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A B S T R A C T

Temperature and dissolved oxygen concentration are important abiotic factors that can limit the growth and
survival of sea cucumbers by affecting their immune systems. As global warming intensifies, sea cucumbers are
increasingly exposed to adverse environmental conditions, which can cause severe economic losses and limit the
sustainable development of sea cucumber aquaculture. It is therefore important to better understand how sea
cucumbers respond to environmental stress, especially with regard to its effects on immunity. In the present
study, the time series of immunity-related gene expression in sea cucumbers under thermal and hypoxic stresses
were analyzed separately. The expression trends of 17 genes related to the nuclear factor κB (NF-κB) pathway,
the protease family, the complement system, heat shock proteins (HSPs) and the transferrin family during ex-
posure to two stresses at eight time points were concluded. These genes have interconnected roles in stress
defense. The expression levels of genes relating to the NF-κB pathways and HSPs were strongly affected in the sea
cucumber thermal stress response, while melanotransferrin (Mtf), ferritin (Ft) and mannan-binding C-type lectin
(MBCL) were affected by hypoxia. In contrast, complement factor B (Bf), myosin V (Mys) and serine protease
inhibitor (SPI) were not that sensitive during the initial period of environmental stress. Similar expression pat-
terns under both thermal and hypoxic stress for certain genes, including an increase in Hsp90 and decreases in
lysozyme (Lys), major yolk protein (MYP) and cathepsin C (CTLC) were observed in sea cucumbers. Conversely,
NF-κB and Hsp70 were differentially affected by the two stress treatments. Lysozyme-induced immune defense
was inconstant in sea cucumbers coping with stress. A gene ontology (GO) analysis of the selected genes revealed
that the most co-involved terms related to immunity and iron ion. Our analysis suggests that sea cucumbers
demonstrate complex and varied immune responses to different types of stresses. This dynamic image of the
immune responses and stress tolerance of sea cucumbers provides new insights into the adaptive strategies of
holothurians in adverse environments.

1. Introduction

Global climate change has caused elevated sea temperatures and
thus has a direct impact on marine organisms. Additionally, because
high water temperatures reduce oxygen solubility, increase stratifica-
tion and reduce ventilation, thermal stress is commonly accompanied

by hypoxic stress [1]. As a nutrient-rich aquaculture species, the sea
cucumber Apostichopus japonicus is widely farmed in Asia, including in
China, Japan, Russia and Korea. In 2018, although the area of sea cu-
cumber aquaculture increased 8.68% in China, the harvest reduced
20.72% compared with the previous year [2]. The primary causes of
this severe economic and resource loss were environmental,
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specifically, oxygen deficiency and elevated temperature. This is con-
cerning, because as global warming intensifies, it is likely that the en-
vironmental conditions for sea cucumbers will become more unsuitable
and productivity will further decline.

Exposure to high temperatures and low concentrations of dissolved
oxygen can cause severe thermal and hypoxic stress to marine organ-
isms, and such stresses affect many biological processes, especially
immunity. For example, previous research has examined the expression
of Hsp70 in Ruditapes philippinarum and Larimichthys crocea under hy-
poxia [3,4] and in Crassostrea gigas under thermal stress [5]. Immune-
related genes linked to the Rel/NF-κB signaling pathway have been
studied in Haliotis diversicolor under thermal and hypoxic stresses [6]; as
has the ferritin gene in Haliotis rufescens under thermal stress [7].
However, limited research has addressed these immune response of sea
cucumbers exposed to thermal and hypoxic stresses. In a previous
study, the behavior, physiology, histomorphology, enzyme activity and
molecular characteristics of A. japonicus were shown to be influenced
by thermal and hypoxic stresses [8,9]. Furthermore, immune-related
pathways were identified as being affected by thermal and hypoxic
stresses in A. japonicus from the aspect of proteins and metabolites
[10,11]. Nonetheless, most studies on the effects of heat and hypoxic
stress on sea cucumbers have considered a single time point, and a
serial analysis of gene expression over time is lacking. Therefore, in the
present study, we have analyzed immune gene expression in sea cu-
cumbers under environmental stress over a three-day time course. Our
results clarified key immune gene expression and were helpful to un-
derstand the different defense mechanisms deployed by echinoderms
under diverse environmental stresses.

