downregulated in the 19°
C group (Supplementary Table A.3). Conversely, phospholipase
Bl (PLBI), which is involved in the degradation of
phospholipids (Wright et al., 2007), was upregulated in the 19°
C group (Supplementary Table A.4). Besides, the expression of
CPTIA in the liver, gut, spleen, and trunk kidney was
upregulated at 19°C (Supplementary Table A.4). CPTI1A, a
major rate-limiting enzyme, participates in the fatty acid B-
oxidation process and plays an essential role in maintaining
energy homeostasis (Schlaepfer and Joshi, 2020). The similar
results also observed in Salmo salar that increasing temperature
significantly reduced levels of genes (fas, cpla2, and elovi2)
related to fatty acid biosynthesis, and increased levels of
CPTIA and pparo involved in fatty acid B-oxidation
(Norambuena et al., 2015). Hence, lipid biosynthesis were
suppressed, whereas fatty acid B-oxidation was enhanced in
fish at high temperature.

High temperatures affect lipid metabolism and influence
carbohydrate metabolism. A previous study showed that the
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concentrations of glycogen in Notothenia coriiceps rapidly temperature reduced glycolysis in the heart of Notothenia
increased, followed by a decline, in response to varying rossii, while the opposite result was observed in the muscle
glucose-6-phosphatase (G6Pase) levels after exposure to high (Souza et al., 2018). In Scophthalmus maximus, high
temperatures (Forgati et al, 2017). The acute increase in temperatures increased expression levels of G6Pase, a key
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Absolute concentration of free fatty acids in the liver between the 10°C and 19°C groups. *p < 0.05, **p < 0.01, ***p < 0.001.
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enzyme of gluconeogenesis, suggesting that gluconeogenesis was
activated to cope with thermal stress (Yang et al., 2020). In this
study, our results showed that DEGs were significantly enriched
in the glycogen, glucose, hexose, oligosaccharide, and
monosaccharide metabolic process. Further, the expression
level of glucose-6-phosphate dehydrogenase (G6PD), which
catalyzes the first step in the pentose phosphate pathway, was
significantly increased, whereas the expression level of 6-
phosphofructokinase (Pfk), a critical rate-limiting enzyme in
the process of glycolysis, was significantly decreased in the
19°C group. We speculated that high temperatures decrease
glycolysis, but enhance the pentose phosphate pathway in
T. bleekeri.

Apart from energy metabolism, many key physiological
processes, such as immune, stress resistance, and DNA repair
systems are strongly affected by high temperatures. In
Oreochromis mossambicus, the immune parameters such as
leucocyte count, phagocytic activity, and phagocytic index
decreased when fish was transferred to high temperatures,
suggesting that high temperatures reduced the immune
capability of fish (Ndong et al., 2007). In Salmo salar,
temperature increase negatively affected complement
bacteriolytic activity (Jokinen et al., 2011). In T. Bleekeri,
DEGs were significantly enriched in the Hippo signal pathway,
NOD-like receptors signal pathway, and RIG-I-like receptor
signaling pathway (Supplementary Table A.4). All these
pathways play an indispensable role in the innate immune
system (Fritz et al., 2006; Zeng et al., 2010; Zhang et al., 2018).
Further, genes related to innate immune function, such as
interferon regulatory factor 3 (IRF3) and CXC chemokine
receptor 1 (CXCRI) were significantly downregulated in the
19°C group. Therefore, we speculated that the innate
immunity of T. Bleekeri was diminished by high temperatures.
Arachidonic acid (ARA) not only takes part in modulation of
lipid metabolism, but also act an esstensial role in stress
resistance (Xu et al, 2022). The STEM analysis showed the
expression of genes involved in arachidonic acid metabolism
significantly increased in T. bleekeri with increasing
temperature.The previous study showed that Solea senegalensis
prefers to select a diet rich in ARA with the seasonal temperature
changes (Norambuena et al.,, 2012). In Morone saxatilis, higher
dietary ARA improved the productive performance under sub-
optimal temperatures (Aratjo et al., 2021). These results suggest
ARA act roles in thermal stress resistance. High temperatures
induced the generation of reactive oxygen species (ROS) and
antioxidant proteins (Devireddy et al., 2021). In T. bleekeri, we
found that the expression level of glutathione peroxidase (GPX)
increased under high temperatures. GPX, a key enzymes in the
antioxidant system, protect organisms from oxidative stresses
(Srikanth et al., 2013). It suggests that T. bleekeri initiates the
expression of GPX to reduce the negative effects of oxidative
damage induced by high temperature. Furthermore, increased
DNA damage was observed in many species of fish exposed to
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high temperatures (Cheng et al., 2018; Castro et al., 2020). Here,
STEM analysis showed that the expression levels of genes
involved in Fanconi anemia pathway and DNA repair and
recombination pathway constantly increased along with
increasing temperature. These pathways all participate in DNA
repair (Kim and D’andrea, 2012), which suggests that T. bleekeri
may exhibit functional acclimation to increased temperatures.

Conclusion

In this study, transcriptomics and lipidomics approaches
were used to comprehensively study effects of high temperatures
on the transcriptional and metabolic levels of T. bleekeri. High
temperatures induced a series of transcriptional plasticity
responses in T. bleekeri, which resulted in altered levels of
lipid metabolites. The decreased unsaturated fatty acid levels
found in the lipidomics analysis were consistent with the
downregulated genes involved in the lipid biosynthesis
pathway found by RNA sequencing. Our results thus suggest
that lipid metabolism was altered by temperature increase.
Further, three lipids (PC 14:0e/22:1, PC 18:0e/22:5, and TAG
14:3-21:2-21:2) which showed rising content with increasing
temperature and consequently, high content under high
temperatures were identified as potential biomarkers of heat
stress in T. bleekeri. However, further studies should be explored
to identify whether these lipids can also be used as biomarkers of
heat stress in other fishes. Overall, our results help improve the
understanding of transcriptional and metabolic variations in fish
in response to high temperatures, and provide essential
information for forecasting potential impacts of global
warming on fish biology.
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Ocean acidification does
not overlook sex: Review
of understudied effects
and implications of low
pH on marine invertebrate
sexual reproduction
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Seattle, WA, United States, “Department of Biology, Woods Hole Oceanographic Institution, Woods Hole,
MA, United States, *Land and Food Systems, University of British Columbia, Vancouver, BC, Canada

Sexual reproduction is a fundamental process essential for species persistence,
evolution, and diversity. However, unprecedented oceanographic shifts due to
climate change can impact physiological processes, with important
implications for sexual reproduction. Identifying bottlenecks and vulnerable
stages in reproductive cycles will enable better prediction of the organism,
population, community, and global-level consequences of ocean change. This
article reviews how ocean acidification impacts sexual reproductive processes
in marine invertebrates and highlights current research gaps. We focus on five
economically and ecologically important taxonomic groups: cnidarians,
crustaceans, echinoderms, molluscs and ascidians. We discuss the spatial
and temporal variability of experimental designs, identify trends of
performance in acidified conditions in the context of early reproductive traits
(gametogenesis, fertilization, and reproductive resource allocation), and
provide a quantitative meta-analysis of the published literature to assess the
effects of low pH on fertilization rates across taxa. A total of 129 published
studies investigated the effects of ocean acidification on 122 species in selected
taxa. The impact of ocean acidification is dependent on taxa, the specific
reproductive process examined, and study location. Our meta-analysis reveals
that fertilization rate decreases as pH decreases, but effects are taxa-specific.
Echinoderm fertilization appears more sensitive than molluscs to pH changes,
and while data are limited, fertilization in cnidarians may be the most sensitive.
Studies with echinoderms and bivalve molluscs are prevalent, while
crustaceans and cephalopods are among the least studied species even
though they constitute some of the largest fisheries worldwide. This lack of
information has important implications for commercial aquaculture, wild
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fisheries, and conservation and restoration of wild populations. We
recommend that studies expose organisms to different ocean acidification
levels during the entire gametogenic cycle, and not only during the final stages
before gametes or larvae are released. We argue for increased focus on
fundamental reproductive processes and associated molecular mechanisms
that may be vulnerable to shifts in ocean chemistry. Our recommendations for
future research will allow for a better understanding of how reproduction in
invertebrates will be affected in the context of a rapidly changing environment.

KEYWORDS

sperm, egg, fertilization, gametogenesis, fecundity, brooding, spawning,

climate change

Introduction

Global climate change is impacting physical, biological, and
chemical processes in the marine environment (Hoegh-
Guldberg and Bruno, 2010; Howes et al., 2015; Shukla et al.,
2019). Absorption of excess carbon dioxide by seawater lowers
pH and reduces carbonate ion concentration and aragonite
saturation state (Doney et al., 2009). These alterations in water
chemistry are referred to as ocean acidification (OA) and can
impact marine organisms at multiple levels of biological
organization (Melzner et al, 2019). At the organismal level,
changing chemistry can influence physiological processes (e.g.,
calcification, internal pH control, respiration and nutrient
uptake), affecting performance and survival (Kroeker et al,
2010; Howes et al.,, 2015; Melzner et al., 2019). Although there
is extensive research on the effects of OA in marine
invertebrates, gaps in our understanding of how OA affects
sexual reproductive processes (Figure 1) constrain predictions
of species persistence, evolutionary adaptation, and biodiversity.
For example, acidification could result in decoupling of
biological and environmental cues, leading to reproductive
failure with significant consequences for population dynamics
in marine ecosystems (Shlesinger and Loya, 2019; Olischliger
and Wild, 2020) (Figure 2).

Reproduction is a complex process that relies on numerous
mechanisms (Figure 1, Box 1); using multiple parameters to
evaluate reproductive performance is fundamental to predict
how fitness may be impacted by future environmental
conditions. OA research has centered around processes during
early-life history stages (embryos, larvae, and juveniles), and
previous reviews have synthesized trends in organismal
responses to OA (Kurihara et al.,, 2008; Dupont et al., 2010;
Albright, 2011b; Ross et al., 2011; Byrne and Przeslawski, 2013;
Przeslawski et al., 2015; Ross et al., 2016; Foo and Byrne, 2017).
While larval or juvenile performance can be indicative of
successful reproduction, an appropriate chemical and physical
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environment for gamete development, spawning, mating
behavior, and fertilization success is also crucial.

In 2016, nearly 26 million tons of invertebrates were produced
for consumption via commercial aquaculture, comprising 32% of
global aquaculture and 77% of marine and coastal aquaculture
that year (FAO, 2018). Invertebrate aquaculture is increasingly
leveraged by restoration groups to enhance wild populations that
are struggling to recover naturally (Froehlich et al., 2017; Wasson
etal, 2020). Both commercial and restoration aquaculture depend
upon reliable sources of viable gametes or larvae, which are either
produced in controlled hatchery conditions or collected from the
wild (Helm et al,, 2004; Washington Sea Grant, 2015).
Aquaculture production could be hampered if acidification
decreases reproductive capacity (Figure 2). In contrast to
aquaculture, wild fisheries depend upon an organism’s ability to
reproduce in the natural environment; any impact of acidification
on reproduction will directly influence wild stock available for
fisheries. Threatened and endangered marine invertebrates
increasingly require human interventions to conserve and
restore populations (Elliott et al., 2007). Success of these
programs is contingent upon a population’s ability to persist
naturally and successfully reproduce once interventions cease.
Therefore, it is critical that aquaculture, fisheries, and conservation
groups identify whether reproductive processes will be impacted
by low pH, and how that will impact their focal species’
abundance and distribution (Figure 2).

In this review we synthesize the literature to date that has
explored how OA impacts reproductive processes of five
ecologically, economically, and culturally important marine
invertebrate taxa: cnidarians, crustaceans, echinoderms,
molluscs, and ascidians. These groups play important roles as
keystone species, ecological engineers, aquaculture and fishery
products, and model organisms in developmental biology. Our
synthesis identifies important gaps in knowledge of the
physiological mechanisms involved in reproduction in
response to OA in invertebrate taxa important to aquaculture,
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fisheries, and conservation efforts. In addition to fertilization and
brooding, we focus on pre-fertilization processes (Figure 1) that
are poorly understood both mechanistically and in the context of
climate change. Finally, we provide recommendations for future
research to better understand how invertebrate sexual
reproduction will be affected in the context of a rapidly
changing environment.

Methods

To identify empirical studies for this review, we searched the
literature databases ProQuest, Web of Science, Google Scholar,
and European Project on Ocean Acidification (EPOCA) for
articles published in English-language journals through the
end of 2021 that examined the effects of OA on reproduction
in our focal taxa (Table 1). Keywords included British and
American spelling for each taxonomic group. We used
Boolean search operators to specify or expand our search
results. ProQuest, Web of Science, and Google Scholar queries

10.3389/fmars.2022.977754

were sorted by relevance and at minimum 350 results were
manually reviewed. We searched all available papers on EPOCA.
Google Scholar limits word count for each search, so we broke
searches down into several iterations, using the list of common
terms in each search and alternating through the taxa-specific
terms. We included studies featuring experiments in laboratory
and field conditions that included several spatial (m to km) and
temporal (minutes to years) scales. We did not include gray
literature or observational studies. Throughout the manuscript
we will refer to ocean acidification, OA, low pH, or
acidification interchangeably.

For each study, the effect of OA on reproduction was
determined for the following processes: 1) sex determination,
differentiation, and ratio, 2) gametogenesis and gamete quality,
3) fecundity and reproductive output, 4) timing of reproduction
and synchronization, 5) mating behavior, and 6) fertilization
(Figure 1). While we acknowledge that reproductive processes
are linked, we define specific metrics associated with individual
processes used to categorize all findings (Box 1). The number of

independent findings per reproductive process was summarized
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Sexual reproduction processes in marine invertebrates. The six processes discussed in this review are presented clockwise beginning with Sex
Determination. Sex determination is the initial event that determines whether the gonads will develop as testes or ovaries and has great
importance to the consideration of sex ratios, particularly for non-hermaphroditic species. Mechanisms for sex determination can be genetic or
environmental. Sex differentiation is the development of sex differences after determination. Gametogenesis is the process of gamete formation
which can lead to gametes with different characteristics (i.e., size, reserves, viability). Reproductive timing includes synchronization of gamete
development, spawning, and any other reproductive process. Mate selection, courtship display, and mate guarding are common mating
behaviors. Fertilization success depends on gamete quality, reproductive timing, mating behavior and synchronization. Fecundity is a measure of

reproductive potential of an organism.
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for each taxonomic group. If a study examined multiple
reproductive processes, they were categorized independently.
Studies that investigated multiple response variables within a
single reproductive process (e.g., fertilization rate and sperm
motility) and reported an effect of OA on at least one response
variable were classified as showing an effect on reproduction.

To characterize geographic location of research, study site
and collection site were assigned to one of the 12 Marine Realms
of the World (Spalding et al., 2007). If organisms were collected
from a different marine realm than where the experiment took
place, only the collection location was considered.

Given the extensive literature that quantified and reported
fertilization rate in varying pH conditions, we conducted a meta-
analysis to explore the response of fertilization to reduced pH in
cnidarians, echinoderms, and molluscs. Crustaceans and
ascidians were excluded as no studies have directly measured
fertilization rate in varying pH treatments. A generalized linear
mixed model was developed to estimate fertilization rate by pH
using a logit-linked beta distribution. When reported, the
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following metrics were extracted from publications, then tested
as candidate predictor variables for fertilization success with
Analysis of Deviance and chi-squared statistics: 1) difference
between experimental and control pH (ApH), 2) phylum, 3)
lower taxonomic group (e.g. urchin, oyster, coral), 4) incubation
time, 5) sperm concentration, 6) sperm:egg ratio, 7) number of
sires, 8) number of dams, and 9) pH of the control treatment
(Supplemental Table 3). Analysis of covariance (ANCOVA) and
the Akaike Information Criterion (AIC) were used to identify
the maximal predictive model using variables that significantly
affected fertilization rate as sole predictors or as covariates with
ApH. Significance of intercepts and slope estimates were
determined using z-tests. Fertilization data from multiple
stressor studies were included in the analysis for all treatments
(i.e., all temperature, dissolved oxygen, and salinity treatments)
to capture the effect of pH on fertilization rate across a range of
environmental conditions. Data from treatments that combined
OA and secondary metal contaminants and cocaine byproduct
stressors were excluded. When necessary, fertilization rate
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BOX 1 Glossary of key reproduction terms.

Egg fertilization mechanisms: molecular processes in eggs involved in successful fertilization, including release of egg-derived chemicals, egg-sperm fusion, egg
activation and polyspermy prevention

Egg receptivity: the length of time an egg can be fertilized by a sperm cell
Exogenous vs. endogenous reproductive cues: external environmental cues vs. cues originating within the organism
F1: first filial generation comprised of offspring resulting from a cross between two individuals from parental generation

Fecundity: number of eggs (or embryos) per individual. For colonial organisms, the number or eggs or sperm per module (i.e., polyp) or number of fecund
modules per weight unit, body length or projected area

Fertilization: union of male and female gametes during sexual reproduction to form a zygote
Gamete quality: size, composition, and developmental stage of gametes

Gametogenesis: process by which gametes are produced through meiosis and cell differentiation. Formation of ova occurs through oogenesis and spermatozoa
through spermatogenesis

Gonad condition: Assessment of gonad development via histological examination

Gonad Index (GI) or Gonadosomatic Index (GSI): gonad mass as a proportion of the total body mass [(gonad weight / total tissue weight) X 100]
Gravid: carrying eggs or young offspring

Hatching success: percentage of eggs which produce viable offspring

Indeterminate vs. determinate sex: ability to change sex during an organism’s lifetime vs having a defined sex at birth

Mating behavior: social interaction that prepares for, or increases the success of, copulation and fertilization

Mass spawning: synchronous release of gametes by many species or the majority of a mating aggregation

Oocyte: cell in an ovary which may undergo meiotic division to form an ovum

Oosorption (atresia): process of resorbing vitellogenic eggs under stress to reuse lipids for other physiological processes

Phenology: study of periodic events in biological life cycles and how they are influenced by local, seasonal, and interannual environmental variation
Polyspermy: occurs when an egg is fertilized by more than one sperm

Reproductively inactive vs. sexually immature: sexually mature individual not presently breeding vs. one not old or big enough to undergo gametogenesis

Reproductive output: number of reproductive elements (spermary or egg) per unit body volume. Can also be measured by counting embryos per unit body
volume. In colonial organisms, reproductive output is the total amount of gametes released by the colony. In some cases, fecundity and reproductive output
are used interchangeably

Resource allocation: proportion of an organism’s energy budget allocated to reproduction

Sex determination: initial event before sex differentiation that determines whether gonads will develop as male or female

Sex differentiation: events after sex determination that ultimately produce either the male or female sexual phenotype

Sire and dam: father and mother of a genetic line

Spawned bundle: sperm and/or egg clusters released to the water column for external fertilization

Sperm activity: sperm swimming behavior, including motility, velocity or speed, and path linearity

Sperm linearity: how straight the sperm is swimming, as calculated by the ratio of average velocity on a straight line from start to endpoint of the sperm’s path to
the curvilinear velocity along the sperm’s path

Sperm velocity: defined by (1) curvilinear velocity along the sperm’s path, (2) smoothed average sperm path velocity, (3) average velocity on a straight line from
start to endpoint of the sperm’s path

Spermatocyte: male gametocyte from which spermatozoa develop

Standardized Gonad Index (SGI): reproductive cycle indicator based on the differences between the observed and expected weights of the gonads for an
individual of a given size. Takes into account allometric gonadal growth

Synchronization: coordination of reproductive events to increase mating potential, fertilization, and offspring success
Timing of reproduction: milestones that rely on environmental and chronological cues
Vitellogenins: principal precursors to the yolk proteins (the vitellins) of egg-laying animals, but not present in all marine invertebrates

Volitional vs. strip or induced spawning: release of gametes via natural or hormonal means vs artificially releasing gametes through anthropogenic means

estimates were extracted from published figures using
WebPlotDigitizer v4.2. In addition to exploring fertilization
rates across all experimental pH levels (6.0 - 8.5), we also
examined the response of fertilization to pH using conditions
more relevant to OA (pH >7.6) (IPCC, 2022). For all models
tested, study was included as a random effect. Data were
weighted by the inverse of one plus the sampling variance
squared (1/(1+62)?), which was determined from the
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fertilization mean, error rate (standard deviation), and number
of trials conducted at each pH level. The value 1 was added to
every sampling variance to prevent overinflation of low
variances (between 0-1) in models (Fiorenza et al., 2020).
Resultant p-values were considered significant if they were less
than o = 0.05.

Of the 70 studies that experimentally tested fertilization rates
in multiple pH conditions, six were omitted (one, four, and one
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in echinoderms, molluscs, and cnidarians, respectively) due to
missing error rates (corresponding authors were contacted). The
resulting meta-analysis included data from 35, 23, and 6 studies
in echinoderms, molluscs, and cnidarians, respectively. We
recognize that the fertilization rate reported by some studies
may represent both fertilization rate and early embryonic
development success. Other reproductive processes included in
this review (Figure 1) were not considered for meta-analyses
given the inconsistent metrics reported and/or the limited
number of studies (Figure 3C).

Results and discussion

We identified a total of 129 studies (16 cnidarian studies, 25
crustacean studies, 69 echinoderm studies, and 56 molluscan
studies) that investigated the effects of OA on reproduction in
122 species total (19 cnidarian species, 38 crustacean species, 30
echinoderm species, and 35 mollusc species; Supplemental
Table 1). Only two studies examining OA impacts on ascidian
reproduction were identified. In ascidian Ciona robusta, OA
significantly decreased sperm motility, mitochondrial
membrane potential (MMP), and intracellular pH (pH;) (Gallo
etal, 2019) but did not affect sperm intracellular reactive oxygen
species (ROS), lipid peroxidation, nor viability (Gallo et al., 2019;
Esposito et al,, 2020). In situ and microcosm experiments
showed that in C. robusta, OA initially decreased sperm
motility, viability, MMP, pH;, and morphology, but sperm
underwent rapid recovery after within one week of exposure,
suggesting that ascidian spermatozoa is resilient to OA (Gallo
et al.,, 2019). Given the lack of ascidian studies, the remainder of
this review will focus on the remaining four taxa.

Echinoderm research comprises the majority (53.5%) of OA
and reproduction studies, followed by research in molluscs
(43.4%) (Figures 3A, B). The same echinoderm and mollusc
species are examined in multiple studies, while cnidarian and
crustacean studies tend to study unique species (Supplementary

10.3389/fmars.2022.977754

Table 1). Except for one echinoderm study published in 1924, all
OA and reproduction research highlighted in this review was
conducted between 2004 and 2021 (Figure 3B). The majority of
the studies were performed under laboratory conditions
(Supplementary Table 2) highlighting the need for more
research in mesocosms and the natural environment. Life
stages exposed to OA and duration of experiments were
variable among taxa (Supplementary Table 2). Most studies
collected organisms from the Temperate Northern Atlantic
Marine Realms (Spalding et al., 2007), followed by Temperate
Northern Pacific and Temperate Australasia (Figure 3A).
Collection sites are reported in Figure 3A, and study sites
(which in some instances differ from collection location) are
included in Supplemental Table 1.

Published research suggests that the effects of OA depend on the
taxa and the specific process studied (Figure 3C). Within each taxon,
OA studies focus on a handful of species. Copepods dominated
crustacean literature, while urchin species were prominent in
echinoderm studies. All cnidarian studies examined corals. There
was only one cephalopod study within molluscan research.