2. Material and methods

2.1. Animals

Around 110 healthy sea cucumbers (A. japonicas), each weighing
around 100 g, were collected from the coast of Weihai, China. Before
the experiment, sea cucumbers were acclimated in tanks containing
aerated sand-filtered seawater at 16±0.5 °C and with a dissolved
oxygen concentration of 8±1mg/L for at least one week, and were fed
once a day (in the morning). Any uneaten feed was removed daily
during both the acclimation and experimental periods. Following ac-
climation, active sea cucumbers were randomly allocated into one of
the two environmental stress treatments and cultured separately. The
thermal stress treatment was conducted with a high temperature of
26 °C and a sufficient concentration of dissolved oxygen (constant
aeration); the hypoxic stress treatment was conducted with a low dis-
solved oxygen concentration of 2mg/L and at a suitable temperature of
16 °C. A heating rod and an on-line oxygen dissolving control system
were used to maintain the temperature and dissolved oxygen level,

respectively [9]. The intestine is a sensitive organ that can be partly
eviscerated when sea cucumbers are exposed to adverse environments,
thus it was selected as the target tissue for our analysis of gene ex-
pression. After exposure to stress for 0 h, 2 h, 4 h, 6 h, 12 h, 24 h, 48 h
and 72 h, six individuals from each treatment were promptly dissected
and their intestines were preserved in liquid nitrogen and stored at
−80 °C. Because A. japonicus is not an endangered or protected species,
no permission was needed for animal collection, and an ethics state-
ment is not applicable.

2.2. Data acquisition and analysis

Based on previous research on sea cucumbers immunity, 17 im-
munity-related genes were selected for RT-qPCR analysis [12,13]. Total
RNA was extracted from intestines using the MiniBEST Universal RNA
Extraction Kit (Takara, Shiga, Japan) following the manufacturer's in-
structions and a NanoDrop 1000 (Thermo Fisher Scientific, Waltham,
MA, USA) was used to measure its quality and concentration. RNA
samples from three sea cucumbers per treatment at each timepoint,
with RNA integrity numbers ≥ 7, OD260/OD280=2.0±0.2 and
OD260/OD230=2.0±0.2, were selected for the further experiments.
First-strand cDNA was synthesized from each RNA sample using reverse
transcriptase (Takara) and used as a template for RT-qPCR. Gene ex-
pression levels were examined using SYBR Green® real-time PCR assays
(SYBR PrimeScrip ™ RT-PCR Kit II, Takara) with an Eppendorf Mas-
tercycler® ep realplex (Eppendorf, Hamburg, Germany); β-actin (Actb)
was used as a reference gene for internal standardization.

RT-qPCR primers (Table S1) were designed for optimal performance
using the primer3 software [14] and according to sequence information
from the A. japonicus transcriptome database. The total volume of the
RT-qPCR amplification mix was 20 μl, which comprised 10 μl of SYBR
Green Master Mix (Takara), 8 μl of RNase-free water, 1 μl of diluted
cDNA, and 0.5 μl (each) of the forward and reverse primers (10mM).
Thermal cycling was performed according to the following procedure:
95 °C for 5 s, followed by 40 cycles of 95 °C for 10 s, 60 °C for 20 s and
72 °C for 30 s. The specificity of the amplification products was ex-
amined by melting curve analysis. The 2−△△CT method was used to
analyse the comparative mRNA expression levels of the selected genes
[15]; this analysis was performed using the SPSS19 software (IBM
Corp., Armonk, NY, USA). All data are displayed as means± standard
deviation. A significance analysis of each gene between the different
time points compared with 0 h was performed using one-way ANOVA
with Tukey's test. In Figs. 1 and 2, means that do not share a given letter
(like a and b) differ significantly (P<0.05). The heatmap in Fig. 3 was
made using TBtools and is clustered by row scale [16]. A gene ontology
(GO: http://www.geneontology.org/) analysis was used to classify and
group the selected genes and the GO network was built using Cytoscape
software (The Cytoscape Consortium, San Diego, CA, USA) [17].

Abbreviation list

Actb β-actin
NF-κB nuclear factor κB
IκB inhibitor of NF-κB
Lys lysozyme
SPI serine protease inhibitor
CTLC cathepsin C
AjC3-2 complement component C3-2
AjC3 complement component C3
Bf complement factor B
Hsp70 heat shock protein 70
Hsp90 heat shock protein 90

gp96 heat shock protein gp96
Ft ferritins
Mtf melanotransferrin
MYP major yolk protein
MBCL mannan-binding C-type lectin
Thy thymosin β
Mys myosin V
TLR toll like receptors
PRR pattern recognition receptor
GO gene ontology
CC cellular component
MF molecular function
BP biological process
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3. Results and discussion