Impacts of ocean acidification on sexual
reproduction processes

In this section, we summarize ocean acidification studies for
cnidarians, crustaceans, echinoderms, and molluscs by reproductive
process (Supplemental Table 1). See the Supplementary Materials
for a more comprehensive synthesis of results.

Sex determination, differentiation, and ratio

The sex of many invertebrate species is sensitive to
environmental conditions, which can skew populations’ sex
ratios (Korpelainen, 1990; Yusa, 2007). Changes to the number
and proportion of mature females and males at a given time can
alter a population’s reproductive capacity, its effective
population size, and its genetic diversity. There are no studies

TABLE 1 This review utilized specific keywords to search several literature databases.

Keywords

All Taxa

climate change, ocean acidification, carbonate chemistry, CO,, hypercapnia, aragonite saturation state, reproduction, gamete*, sperm*, egg*, ovary,

oocyte*, fertilization, fertilization, fecund*, mating behavior, behavior, gametogenesis, reproductive output, synchronization, brood*, hatch*, spawn*,

spawning, sex*, determination, differentiation, gonad development

Cnidaria

coral*, jelly*, hydroid, zoanthid*, sea pen, gorgonian, siphonophore, anemone, cnidaria*, cubozoa*, anthozoa*, scyphozoa*, hydrozoa*, myxozoa*,

medusa*, medusozoa*, polipodiozoa*, staurozoa*, hexacorallia*, octocorallia*, hydromedusae*, scleractinia*, zoantharia*, corallimorpharia*

Crustacea

crustacean*, arthropod*, malacostraca*, crab*, lobster*, shrimp*, amphipod*, copepod*, barnacle*, decapod*, brachyura*, artemia*, ostracoda*,

dendrobranchiata*, isopod*, branchiopoda*, mysid*, hermit¥, zoea*, krill*, cyst*, prawn*

Echinodermata echinoderm®, sea star*, starfish*, urchin*, sand dollar*, brittle star*, sea cucumber*, feather star*, crinoidea*, echinozoa*, holothuroidea*, echinoidea*,

asterozoa*, ophiuroidea*, asteroidea*

Ascidiacea

ascidian®, sea squirt, tunicate, tunicata, urochordata, sea tulip, sea liver, sea pork, ascidiacea, thaliacea, appendicularia, salp, doliolid

Each taxonomic group used a common list of words, which were followed by a list of taxa-specific words. Keywords unique to each taxa included both common names and Latin
nomenclature for major classifications. The Boolean search operator asterisk (*) was used as a “wildcard operator” to search for words or phrases that may contain parts of that truncated

word. In addition to the general terms, all taxa specific terms were given an asterisk.
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that have directly examined effects of acidification on sex
determination or differentiation in individuals of any taxa
covered in this review. However, we identified several studies
that examined effects of acidification on sex ratios. The sole
crustacean study did not find differences in sex ratios in
copepods when reared in OA conditions (Kita et al., 2013).
Two studies that exposed oysters to low pH prior to and during
gametogenesis also reported no impact on gonad sex ratios
(Venkataraman et al., 2019; Clements et al., 2020). In contrast,
three oyster studies indicated that acidification exposure during
gametogenesis may alter populations’ sex ratios by impacting
egg and sperm development unequally. Sex-specific impacts of
OA on gametogenesis therefore reduce the proportion of females
(Boulais et al., 2017) or males (Parker et al., 2018; Spencer et al.,
2020) capable of breeding in a population, thereby reducing the
effective population size. These studies are challenging due to the
difficulty of identifying sex without harming or destroying the
organisms being investigated (Ellis et al., 2017), the lack of sex
biomarkers, and the limited understanding of hormonal control
on reproductive processes in marine invertebrates.

Gametogenesis and gamete quality
Environmental conditions during gametogenesis can
influence population dynamics through changes to gamete

10.3389/fmars.2022.977754

development and quality. Several metrics are associated with
gametogenesis, including gamete size, stage, biocomposition,
integrity, viability, developmental rate, maturation, and
spawning capability. In cnidarians, OA negatively affected
octocoral egg size (Rossin et al., 2019), while hexacoral studies
showed no effect of OA on gamete size (Fine and Tchernov,
2007; Gizzi et al., 2017; Caroselli et al., 2019; Marchini et al.,
2021) or maturation stage (Fine and Tchernov, 2007; Gizzi et al.,
2017; Caroselli et al., 2019). However, Marchini et al. (2021)
showed a delay in spermary development due to OA. In
crustaceans, OA resulted in delayed gametogenesis and smaller
spermatophores (Fitzer et al., 2012a; Cripps et al., 2014; Meseck
et al., 2016; Conradi et al., 2019). OA did not affect copepod egg
viability, oogenesis (Vehmaa et al., 2013; Thor et al., 2018), or
barnacle and copepod gametogenesis (Smith et al., 2017; Pansch
et al., 2018).

OA had negative effects on gonad growth, maturation, egg
size, and gamete development in some echinoderm species
(Siikavuopio et al., 2007; Kurihara, 2008; Stumpp et al., 2012;
Kurihara et al., 2013; Suckling et al., 2014; Suckling et al., 2015;
Verkaik et al., 2016; Dworjanyn and Byrne, 2018; Hu et al., 2018;
Hue et al., 2020; Marceta et al., 2020; Anand et al., 2021), while
other studies reported no change in gamete development and
quality (Wood et al.,, 2008; Uthicke et al., 2013; Hazan et al,
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Summary of study locations, number of publications, and effects of Ocean Acidification on Reproductive Processes across taxa. (A) Graphical
description of published studies used in this review. Pie charts for each geographic study locations are labeled with initials and the number of
studies from that realm: Eastern Indo-Pacific (4), Temperate Northern Pacific (45), Temperate South America (1), Temperate Northern Atlantic (61),
Tropical Atlantic (8), Southern Ocean (9), Temperate Southern Africa (1), Arctic (2), Western Indo-Pacific (1), Central Indo-Pacific (20), and Temperate
Australasia (27). There were no studies from Tropical Eastern Pacific. Pie charts represent the proportion of taxa-specific studies in which study
organisms were collected in each region, and pie size and numbers underneath the pies represent the total number of studies in that region.
Studies may be represented more than once in a pie chart if the study examined multiple taxa. (B) Cumulative number of papers published for each
taxon from 2004 to 2021. One echinoderm study was published in 1924 but was not included in this figure. Studies may be represented more than
once per year if the study examined multiple taxa. (C) Number of findings that reported an OA effect (either positive or negative, light gray) or no
effect (black) for various reproductive processes by taxa (from left to right: cnidarians, crustaceans, echinoderms, molluscs).
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2014; Uthicke et al., 2014; Dell’Acqua et al., 2019; Karelitz et al.,
2019; Wong et al., 2019; Hue et al., 2020; Uthicke et al., 2020).
One study reported a positive effect on gonad protein storage
after low pH exposure (Challener et al., 2014). Suckling et al.
(2015) suggests egg size is plastic in response to OA, and longer
exposure to low pH can lead to larger eggs due to increased
maternal provisioning.

Most studies in molluscs indicate that low pH exposure
affects the rate of gametogenesis, typically by decreasing gamete
development or spawning rates (Xu et al., 2016; Boulais et al.,
2017; Parker et al., 2018; Zhao et al., 2019; Spencer et al., 2020;
Wang et al,, 2021), or less commonly by accelerating gamete
development (Dell’Acqua et al.,, 2019; Clements et al., 2020).
However, no impact of OA on molluscan gametogenesis has also
been reported (Le Moullac et al., 2016; Venkataraman et al.,
2019). Molluscan egg quality may be resilient to OA, as most
studies report no impact to egg size or lipid content (Parker
et al., 2017; Parker et al., 2018; Scanes et al., 2018; Parker et al.,
2021; Reed et al., 2021; Gibbs et al., 2021a) (but see Spady et al.,
2020, the sole non-bivalve study). Two studies do report
increased egg size or lipid content in response to OA (Zhao
etal., 2019; Gibbs et al., 2021b), which can be indicative of higher
energy content and egg quality (Moran and McAlister, 2009).
While other egg quality parameters are possibly vulnerable (e.g.,
egg rupture rate, Omoregie et al., 2019), most studies indicate
that molluscan species prioritize per-egg maternal investment
when exposed to low pH, in some cases over gametogenic rate.
In one of the few studies utilizing naturally low pH
environments, Bathymodiolus septemdierum mussels were
collected from hydrothermal vents, which reach conditions as
low as pH 5.2. These mussels can maintain similar egg sizes and
gametogenic cycles compared to those living in higher pH sites,
possibly at the expense of calcification (Rossi and Tunnicliffe,
2017). This study provides evidence that OA-adapted
populations are capable of gametogenesis despite extreme pH
conditions. Given the variable responses in gametogenesis and
gamete quality across phyla, species, and even populations,
broader characterizations are needed to better understand how
OA will impact physiological performance and allocation to
energy expensive processes such as gamete development.

Fecundity and reproductive output

The fecundity and reproductive output of individuals and
populations can vary along environmental gradients. In this
section we highlight studies that assess fecundity and
reproductive output in varying OA conditions. We considered
hatch rate as a proxy for fecundity and reproductive success in
brooding organisms. Cnidarian studies report no effect of OA on
fecundity in hexacorals. The number of eggs, sperm, or gamete
bundles were not affected by OA in four hexacoral species (Jokiel
et al., 2008; Gizzi et al., 2017; Caroselli et al., 2019; Marchini
et al., 2021). Most of these studies report reduced adult growth
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under OA, suggesting resources may have been allocated
towards reproduction over growth. In the sole octocoral study,
exposure to OA reduced the number of eggs per polyp (Rossin
et al, 2019). In echinoderms, OA negatively affected egg
production (Dupont et al,, 2013). Three molluscan studies
report negative effects of OA across reproductive modes, with
decreased pH reducing fecundity and spawn rate in a broadcast
spawner (Parker et al., 2018), and reducing clutch size and egg
masses in two oviparous species (Dionisio et al., 2017; Spady
et al., 2020). Two studies reveal the complexity of responses to
OA in molluscs, including reduced fecundity but more frequent
spawn events (Manno et al, 2016), and unaffected spawn
frequency and number of egg capsules (Kita et al., 2013).

Studies that measure hatch rate in brooders were limited to
crustaceans and molluscs, as hatch rate was not reported for
brooding species in any other taxa. Several brooding crustacean
species held at low pH were found to have differences in fecundity,
hatch success, or number of offspring (Kurihara et al., 2004; Mayor
et al., 2007; Kurihara et al,, 2008; Findlay et al., 2009; Zhang et al.,
2011; Vehmaa et al., 2012; Weydmann et al., 2012; Kita et al., 2013;
Long et al,, 2013; McConville et al,, 2013; Zervoudaki et al., 2013;
Cripps et al.,, 2014; Cao et al., 2015; Swiney et al., 2015; Thor and
Dupont, 2015; Choi et al., 2016; Miller et al., 2016; Vehmaa et al.,
2016; Borges et al.,, 2018a; Cardoso et al., 2018; Gravinese, 2018;
Pansch et al., 2018; Thor et al,, 2018; Lee et al., 2020). One study in
copepods found that OA reduced the number of brooding females
(Lee et al., 2019). Several crustacean studies, however, showed that
fecundity or hatch rate were unaffected by OA (Kurihara et al,
2004; Mayor et al., 2007; Kurihara and Ishimatsu, 2008; Egilsdottir
et al,, 2009; Zhang et al., 2011; Weydmann et al., 2012; McConville
etal, 2013; Vehmaa et al., 2013; Cripps et al., 2014; Cao et al., 2015;
Isari et al., 2015; Almen et al., 2016; Rains et al., 2016; Zervoudaki
et al,, 2017; Thor et al,, 2018; Langer et al,, 2019). One study found
that OA can increase fecundity, and another found that low pH
increased reproductive output, but at the cost of body size and shell
integrity (Fitzer et al., 2012b; Engstrémest et al, 2014). In
molluscs, OA exposure during breeding reduced bivalve brood
size (Wippel, 2017; Maboloc and Chan, 2021), while a previous OA
exposure resulted in increased brood size but no effect to overall
larval production (Spencer et al, 2020). Instances where
reproductive output increases may be a short-term stress response
or may indicate adaptive potential to pH change (Engstrém-Ost
et al, 2014). Overall, research to date suggests that OA negatively
affects fecundity and reproductive output in molluscs and
echinoderms, while some cnidarians appear to be less sensitive,
and responses in crustaceans are variable.

Timing of reproduction and synchronization
Synchronicity and timing of reproductive maturation,
spawning, hatching, and planulation are important to ensure
reproductive success. In a brooding coral, OA conditions
delayed planulation timing (Putnam et al., 2020). OA may
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affect the timing at which brooding crustaceans reach milestones
associated with hatching. When female copepods and crabs were
acclimated to OA conditions, copepod hatching occurred earlier
and crabs hatched for a longer duration (Long et al., 2013;
Langer et al., 2019). However, there was no effect of OA on egg
onset time in the barnacles (McDonald et al., 2009). On the other
hand, OA did not affect the number of days that copepods
needed to form mating pairs, successfully copulate, and spawn
(Kita et al, 2013). A volitional spawning experiment in sea
cucumbers reported no effect of OA on spawn timing (Verkaik
et al., 2016). In molluscs, studies that induced spawning found
reductions in spawning success in acidified conditions (Xu et al.,
20165 Parker et al., 2018). Two studies examined impacts of OA
on volitional spawning in a brooding molluscan species: one
reported no effects to larval release timing (Spencer et al., 2020),
and another reported delayed larval release onset in one of three
trials (Wippel, 2017). More studies that incorporate natural
spawning and planulation conditions are needed. Studies that
monitor the number and timing of naturally breeding males and
females would improve our understanding of ecologically
relevant impacts of acidification on spawn timing
and synchronicity.

Mating behavior

Marine species are diverse in their mating behaviors.
However, there is a very limited number of OA studies to date
examining mating behavior, limiting the number of observable
behavioral metrics. We summarize two studies that measure
mate selection, courtship display, and mate guarding. Male mate
tracking and guarding behavior in amphipods were disrupted
under OA conditions, which may have negative consequences
for fertilization (Borges et al., 2018b). The ability for amphipods
to detect and orient toward female pheromone cues through
chemotaxis was greatly reduced under OA, suggesting potential
disruptions in chemosensory cues related to food acquisition,
defense, and predator avoidance behaviors under low pH. Squid
mating pair behavior was unaffected by OA, even though females
laid denser egg clutches after the pair were exposed to low pH
(Spady et al., 2020). More studies are needed to explore the
impacts of OA on invertebrate mating behavior, particularly in
cephalopod, gastropod, and crustacean species with
sophisticated mating behaviors (e.g., changing body patterns
and textures, parallel swimming, male-male fighting, and mate
guarding). It is critical that we expand our understanding of
mating behavior in invertebrates exposed to OA because
disruptions may have rippling effects on population fitness and
ultimately, the future of the species.

Fertilization

Many marine invertebrates broadcast spawn and undergo
external fertilization, which exposes gametes to the surrounding
environment prior to and during fertilization. Acidification may
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affect fertilization success by altering chemosensory and
biochemical egg-sperm interactions, therefore directly
influencing gamete activation, sperm activity, egg biochemistry
and polyspermy defense (Mortensen and Mortensen, 1921;
Nakajima et al.,, 2005; Miyazaki, 2006; Lymbery et al., 2019).
The impact of OA on fertilization and gametes has been
reviewed previously (Byrne, 2011; Byrne, 2012; Byrne and
Przeslawski, 2013; Foo and Byrne, 2017). Here we provide an
updated review of 92 studies that have assayed fertilization,
sperm quality, and/or egg biochemical processes under OA
conditions, the majority of which were published since prior
reviews. Additionally, we conducted a meta-analysis to evaluate
general trends across and within echinoderms, molluscs, and
cnidarians. Crustaceans were not included in the meta-analysis
as no studies have directly measured fertilization rate in varying
pH treatment, likely because they undergo internal fertilization.

Fertilization rate

Reviews by Byrne (20115 2012) found that fertilization rate is
robust in pH above ~7.6. However, discrepancies were noted
among studies of the same species and conspecifics from
different habitats. The authors encouraged researchers to
examine other taxa with standardized experimental designs.
Since then, an additional 51 studies have assessed fertilization
rate in varying pH conditions.

The majority of studies, which predominantly evaluate
echinoderms (largely urchins) and bivalve molluscs, conclude
that acidification negatively affects fertilization rate when
gametes are directly exposed (Smith and Clowes, 1924;
Kurihara and Shirayama, 2004; Havenhand et al., 2008; Parker
et al., 2009; Ericson, 2010; Parker et al., 2010; Kimura et al., 2011;
Moulin et al., 2011; Schlegel et al., 2012; Van Colen et al., 2012;
Barros et al., 2013; Gonzales-Bernat et al., 2013; Uthicke et al.,
2013; Foo et al., 2014; Frieder, 2014; Scanes et al., 2014; Suckling
et al., 2014; Sung et al,, 2014; Riba et al., 2016; Boch et al., 2017;
Shi et al., 2017a; Shi et al., 2017b; Szalaj et al., 2017; Zhan et al.,
2017; Basallote et al., 2018; Garcia et al., 2018; Swiezak et al.,
2018; Zhan et al., 2018; Smith et al., 2019; Sui et al., 2019; Wang
et al., 2020), or parents are exposed prior to fertilization
(Graham et al., 2015). The pH level at which fertilization rate
becomes compromised varies considerably across taxa, and also
depends on factors such as sperm and egg concentration
(Ericson, 2010; Albright, 2011a; Ericson et al., 2012; Albright
and Mason, 2013; Gonzales-Bernat et al., 2013; Ho et al., 2013;
Frieder, 2014), gamete incubation time (Bechmann et al., 2011;
Gianguzza et al., 2014; Garcla et al., 2018; Kong et al,, 2019),
inter-individual and mating pair variability (Schlegel et al., 2012;
Foo et al., 2014; White et al., 2014; Smith et al., 2019), collection
location and time of year (Martin et al., 2011; Cohen-Rengifo
et al., 2013; Pecorino et al., 2014; Riba et al., 2016; Basallote et al.,
2018; Garcia et al., 2018; da Silva Souza et al., 2019; Pereira et al.,
2020; Caetano et al., 2021), and species hybridization (Striewski,
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2012). Parental acclimatization to low or highly variable
conditions (including pH) can either increase (Moulin et al,
2011; Suckling et al., 2014; Kapsenberg et al., 2017) or decrease
fertilization rates in low pH (Graham et al., 2015).

Negative effects of OA were not universally reported (Byrne
etal., 2009; Byrne et al., 2010a; Byrne et al., 2010b; Schlegel et al.,
2012; Byrne et al.,, 2013; Chua et al., 2013; Kamya et al., 2014;
Onitsuka et al., 2014; Stavroff, 2014; Bylenga et al., 2015; Iguchi
et al., 2015; Schutter et al., 2015; Foo et al., 2016; Zhan et al.,
2016; Boulais et al., 2017; Garcia et al,, 2018; Armstrong et al.,
2019; Lenz et al., 2019; Smith et al., 2019; Guo et al., 2020; Hue
et al.,, 2020; Pitts et al., 2020), which indicates that fertilization in
some species may be more resilient than others to the effects of
acidification. Several studies report that Mytilus spp. mussels, for
example, are capable of maintaining high fertilization rates
across a broad pH range (Bechmann et al,, 2011; Eads et al,
20165 Riba et al., 2016; Gallo et al., 2020). Fertilization in some
molluscan and echinoderm species can persist at severely low pH
(e.g.» ~23% of Crassostrea gigas eggs were successfully fertilized
at pH 6.0, Riba et al., 2016).

In rare instances, low pH can increase fertilization rate.
Higher fertilization rates occur in Mytilus galloprovincialis when
sperm are pre-exposed to low pH conditions in the presence of
egg-derived chemicals (Lymbery et al., 2019). These results could
be explained by a stronger attraction of sperm to egg-derived
chemicals under low pH conditions, resulting in increased
fertilization rates. As suggested by Lymbery et al. (2019),
increased fertilization rates are not necessarily beneficial to
population fitness. OA could alter chemical cues that would
typically only occur among genetically compatible sperm and
eggs, resulting in higher rates of fertilization among
incompatible genotypes, and ultimately decreasing the overall
population fitness (Lymbery et al., 2019).

Fertilization rate meta-analysis

Studies that reported fertilization rates across multiple pH
levels were leveraged to perform a meta-analysis to quantify
broad-scale impacts of pH on fertilization rate in cnidarians,
echinoderms, and molluscs. Change in pH (ApH = pHexperimental
- PHeontrol) across all taxa significantly predicts fertilization
success as a sole predictor (X* = 22.0, p = 2.7¢’°). Using
ANCOVA we modeled fertilization rate by ApH and other
candidate covariates. The most parsimonious model was
selected using AIC criterion, and retained only the interaction
between ApH and phylum (phylum:ApH, X* = 34.3, p = 1.7¢”),
and phylum as a main effect (X*> = 3.4, p = 0.18), indicating that
the response of fertilization rate is phylum-specific. The
probability of successful fertilization is estimated by:

6(0,92 + 243 % ApH)

ertilization success, cnidarians) =
p(f ’ ) 14 o(0:92 + 243 % apH)
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8(1.16 + 1.92 % ApH)

p(fertilization success, echinoderms) =
1+e(1,16 + 1.92 % ApH)

e(1‘13 +0.32 % ApH)

p(fertilization success, molluscs) = L5 0 + )

where the ApH coefficient estimates for cnidarians,
echinoderms, and molluscs are 2.43 (z-score = 1.24, p = 0.22),
1.92 (z-score = 5.75, p = 9.0e™), and 0.32 (z-score=0.71, p=
0.48), respectively (Figure 4). The positive ApH coefficients
indicate that fertilization rate decreases with pH in all phyla;
however, ApH only significantly predicts fertilization for
echinoderms. While pH is not a significant factor in the
cnidarian model, likely due to limited data (6 studies), the
model does suggest high pH sensitivity (Figure 4) and
underlines the need for more cnidarian fertilization studies.
The large number of studies in the echinoderm (35) and
mollusc (23) models enables more confident predictions in
those two taxa. Echinoderm fertilization appears to be more
sensitive than molluscs to pH changes, which could reflect
habitat differences in most species studied to date (largely
subtidal echinoderms and intertidal molluscs).

Using the phylum-specific models, we estimate that under
the Shared Socioeconomic Pathways (SSPs) SSP1-2.6, SSP2-4.5,
SSP3-7.0 and SSP5-8.5 predicted for the end of the 21st century
(Cooley et al., 2022; IPCC, 2022), fertilization rate will decrease
by 2.9%-15.1% for echinoderms, and by a non-significant
amount for molluscs (0.5%-2.3%), relative to 1995-2014
(Figure 4). Our low-confidence predictions for cnidarians
estimate a decrease of 4.1%-21.0%.

Since many studies included pH levels beyond those
predicted under SSP5-8.5, we reconstructed our meta-analysis
using data from experimental pH > 7.6. This reduced the dataset
by ~20% for echinoderms and molluscs but did not affect the
cnidarian data due to the narrower range of experimental pH
levels tested for cnidarians (Figure 4). In the revised analysis,
ApH remains significant but is less predictive of fertilization rate
(X* = 4.39, p = 0.036). The best fit model includes ApH only and
predicts a decrease in fertilization rate across all taxa by 2.0%,
4.3%, 7.1%, and 9.9% under SSP1-2.6, SSP2-4.5, SSP3-7.0 and
SSP5-8.5, respectively. Predictions from this more conservative
approach support previous conclusions that marine invertebrate
fertilization is more robust — albeit still negatively impacted —
at pH 7.6 and above (Byrne, 2011; Byrne, 2012), which may
better reflect relevant open ocean pH projections. However,
many species covered in this review are coastal and
periodically experience pH levels below 7.6; therefore, the full
model should not be disregarded.

As noted by Byrne (2011; 2012), there are many factors
found to influence fertilization success that vary across studies.
Given the diversity of species and secondary variables tested (e.g.
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scenarno ApH *Cnidarian  Echinoderm *Mollusc
SSP1-26  -0.080 -4.1% -2.9% -0.5%
SSP2-4.5 -0.17 -9.1% -6.4% -1.0%
SSP3-7.0 -0.27 -14.9% -10.6% -1.6%
SSP5-8.5 -0.37 -21.0% -15.1% -2.3%

Fertilization success by ApH (the difference between experimental pH and control) for (A) cnidarians (6 studies), (B) echinoderms (35 studies),
and (C) molluscs (23 studies). Control pH (ApH = 0) is defined separately by each experimental study, and typically represents present-day
ambient pH at experimental location. The meta-analysis was performed using a beta regression model, and indicates that the effect of pH on
fertilization rate is phylum-dependent (phylum:ApH interaction, X> = 34.3, p = 1.7e”). In all figures, each point reflects the average percent
fertilization reported by one study at each ApH and secondary variable tested, curves indicate the fitted models, ribbons indicate 95%
confidence intervals, and z-scores and p-values indicate the significance of the ApH coefficient estimates for each phylum. (D) Models were
used to predict the change in fertilization rate under four Shared Socioeconomic Pathways (SSPs) for each phylum, which predict the pH
change for the end of the 21st century (IPCC, 2022) relative to 1995-2014. *The pH coefficient was not a significant factor in the mollusc or
cnidarian models, therefore these predictions should be considered descriptive, particularly for cnidarians for which there is limited data. No

fertilization studies were found for crustaceans or ascidians.

warming), limiting the meta-analysis to only studies that used
the same procedures was not possible. Instead, we took a broader
approach, including all studies with a variety of secondary
variables (Supplemental Table 3). We then tested for effects of
six additional experimental variables (when reported, see
Methods and Supplemental Table 3). We found that
experimental sperm concentration significantly affects
fertilization rates as a sole predictor but does not interact with
ApH alone or as an additional covariate with phylum. Given that
only five of the 34 studies that reported sperm concentration
included multiple concentrations in the experimental design
(Supplemental Table 3), the model was likely unable to fully
characterize the interaction between pH and sperm
concentration. In the natural environment, sperm levels can be
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considerably more dilute than the optimal levels used in most
studies. Whenever possible, studies should test effects of pH on
fertilization across a range of sperm concentrations.

Other experimental variables that are not commonly
reported or considered may interact with pH to affect
fertilization rate, making it difficult to fully describe the
impacts of OA. For instance, given the rapid pace of ocean
change, many experimental animals likely already experienced
OA, which could have affected fertilization rates through
changes to their gametes (e.g. maternal effects, epigenetic
changes). This is particularly pertinent because control pH
levels applied by researchers often reflected conditions
entering their experimental systems or the historical pH for a
given region, which could differ dramatically from conditions at

frontiersin.org


https://doi.org/10.3389/fmars.2022.977754
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Padilla-Gamifio et al.

the animal collection site. Future studies should strive to
characterize their focal species’ current and future
environments to determine pH treatment levels, as they will
provide the most ecologically relevant results.

In summary, our meta-analysis indicates that OA will
reduce fertilization rates in many marine invertebrates, and
effects are taxa specific. Fertilization rates are likely to decrease
in echinoderms but remain relatively similar in molluscs.
More studies are needed for cnidarians, but preliminary
work indicates that their fertilization rates may be the
most affected.

Gamete mechanisms that influence fertilization rate

There are five major events that typically occur during
fertilization: 1) sperm chemoattraction to the egg, 2) sperm
binding to the egg envelope, 3) sperm acrosomal reaction, 4)
sperm penetration through the egg envelope, and 5) gamete
fusion (Vacquier, 1998). Successful fertilization therefore
involves a cascade of biochemical processes in both sperm and
eggs, many of which include intracellular pH and calcium ion
changes (Morisawa and Yoshida, 2005; Nakajima et al., 2005;
Byrne, 2011; Sherwood et al., 2012). OA could alter fertilization
rates through changes to chemoattractants, surface receptors,
jelly coat, polyspermy defense system, and activation processes
in eggs, and/or activation, motility, velocity, mitochondrial
activity, chemotaxis, and fusion reactions in sperm.

Several studies examined the impact of acidification on egg
fertilization mechanisms. In urchins, low pH increased the
percentage of abnormally fertilized eggs (Zhan et al, 2018),
polyspermy frequency, and time to completely block polyspermy
(Reuter et al., 2011; Sewell et al., 2014). In molluscs, polyspermy
rates increased as pH decreased when clam Tegillarca granosa eggs
were pre-exposed to various pH treatments (Han et al., 2021). The
inability to block polyspermy may be related to low pH reducing the
protective egg jelly coat area, which can subsequently impair sperm
chemotaxis (Foo, 2015; Foo et al., 2018). These impacts are likely
species- and population-specific, with some urchins exhibiting no
impact of low pH on egg jelly coat area, and populations exhibiting
varied impacts depending on prior pH exposure (Foo et al., 2018).
Egg intracellular pH adjusts according to the external chemical
environment (Ciapa and Philippe, 2013; Bogner et al., 2014), which
may also hamper egg activation by interfering with calcium
signaling and actin dynamics (Limatola et al., 2020). Indeed, Shi
et al. (2017b) observed that low pH disrupts the intracellular
calcium ion (Ca®") activity in T. granosa eggs, which was
associated with reduced fertilization rates.

The influence of low pH on sperm activity varies. Three
cnidarian (hexacoral) studies report negative effects of pH on
sperm activity (Morita et al,, 2010; Albright, 2011a; Nakamura
and Morita, 2012). Albright’s initial examination of OA impacts on
hexacoral sperm velocity showed no effect, but results from a
second experiment suggested a negative effect (Albright, 2011a).
OA reduced sperm swimming speed, motility, and linearity in
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some echinoderms (Havenhand et al., 2008; Morita et al., 2010;
Uthicke et al., 2013; Campbell et al., 2016; Caballes et al., 2017), but
had no effect or positively impacted sperm swimming speed in
others (Caldwell et al., 2011; Sung et al., 2014; Graham et al., 2015).
Similarly, pH negatively affected sperm swimming speed, velocity,
motility, and mitochondrial activity in some molluscs (Vihtakari
et al., 2013; Vihtakari et al., 2016; Shi et al., 2017a; Shi et al., 2017b;
Omoregie et al., 2019; Esposito et al., 2020), but had no effect on
sperm motility in others (Havenhand and Schlegel, 2009; Vihtakari
etal., 2016). In one population of C. gigas oysters, low pH increased
sperm motility (Falkenberg et al., 2019).

Contrasting impacts on sperm activity could be due to varied
sensitivities among genotypes within species (Schlegel et al.,
2015; Campbell et al,, 2016; Vihtakari et al., 2016; Falkenberg
et al., 2019; Smith et al., 2019). Individual sperm characteristics
can also respond differently to low pH (Schlegel et al., 2012;
Graham et al., 2015). For instance, OA had a negative effect on
the proportion of motile sperm, but not sperm swimming speed,
in urchin Heliocidaris erythrogramma sperm (Schlegel et al,
2012). Impacts on sperm activity can also be influenced by
experimental conditions, such as the exposure duration (e.g.
Eads et al.,, 2016) or the method used to prepare experimental
pH levels (pCO, vs. HCI, Shi et al., 2017b).

Implications

Our synthesis of the OA reproduction literature to date
reveals the complexity of responses across and within species.
For all reproductive processes there are studies that report
effects of OA, while others found no effect (Figure 3C).
Predicting future community-level changes at this stage is
therefore not possible. There are, however, some observable
trends for those well-studied reproductive processes
(gametogenesis, fecundity, fertilization): for all phyla,
negative effects were observed in at least one species (and
typically many more), and reports of positive effects were rare.
Echinoderm fertilization is quite sensitive to pH changes while
molluscs are not. Gametogenesis is delayed and fecundity is
reduced in many echinoderms and molluscs, but those
processes are less sensitive in crustaceans. Cnidarian and
ascidian studies are limited. Cnidarian studies suggest that
gametogenesis and fecundity are relatively robust to OA, and
fertilization may be quite sensitive. These observations
provide the basis for hypotheses of the potential challenges
faced by those in the aquaculture, fisheries, and conservation
sectors. Not all reproductive processes will be affected in all
species, but for those that are, here are some considerations.

Aquaculture

Impacts of OA on reproduction have the potential to
negatively affect our marine food systems. Aquaculture
programs may need to adjust their hatchery culturing

frontiersin.org


https://doi.org/10.3389/fmars.2022.977754
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Padilla-Gamifio et al.

techniques to accommodate effects of OA. For example,
gametogenesis in many species is delayed in OA, so
conditioning them in buffered seawater could ensure or
expedite gamete development. This may also improve
synchronization of mature males and females in some species,
as unequal impacts of acidification on oogenesis and
spermatogenesis have been observed in oysters (e.g. Boulais
et al, 2017). Seawater may also need to be buffered during
fertilization to maintain high fertilization rates, particularly for
some echinoderms and possibly cnidarian species. Alternatively,
fertilization conditions could be re-optimized at a lower pH,
such as by adjusting sperm concentrations. Should these
measures be needed, larger facilities with more complex
seawater treatment systems, more resources, and increased
handling will be required, thus increasing the overall cost
of production.

Wild fisheries

Wild fisheries do not have the capability of modulating the
environment during reproduction, and may therefore be more
susceptible to the effects of OA. Acidification may impact
invertebrate fishery stocks by slowing gametogenesis, and
reducing fecundity and fertilization, which could ultimately
reduce reproductive output. While not covered in this review,
there are many other possible indirect effects of OA on
reproduction that could impact fisheries. Reproduction-related
mortality may increase, as acidification can alter immune and
stress-response functions, increasing vulnerability to pathogens
and secondary stressors during and after reproduction
(Mackenzie et al.,, 2014; Liu et al.,, 2016; Wang et al., 2016). In
many invertebrates, reproductive capacity is closely tied to food
availability before or during gametogenesis (Bernard et al,
2011). Changes to prey species dynamics due to acidification,
such as altered phytoplankton communities’ composition,
abundance, and bloom timing (Cheung et al., 2011; Gao et al,,
2012), may result in asynchronous invertebrate reproductive
processes such that larval production and quality decreases.

Conservation and restoration

Conservation and restoration programs may need to update
their strategic plans to account for impacts of acidification on
reproduction. For instance, natural recovery of wild populations
following removal of stressors (e.g., creation of a marine protected
area following overharvest) could be impeded by decreased larval
supply due to reduced reproductive success. Populations may take
longer to recover, requiring programs to allocate more time and
resources for longer-term interventions. Conservation and
restoration approaches may need to change altogether, such as
moving from passive strategies (e.g., removing disturbances and
allowing succession to occur naturally), to active strategies (e.g.
transplanting or augmenting wild populations) (Figure 2). For

instance, programs may need to incorporate restoration
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aquaculture and gamete cryopreservation to rebuild threatened
populations. While preliminary studies in coral report a variety of
response, some aspects of coral reproduction may be uniquely
vulnerable to acidification due to their sexual reproduction
strategies (Richmond and Hunter, 1990; Burke et al, 2011). In
many coral species, gametes take several months to develop, and
spawning occurs only a few nights a year over a few hours
(Babcock et al., 1986). If OA interferes with these highly
coordinated spawning events (Olischliger and Wild, 2020),
sexual reproduction could be severely inhibited in the wild, but
this has yet to be tested.

Genetic considerations

Genetic diversity, an important factor for species resilience
to environmental stressors (Bernhardt and Leslie, 2013;
Timpane-Padgham et al., 2017), could shift as a consequence
of acidification-induced changes to reproduction and effective
population size. Many invertebrate species are r-strategists with
highly fecund females (Ramirez Llodra, 2002). Should
acidification reduce the number of individuals that reproduce
each season due, for instance, to delayed gametogenesis,
populations could still be sustained by a few individuals that
“win the reproduction lottery” (Hedgecock and Pudovkin, 2011;
Sanford and Kelly, 2011). It may therefore be important for
programs to actively facilitate genetic diversity and/or resistance
to acidification. For commercial and restoration aquaculture
facilities, broodstock may need to be collected later or
conditioned longer in the hatchery to increase the number of
breeding individuals. Conservation programs may need to
design marine protected areas that encompass a variety of
current and projected pH conditions, not just buffered areas,
to enable both diversity and selection for low pH-resilient
individuals. To build resilient populations and lines,
restoration and breeding programs could leverage standing
genetic variability to target genotypes that are reproductively
viable in acidified conditions (Parker et al., 2011; Rossi and
Tunnicliffe, 2017). This may include careful consideration of
broodstock collection sites, such as areas with naturally low or
variable pH conditions. Should the number of individuals
contributing gametes become dangerously low, programs may
need to begin cryopreserving gametes to preserve allelic diversity
in a “seed bank” for future use (Figure 2).

Within- and inter-generational acclimatization have been
observed in some species in response to acidification (Ross et al.,
2016). Adult exposure to acidification may result in beneficial
carryover effects for offspring and future generations (Parker et al,
2012; Wong et al.,, 2019; Zhao et al., 2019; Spencer et al., 2020),
which could mitigate some of the negative effects to reproduction
reviewed here. While additional research is needed and there may
be limitations to inter-generational acclimatization (Byrne et al,
2019), these beneficial carryover effects may be leveraged to
improve offspring fitness for production and breeding purposes
(Parker et al., 2011; Durland et al., 2019).
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Gaps in understanding for OA impacts
on reproduction mechanisms

In addition to the critical need to know more about the basic
biology and natural history of reproduction in marine
invertebrate communities (Box 2), the most pressing need is
for increased mechanistic knowledge of reproductive processes
to gauge the impact of OA on marine invertebrates (Figure 5). In
this section we outline mechanisms that should be explored with
future research.

Fertilization mechanisms

Fertilization mechanisms are the most studied reproductive
processes in marine invertebrates. Even so, there are still
considerable knowledge gaps, particularly in how changes to
gamete quality and sperm-egg interactions will affect fertilization
(Figure 5). As a model organism for developmental biology, urchin
fertilization has been well-studied, with cellular processes potentially
impacted by OA reviewed in Bogner (2016). Compared to the
numerous echinoderm and molluscan bivalve studies, only a
handful of studies have explored OA and fertilization in
cnidarians (none in non-hexacoral cnidarians) and crustaceans,
and there are none in cephalopods. Considerable research on
fertilization mechanisms has come from ascidians (Sawada and
Saito, 2022); however, only two studies have examined ascidian
fertilization under OA conditions. More studies are clearly needed
for these ecologically and economically important taxa.

Gamete quality depends on maintaining an optimal
intracellular pH (pH;). Reductions in extracellular pH are
thought to affect pH;, suppress motility, and impact
fertilization success (Christen et al., 1983; Alavi and Cosson,
2005; Morita et al., 2006; Boulais et al., 2018). In certain species,
an increase in pH may be required for sperm activation
(Nakajima et al., 2005). Explicit measurements of sperm pH,,
including those taken in the field, can help uncover the
mechanism behind pH; activation of sperm motility and its
vulnerability to environmental pH conditions.

The impact of acidification on spawned eggs likely depends on
their composition, structure, and intracellular conditions. Egg size
is used as a proxy for well-provisioned eggs, but few studies
empirically test this assumption with lipid analyses. Intracellular
egg calcium content can also impact fertilization. Calcium triggers
the second meiotic division in eggs, readying it to unite with
sperm to complete the fertilization process (Miyazaki, 2006), and
is part of the polyspermy defense (Epel, 1978). Egg calcium
content can also be influenced by environmental pH (Ciapa and
Philippe, 2013). More research should be conducted on energy
allocation, maternal provisioning, and egg lipid and calcium
content in low pH conditions.

Other structural components that could be influenced by
acidification include the egg jelly coat and gamete recognition
proteins. Present in echinoderms and molluscs, the jelly coat
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protects the egg from intense wave action and prevents
polyspermy and increases the likelihood of fertilization by
increasing the size of the egg (Farley and Levitan, 2001;
Podolsky, 2004). Additionally, the jelly coat is known to contain
chemoattractants that activate and guide sperm or prevent
polyspermy and harbor protective chaperone and gamete
recognition proteins (Evans and Sherman, 2013). The
dissolution of the jelly coat by low pH conditions observed in
echinoderms can reduce percent fertilization, with jelly coats in
some populations and species resilient to low pH. Cnidarian eggs
do not have jelly coats, and similar structures have not been
described in crustaceans. A general survey of gamete accessory
structures in marine invertebrates will be beneficial to determine
how low pH will impact eggs.

Mechanisms beyond fertilization

Mechanisms controlling pre-fertilization reproductive
processes are understudied generally and in the context of OA.
In many marine invertebrates, gametogenesis, spawn timing,
and synchronicity is influenced by exogenous signals such as
temperature, photoperiod, food, and pheromones from
conspecific gametes (Galtsoff, 1938; Lawrence and Soame,
2004), and by endogenous signals such as hormones or
neuropeptides (Tanabe et al., 2010; Jouaux et al., 2012).
Applying knowledge of how these environmental cues are
registered and acted upon by organisms may elucidate how
low pH will affect these pathways.

Future studies should examine whether OA impacts
biochemical cues involved in gametogenesis, coordinated
spawning events, and mating behavior. Since many invertebrates
are osmoconformers with open circulatory systems, reproductive
hormones that circulate through the hemolymph are likely to be
exposed to environmental pH changes (Tarrant, 2007; Treen et al,,
2012). Structural changes have been observed in signaling peptides
outside of the reproductive context (Tarrant, 2007; Roggatz et al,,
2016). Exposure to acidification, for instance, resulted in
protonation of three peptide signaling molecules, which was
associated with behavioral impairment in shore crabs (Roggatz
et al., 2016). Whether acidification alters marine invertebrate
reproductive hormones is not yet known. This framework could
be extended to pheromones involved in mating. Pheromones come
in direct contact with the environment, and may be important for
spawning synchrony, long-distance mate searches, mate guarding,
and copulation dances. Out of all marine invertebrates, reproductive
pheromones are best understood in decapod crustaceans.
Pheromones released by female crabs instigate courtship displays
and guarding behaviors in males (Kamio et al., 2022). Male crabs
can distinguish female molting stages and copulation readiness
based on pheromone detection (Kamio et al., 2022). Alteration of
pheromone chemical composition, molecule shape, and residence
time in low pH conditions could impact necessary mating behaviors
and successful reproduction (Roggatz et al., 2016; Kamio et al,
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BOX 2 Experimental considerations for future OA and reproduction studies

Improve field research capability

« Spawning timing, duration, and intensity in natural settings are not easily predictable, and we lack baseline reproduction knowledge for most marine species.

Additionally, physiological and reproductive responses of laboratory-raised organisms may be compromised by stress associated with captivity.

« Research initiatives should collect baseline knowledge. Technologies should be developed and integrated with biophysical models to track gametes and larvae

in the natural environment.

Measure multiple reproductive traits simultaneously

« Reproduction is a complex process. It is important to examine multiple reproductive traits simultaneously to get a better understanding of overall

reproductive performance.

« Reporting measures of reproductive success that integrate multiple traits will improve the predictability of demographic models (ex. fecundity and survival of

mother, survival of offspring).

Incorporate diversity in test subjects and experimental design

« Studies should maximize genetic variation, as organism origin (i.e., field site, hatchery) and genotype can affect sperm and egg compatibility and confound

findings.

« Future work should incorporate taxonomic diversity and multiple stressors to expand the breadth of species and conditions studied.

Account for length of gametogenic cycles

« Gametogenic cycles vary between species. Many studies only expose organisms to OA when gametes are almost fully developed.

« Accounting for gametogenic cycle length improves understanding of OA effects on gamete development and parental effects.

Test multiple sperm concentrations

o The probability of detecting a treatment effect may be dependent upon sperm concentrations. “Optimal” sperm concentration may be higher than

ecologically relevant concentrations. Low sperm concentrations can exacerbate OA effects.

« Experiments should use multiple sperm concentrations and gamete incubation times, as these factors may alter the probability of fertilization and/or

polyspermy.
Understand limitations of intergenerational studies

« Artificially induced fertilization methods (i.e., strip spawning, chemical/hormonal injection, etc.) used in intergenerational studies may cause organisms to

release gametes before complete gametogenesis.

« Many intergenerational OA studies inherently include adult exposure during reproduction, so those studies should formally measure and report

reproduction metrics.

« Future research should differentiate between within-generation carryover effects, cross-generational impacts (FO-F1), and multigenerational plasticity (F1-F2

+), and determine how reproductive conditioning may impact each facet of plasticity.
See previous reviews for additional challenges in the design and execution of ocean acidification experiments (Albright et al., 2011b; Grazer and Martin, 2012; Prezeslawski et al., 2017).

2022). Additionally, the ability of invertebrates to produce and
detect these compounds may be impacted by low pH (Roggatz et al.,
2016; Kamio et al, 2022). A recent hypothesis developed by
Olischlager and Wild (2020) suggests that gamete release timing
during periods of low water motion is possibly regulated by the
carbon concentrating mechanism in corals and/or their symbionts,
which may make the synchronized spawning of organisms with
photo-symbionts vulnerable to OA. Future work should examine
hormones, pheromones, and other factors governing reproductive
cues and behavior to identify molecular signals vulnerable to OA.
For a more comprehensive understanding of changes to
reproductive resource allocation in acidified conditions, future
studies should examine multiple physiological metrics. OA-
induced changes in sex-specific growth, tissue regeneration, and
energy allocation could impact reproductive resource allocation.
While there are no studies correlating internal pH at the site of
gametogenesis and environmental pH, organisms that regulate their
internal environment may have increased metabolic demand in low
pH conditions, and less energy available for reproductive processes
(Sokolova et al., 2012). In corals, tissue damage caused a reduction
in coral fecundity (Rinkevich and Loya, 1989; Van Veghel and Bak,
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1994; Rinkevich, 1996) and tissue regenerated at a lower rate under
OA in various hexacorals (Horwitz and Fine, 2014). When exposed
to acidified conditions, the intracellular fluid of the crab
Chionoecetes bairdi did not change in low pH. However, there
were significantly more dead hemolymph cells and less granular
cells within acidified treatments. This suggests that metabolic
demands related to increased cell apoptosis, immune response,
and phagocytosis may be diverting energy away from reproduction
(Meseck et al,, 2016). If organisms can buffer extracellular pH to
promote somatic growth or maintenance, the diversion of energetic
resources to this task may impact reproduction.

There is a lack of research on how OA affects on brooding
behavior in cnidarians, echinoderms, and molluscs. Brooding
echinoderms may be disproportionately impacted by OA in the
Southern Ocean, based on predicted changes to aragonite and
calcite saturations at depths where these species are found (Sewell
and Hofmann, 2011). Recent studies show that internal brooding
itself may impart tolerance in these taxa. For example, pH
conditions in the brood chambers of Ostrea spp. oysters are lower
than the surrounding water (Gray et al,, 2019; Gray et al,, 2022).
Naturally lower pH in brood chambers could make fertilization
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Sexual reproduction mechanisms that may be compromised by OA. Changes in the chemical environment can impact the release of hormones
and pheromones that trigger gametogenesis, or gamete release in broadcast spawning species (1). Sex determination and differentiation
processes (2), gametogenesis timing, and energy allocation (specifically maternal provisioning) (3) can be impacted by low pH. Gametes
undergo substantial chromatin reorganization and DNA methylation (4) that can impact how gametes and subsequent offspring respond to
acidified conditions. Spawn timing may be affected by OA (5). Gamete bundles undergo breakage, further exposing gamete intracellular
conditions to changes in extracellular pH (pHe) (6). To begin the fertilization process internally or externally, chemoattractants are released from
eggs and sperm (7). A single sperm binds to the egg with the aid of gamete recognition proteins (8). Successful fertilization triggers calcium
release or an egg jelly coat to prevent polyspermy (9). Internal embryogenesis can be affected by OA (10). For organisms with internal
fertilization, brooding may shield embryo development from changes in pHe or expose embryos to more extreme conditions.

more resilient to OA (Lucey et al., 2015; Gray et al,, 2019; Gray et al,,
2022), thereby providing a potential evolutionary advantage.
Potential advantages from brood chambers may not apply to
external brooding species like the octocoral Rhytisma fulvum
(Liberman et al.,, 2021). Further research should compare low pH
impacts on external and internal brooding to determine if both
reproductive strategies provide similar evolutionary advantages.
Genomic regulation of reproduction in marine invertebrates is
a crucial, yet understudied, area. Determining how OA affects
baseline genetic processes related to reproduction is imperative
for understanding if processes can be phenotypically plastic or
evolve in response to stressors. Genes specific to sex, maturation
stage, early gametogenesis, sex determination, and differentiation
have been identified for the oyster C. gigas (Dheilly et al,, 2012;
Cavelier et al, 2017; Yue et al, 2018). In other economically-
important and edible species like the urchin P. lividus and scallop
Pecten maximus, transcriptome information has been used to
identify markers for sex determination (Machado et al, 2022)
and gamete quality (Pauletto et al,, 2017), respectively. Expressed
transcriptomes of reproductively active individuals at various time
points may elucidate genetic regulation of reproduction in low pH
conditions. In fish, miRNA molecules regulate oogenesis genes;
similar analyses should be conducted in invertebrate species to
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understand other regulators of gametogenesis (Juanchich et al,
2013). If organisms experience low pH during reproductive
conditioning, environmental cues may be integrated in the
germline through DNA methylation and other epigenetic
modifications (Bell and Hellmann, 2019). Sex-associated
methylation differences have been documented in C. gigas, and
OA exposure modified the reproductive tissue methylome in C.
gigas and C. virginica (Venkataraman et al., 2020; Sun et al., 2022;
Venkataraman et al, 2022). Changes to DNA methylation due to
low pH may impact successful reproduction or explain
intergenerational effects of these conditions on marine
invertebrates. Analysis of DNA methylation enzymes during the
maternal-to-zygotic transition in coral M. capitata embryos
exposed to OA suggests that methylome programming occurs
within 4 hours of fertilization (Chille et al., 2021), further
emphasizing the vulnerability of molecular machinery to OA and
its influence on carryover effects. Beyond DNA methylation,
changes to chromatin organization may influence reproduction
and carryover effects. Gametes, particularly sperm, are subject to
significant chromatin reorganization and packaging that can affect
the availability of genes for methylation or expression (Eirin-Lopez
and Putnam, 2018). As successful reproduction hinges on the
survival of offspring, understanding genetic and epigenetic
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mechanisms that drive reproduction is important to elucidate
changes to reproductive processes and offspring performance.

Conclusion

Despite the large body of research examining the effects of OA
on reproduction, there are notable gaps in the literature (Box 2). In
addition to the mechanisms described in the previous section,
long-term ecological baselines for reproduction are missing for
most organisms. This information is essential for understanding
the impacts of OA on organismal phenology and the resilience and
plasticity of reproductive processes. More ecologically relevant
experimental designs are also needed. For instance, knowledge of
acidification effects on spawn timing and synchronicity is, to date,
largely based on rates of spawning when induced or other metrics
that approximate spawn readiness, such as the number of gravid
individuals. Moving forward, it will be important to monitor
natural spawn rates and timing in variable pH conditions.
Studies on how OA affect mating behavior and sex
determination and differentiation are very limited, and additional
research into the effects of OA and additional environmental
stressors on reproduction are also needed (for a summary of
multi-stressor studies to date, see Supplemental Materials).

Itis crucial that we expand OA studies to include a more diverse
set of species with aquaculture, fisheries, and conservation
importance. Of the taxa discussed in this review, those that
constitute the largest fisheries and cultured species are among the
least studied. Crustaceans are notably underrepresented. In wild
fisheries, crustacean taxa represent the largest wild-caught group
(6.31 billion tons in 2017), with over half of the fishery comprising
shrimp and prawn species (3.60 billion tons combined, FAO, 2019),
and to date there are no studies that have looked at the effects of OA
on the top farmed marine crustaceans worldwide (FAO, 2018).
Cephalopods are another overlooked group. Despite 3.77 billion
tons of squid, cuttlefish, and octopus harvested globally in 2017
(FAO,2019), weidentified only one cephalopod study in this review
that exposed adults to OA and monitored reproductive activity
(Spady et al., 2020). Finally, while cnidarians are among the most
threatened by changing oceanic conditions (Hoegh-Guldberget al.,
2017), they are also among the least studied. It will be important for
future studies to prioritize impacts of acidification on reproduction
in species that support aquaculture and fishing communities,

restoration, and those species of conservation concern.
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Effects of ocean warming and
fishing on the coral reef
ecosystem: A case study of
Xisha Islands, South China Sea

Xinyan Zhang™?, Yuanchao Li*, Jianguo Du****, Shuting Qiu,
Bin Xie', Weilin Chen™®, Jianjia Wang*, Wenjia Hu*,
Zhongjie Wu*® and Bin Chen™

Third Institute of Oceanography, Ministry of Natural Resources, Xiamen, China, ?College of Ocean
and Earth Sciences, Xiamen University, Xiamen, China, *Hainan Academy of Ocean and Fisheries
Sciences, Haikou, China, “Key Laboratory of Marine Ecological Conservation and Restoration,
Ministry of Natural Resources, Xiamen, China, °Fujian Provincial Key Laboratory of Marine
Ecological Conservation and Restoration, Xiamen, China, °Fisheries College, Jimei University,
Xiamen, China

Global change has generated challenges for oceans, from individuals to the
entire ecosystem, and has raised contemporary issues related to ocean
conservation and management. Specifically, coral reef ecosystems have been
exposed to various environmental and human disturbances. In this study, the
Ecopath with Ecosim model was used to explore the impacts of ocean
warming and fishing on Xisha Islands coral reef ecosystem in the South
China Sea. The variables in this model included two ocean warming
scenarios and three fishing scenarios. The model consisted of 23 functional
groups including algae, coral, sea birds, and sharks. Our results showed that by
the middle of the century, ocean warming and fishing led to a 3.79% and 4.74%
decrease in total catch compared with 2009, respectively. In addition, the
combined effects of ocean warming and fishing caused a 4.79% decrease in
total catch, and the mean trophic level of catch was predicted to decrease by
6.01% under the SSP585-High fishing scenario. Reducing the fishing effort
mitigates the effects of ocean warming on some species, such as large
carnivorous fish and medium carnivorous fish; however, under low fishing
effort, some functional groups, such as small carnivorous and omnivorous fish,
have low biomass because of higher predation mortality.

KEYWORDS

climate change, fishing effort, Xisha Islands coral reef ecosystem, food web
simulations, Ecopath with Ecosim
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1 Introduction

Coral reefs are ecosystems with rich biodiversity and high
service value, and are referred to as “marine rainforests.” (Smith,
1978; Reaka-Kudla., 1997; Miloslavich et al., 2005; Hughes et al.,
2017; Williams et al., 2019). The coral reef ecosystem provides
food, medicine, tourism, aesthetics and coastal zone protection,
and it is of great significance for the socio-economic, cultural,
and security of the country and region, playing an irreplaceable
role in regulating the global climate and ecosystem balance
(Pilling et al., 2017; Zheng et al., 2021). Although coral reefs
only account for approximately 0.2% of the world’s ocean area
(Spalding et al., 2001; Fisher et al,, 2015), they support nearly
one-third of the world’s marine fish species and approximately
10% of the marine fishery catch (Smith, 1978; Zheng et al., 2021).

However, in recent decades, coral reefs worldwide have faced
various threats, and a series of climate change impacts and
human activities have led to the degradation of coral reefs, with
75% of global coral reefs seriously threatened (Bruno et al., 2007;
Hu et al,, 2020). The service value of coral reef ecosystems is
declining at an alarming rate owing to global and local pressures
(Eddy et al., 2021). Moreover, some studies have shown that 50%
of tropical coral reefs will lose their basic ecological and fishery
functions by 2050 (Bellwood et al., 2004; Bruno et al., 2007).
Ocean warming and fishing are the most important threat
factors that affect the coral reef ecosystem, which may cause
widespread degradation of the ecosystem (David et al., 2011),
reducing the stability of tropical coral reefs (Zhang et al., 2017;
Gibert, 2019; Inagaki et al., 2020), and increasing ecosystem
vulnerability (Hughes et al., 2003; Pandolfi et al., 2003; Bellwood
et al., 2006; Hughes et al., 2007).

Ecosystem models are generally used to examine ecological
issues and one of their applications is assessing the impacts of
climate change. These include the Ecopath with Ecosim (EwE)
model (Christensen et al., 2014), OSMOSE (Shin and Cury,
2001), Atlantis model (Fulton et al., 2011), and linear inverse
model (Legendre et al, 2013). One of the most widely used
ecosystem model and food web network analysis tools for
marine, estuarine, and other ecosystems worldwide is EwE
(Christensen et al., 2008). Ecopath was originally used to build
coral reef ecosystems (Polovina, 1984) and was later developed
into the EwE software (Christensen et al., 1992; Christensen et
al,, 2005). Although there are more than 500 models which used
the EwWE model, less than 70 EwWE models have focused on the
coral reef ecosystem owing to its complexity. Most previous
studies focus on the static structure of the ecosystem, with a
lesser focus on the impact of a single factor on the coral reef
ecosystem, and the comprehensive impact of multiple factors is
not well examined (Colléter et al., 2015; Argiielles-Jiménez et al.,
2020). For example, by the end of the century, ocean warming
would lead to a reduction in the total standing biomass of 1.00%,
8.00%, and 44.00% in RCP2.6 (low greenhouse gas emissions),
RCP4.5 (medium greenhouse gas emissions), and RCP8.5 (high
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greenhouse gas emissions) in the coral reef ecosystem in Brazil,
respectively, and change the ecosystem structure to promote low
trophic level functional groups, and cause algal increase during
coral decrease (Capitani et al., 2022). The biomass of the Red Sea
coral reef ecosystem would decrease with an increase in fishing
effort, except for those developed by beach seines, consisting of
low trophic level fishes (Tesfamichael et al., 2016). The coral-
algal phase shifts on coral reef ecosystem would result in reduced
biodiversity and ecosystem maturity in Raja Ampat Archipelago
in Eastern Indonesia, and the landing of traditional targeted
species would greatly reduce (Answorth et al., 2015). In recent
years, some studies have reported the combined impacts of
overfishing and climate change on large marine ecosystems or
estuarine ecosystems. For example, large-scale declines in
biomass under climate change in the South China Sea (SCS),
and a 99.00% decline in biomass compared to the levels in 2000
of 17 functional groups were predicted under baseline fishing
and the RCP8.5 scenario (Teh et al., 2019). The combined effects
of climate change and fishing will reduce the biomass in the
Pearl River Estuary (PRE) ecosystem (Zeng et al, 2019).
However, there is a lack of studies on the combined effects of
ocean warming and fishing on coral reef ecosystems, which
hinders our forward-looking management.

Xisha Islands are located in the north-central part of the SCS
and at the northern edge of the “coral triangle” with the highest
biodiversity worldwide (Allen, 2008; Huang et al., 2008). Coral
reefs of Xisha Islands are a typical oceanic worldwide, as well as
the oldest and most precious coral reefs in China (Huang et al,
2008), and one of the main fishing grounds for reef fisheries in
the SCS (Li et al., 2007). Recently, Xisha Islands coral reef
(XICR) ecosystem has faced threats of ocean warming and
overfishing (Shi et al., 2008; Liu et al, 2021; Wang et al,
2022), leading to a 16.28% reduction in coral reef coverage
(Zuo et al,, 2020), a decline in fish productivity, diversity, and
large fish populations (Li, 2020), and an explosion in the crown
of thorns (Acanthaster planci) (Li et al., 2019). In addition, the
sea surface temperature (SST) of Xisha Islands rises faster than
that of the Zhongsha and Nansha Islands (Zuo et al,, 2015), and
the ecosystem here has weak resistance to external disturbances
(Hong et al., 2021). Although a few studies have examined the
effects of global warming on corals in the SCS, for example, the
potential threat of global warming to coral growth was explored
in Xisha Islands and Nansha Islands (Shi et al., 2008), and the
remote sensing image records of coral reefs in the SCS
responding to climate warming in the past 40 years were
analyzed (Liu, 2020), the fate of coral reef ecosystems in the
SCS under climate change and fishing remains unknown.

In this study, we developed the Ecopath and Ecosim models
using continuous underwater monitoring data for Xisha Islands
from 2009 to 2020, and projected trends under different
scenarios up to the 2050s. The main objectives were to (1)
explore the food web structure of coral reef ecosystem in the SCS
and its differences compared to other regions (2) study the
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combined effects of ocean warming and fishing on the coral reef
ecosystem and identify factors exerting greater influence. This
study is the first to examine the effects of global change on coral
reef ecosystems in the SCS. Through this study, we aimed to
provide a scientific basis for the conservation and management
of coral reef ecosystems in the SCS in the context of global
change in the future.

2 Materials and methods
2.1 Study area

Xisha Islands are located at 15°46'N—-17°08'N and 111°11'E
—-112°54'E (Figure 1). It is one of the archipelagos with the
largest land area (approximately 10 km?) and the largest number
of islands in the SCS (Li et al.,, 2002). It comprises Yongle and
Xuande islands, with 26 islands and sandbanks, 11 underwater
reefs, shoal reefs, and sandy beaches. The climate is tropical
monsoon, with an annual average SST of 27.50°C. The highest
temperature is from May to September (average 29.90°C), and
the lowest is from December to February of the following year
(average 24.80°C). The transparency of seawater is usually
greater than 15 m and can even exceed 30 m. The
environmental conditions are suitable for the growth of coral
communities (Zuo et al, 2020). The biological resources on
Xisha Island are very rich and this region serves as important

10.3389/fmars.2022.1046106

fishing grounds for coral reef fisheries in the SCS (Li et al., 2007).
The island also supports high biodiversity, with 643 fish species,
409 coral species, and 1570 benthic species (Li et al., 2002;
Huang et al,, 2018; Qiu et al., 2022).

2.2 Food web modeling

The Ecopath with Ecosim (EwE) model (Christensen and
Pauly, 1992; Walters et al., 1997; Walters et al., 2000) was used
to estimate the model for XICR ecosystem. This model
combines a static (Ecopath) and a time dynamic model
(Ecosim). The Ecopath model can be used to describe the
state of an ecosystem at a given time, and Ecosim is used to
simulate the temporal dynamics of a food web under
environmental disturbances and fishing (Christensen
et al., 2005).

2.2.1 Ecopath

To reduce the complexity of the food web, individuals or
groups of species were assigned to similar functional groups or
guilds, which share similar ecological parameters, such as growth
and consumption rates, diet composition, and predators.
Ecopath assumes that the production of each functional group
is equal to the consumption due to predation, fishing mortality,
biomass accumulation, and migration. The following equations
describe the Ecopath model:
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Map of the study area of Xisha Islands, South China Sea
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P Q
B; x (E)ixEE,.—E,. =D B x (E)jXDCij+Yi+Bi x BA; (1)

where B; is the biomass of the prey species (i) of group ; (P/
B); is the production/biomass ratio for i EE; is the ratio of
production to consumption for group i; E; stands for the net
emigration of I; B; is the biomass of consumers (j) of group i (Q/
B); is the ratio of consumption to biomass per unit of j; DCj; is
the proportion of i in j’s diet; Y; is the fishery catch of group I;
and BA, is the biomass accumulation of group L.

Q=P+R+U (2)

To satisfy the energy flow balance among the functional
groups of the ecosystem, each functional group should satisfy the
second equation, where Q is consumption, P is production, R is
respiration, and U is unassimilated food.

2.2.2 Ecosim

Ecosim enables dynamic simulation at the ecosystem level by
inheriting key parameters from Ecopath (Christensen et al,
2008). The following equation describes the Ecosim model.

=6 X 2 Q- 2 Q- (MO +e) x B (3)
J J

where dB;/dt is the growth rate of the biomass of group i in
time interval dt; g; is the estimated net growth efficiency based on
P/B and Q/B; MO; is the estimated natural mortality based on the
ecotrophic efficiency; e; is the emigration rate; I; is the
immigration rate. The two summations of Equation (3)
estimate consumption rates, the first is the total consumption
of group i and the second is predation by its predators on
group i.

2.3 Model parameterization

The Ecopath model was built to simulate the coral reef
ecosystem of Xisha Islands and was used as the basis for Ecosim.
The aquatic ecosystem is very complex, aggregating species into
function group is a way to reduce the complex of food web, each
function group is conformed according to species traits that are
most relevant to define their ecological role. Twenty-three
functional groups were defined according to the ecology,
taxonomy, feeding or phylogeny characteristics of organisms
in the coral reef ecosystem in Xisha Islands, the latest literature
in the same area (Hong et al., 2021), and the fish resource survey
conducted in Xisha Islands (Sun et al., 2005; Wang et al., 2011),
ranging from primary producers to herbivorous fish and Sharks,
which basically covered the energy flow process of each trophic
level of the ecosystem. The biomass of fish and benthos
functional groups were estimated using diving data from
Underwater Visual Census (UVC) conducted in 2009, whereas
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the biomass of other functional groups was got from studies in
the SCS (Huang et al., 2009; Hong et al., 2021) and other coral
reef model (Du et al., 2020). The P/B, Q/B and EE values of each
functional group were mainly acquired from the Qilianyu coral
reef model, which lies in the same region (Hong et al., 2021).
Diet composition was derived from our feeding studies, stable
isotope analysis, and FishBase (https://www.fishbase.se/). The
catch data was obtained from comprehensive estimation
through interviews and discussions with fishers. Detailed
parameters are listed in Table 1.

2.4 Addressing uncertainty in input data

The Ecosampler module in EWE model is used to analyze the
impact of uncertainty of input parameters on model output
parameters (Steenbeek et al., 2018). We used the Monte Carlo
sampling method built in Ecosampler to set a 20% uncertainty
for the B, P/B, Q/B and EE parameters of the functional group,
and randomly generate 500 rebalanced XICR Ecopath models.

2.5 Simulating ocean warming effects in
Ecosim

Ecosim allows us to explore the effects of climate change and
human activities on ecosystems over long time scales by fitting
time series data. In this study, the time series contained reference
data and driving data. The reference data consisting of the
biomass of eight fish functional groups was obtained through
diving surveys in 2009-2020. The driving data consisted of data
on chlorophyll a concentrations, and was obtained from
National Oceanic and Atmospheric Administration (https://
www.noaa.gov/). In the EWE model, the forcing function was
used to express the species’ responses to temperature change. It
was assumed that the predicted temperature preferences of the
species conform to a Gaussian distribution. The Gaussian
function was the best statistical fit for the temperature survival
curve of fish eggs in the North Atlantic (Dahlke et al., 2020). The
species has the highest growth rate at the preferred temperature.
Temperatures lower or higher than the optimal will cause a
decrease in biomass and productivity (Zeng et al., 2019). In this
study, the preferred temperatures of species in Xisha Islands
ecosystem were calculated according to previous studies (Day
et al., 2018) and FishBase (https://www.fishbase.se/).

SST was obtained from the GFDL-ESM4 (https://esgf-node.
lInl.gov/search/cmip6/). It contains historical data (1990-2014)
and future simulation data (2015-2100). This study used SSP126
(low radiation forcing scenario) and SSP585 (high radiation
forcing scenario) as two climate scenarios. SST selected the
rlilplfl model, the spatial resolution contained 15°46'-17°08’
N, 111°11'-112°54" E, the accuracy was 1°x1° and the time
resolution was monthly. To improve the credibility of future

frontiersin.org
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TABLE 1 Basic input and estimated (bold) parameters for the functional groups in the coral reef model of the XICR ecosystem.

Functional group Trophic level Biomass
1 Sharks 3.76 0.10°
2 Sea birds 3.47 037
3 Turtle 2.82 0.02°
4 Large carnivorous fish 3.53 0.55
5 Medium carnivorous fish 3.43 2.01
6 Small carnivorous fish 3.25 3.09
7 Omnivorous fish 2.87 1.94
8 Scraping grazers 2.75 1.64
9 Detrital fish 2.25 2.95
10 Herbivorous fish 2.19 6.86
11 Butterflyfish 291 1.52
12 Coral reef 2.25 17.75
13 Giant triton 3.34 0.69¢
14 Crustaceans 2.78 430"
15 Crown-of-thorns starfish 3.16 13.85
16 Other echinoderms 2.00 3.04
17 Bivalve 2.48 8.50
18 Other invertebrates 2.20 48.73
19 Zooplankton 2.11 3.23
20 Phytoplankton 1.00 8.817 ¢
21 Sea grass 1.00 52.00 ©
22 Algae 1.00 36.16
23 Detritus 1.00 315.00

P/B Q/B Ecotrophic Efficiency Fishery
0.25° 4.72° 0.19
0.38° 63.95° 0.62
0.14° 350 ° 0.71 0.0020
0.67° 11.52°¢ 0.77 0.20
0.99°¢ 8.50 0.93 25
4.12° 13.50 € 0.80 0.80
4.50° 16.30 0.74 1.80
220°¢ 15.10° 0.88 0.20
2.34° 833" 0.85
2.54° 21.50° 0.77 1.50
4.54° 6.72¢ 0.72
3.00° 10.00 © 0.70°
122°¢ 408 © 0.95 0.80
565 ¢ 28.50 € 0.82 0.50
1.20° 5.00° 0.30 €
243 8.15¢ 0.93 0.50
251¢ 562° 0.82 0.50
3.66° 17.75° 0.95° 6.00
76.00° 253.00 € 0.90
231.00¢ 0.35
13.76 © 0.46
1020 ® 031°
0.23

*(Huang et al., 2009); b(Du et al,, 2020); “(Hong et al., 2021).
The bold values represent the estimated output from the model.

forecast data, the deviation of the climate model data was
corrected according to the retrieved SST based on MODIS
data. The retrieved SST data were obtained from the National
Oceanic and Atmospheric Administration (https://www.noaa.
gov/). The average value of the processed temper<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>