In A. japonicus aquaculture, water temperature and dissolved
oxygen are two of the most important limiting factors [11]. Environ-
mental stresses—including heat, hypoxia and low salinity—have ne-
gative effects on marine invertebrate immune systems, decreasing re-
sistance to disease and leading to death. Therefore, it is important to
understand how immune genes are affected by stress exposure and the
roles they play in defense mechanisms. In this study, the expression
dynamics of key genes from the nuclear factor κB (NF-κB) pathway, the
protease family, the complement system, the heat shock proteins and
the transferrin family—along with other genes involved in im-
munity—were observed in A. japonicus under thermal stress or hypoxic
stress (Figs. 1–2). For discussion, we have divided our experimental
environmental stress exposure into three phases: an early exposure
stage (2 h–12 h), a middle exposure stage (12 h–48 h) and a late ex-
posure stage (48 h–72 h). Furthermore, all descriptions of increased or
decreased gene expression are based on a comparison to the expression
levels at 0 h, and a heatmap of gene expression over time is shown in
Fig. 3. Overall, it seems that over half of the selected immunity-related
gene expression showed a changed tendency within the first two days of
exposure (Fig. 3), and then returned to their original expression states
by 72 h.

3.1. NF-κB pathway-related gene expression

NF-κB and inhibitor of NF-κB (IκB) are genes vital to the NF-κB
pathway. In a previous study of the abalone exposed to thermal and
hypoxic stress, they both showed increased expression [6,18]. In our
study, the expression of NF-κB and IκB showed similar increased ex-
pression affected by thermal stress, being increased in the early stage of
stress exposure, peaking at 12 h and 6 h, respectively, and then de-
creased to initial levels in the late stage (at 72 h) of thermal stress
(Fig. 1). In contrast, under hypoxic stress, NF-κB showed significantly
lower expression in the early and middle stages (from 2 h to 48 h), re-
covering to original levels at 72 h. IκB did not appear to be consistently
changed by hypoxic stress, being significantly increased at 2 h and 6 h,
and significantly decreased at 24 h and 72 h (Fig. 2). Actually, activated
NF-kb induces rapid and high-level expression of IκBα, and then at-
tenuate on-going NF-kb activation [19]. A possible explanation for the
discrepant results may be that NF-κB and IκB may have different re-
sponse speeds towards different type of environmental stress. In addi-
tion, NF-κB has also been found to be sensitive to hypoxic stimulation
independent of the activity of hypoxia inducible factor—a key tran-
scription factor that regulates oxygen homeostasis [20,21]. Therefore, it
may also be because that some other genes were simultaneously taking
part in the regulation, like HIF-1α, etc [22].

Fig. 2. Expression of key immune genes in sea cucumbers under hypoxic stress.

Fig. 1. Expression of key immune genes in sea cucumbers under thermal stress.
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3.2. Protease-related gene expression

Lysozyme (Lys) plays an important role in immunity modulation
and anti-inflammatory activities, because it damages bacterial cell walls
and hydrolyses fibrin to safeguard against infection [23,24]. We found
that Lys gene expression decreased during environmental stress ex-
posure. Specifically, Lys expression showed a significant decrease at 2 h,
24 h, 48 h and 72 h under thermal stress (Fig. 1), and in the early stage
of hypoxic stress at 2 h, 6 h and 12 h (Fig. 2). Because these changes in
Lys expression were not dependent on time- or dosage, this may in-
dicate that lysozyme-induced immune defense is flexible in sea cu-
cumbers coping with stress. Serine protease inhibitor (SPI) can provide
defense against pathogens or parasites, and acts by inhibiting fungal or
bacterial proteinases [25]. Here, SPI showed increased expression,
reaching a peak at 12 h and then decreasing in the middle and late
stages of thermal stress (Fig. 1). Under hypoxic stress, SPI showed
significantly increased expression in the late stage at 72 h (Fig. 2).

As a family of lysosomal cysteine proteases, cathepsins could be
distinguished by substrate specificity, and can degrade polypeptides
[26]. Among them, cathepsin C (CTLC) has been identified as an acti-
vator of serine protease and is involved in the mammalian immune
system [27,28]. In our study, CTLC expression significantly decreased
in the middle and late stages (from 24 h until 72 h) under thermal
stress. Moreover, CTLC was also significantly decreased in the early and
middle stages (from 2 h to 48 h) under hypoxic stress, but return to
initial levels in the late stage at 72 h. In a previous study on heat stress
in sea cucumbers, the cathepsin family member, cathepsin B and ca-
thepsin D, also showed decreased expression due to heat stress [29].
These results suggest that serine proteases may be a dominant mediator
of key biological progresses during thermal stress.

3.3. Complement system-related gene expression

The complement system contributes to the innate immune response
in invertebrates, and echinoderms possess a simplified complement
system [30]. Complement component C3 is involved in the three
pathways of the complement system, i.e. the classical, alternative and
lectin pathways. In this study, complement component C3 (AjC3) ex-
pression was significantly increased in the early and middle stages
(from 6 h to 48 h), and then returned to initial levels at 72 h under
thermal stress (Fig. 1). However, under hypoxic stress, AjC3 only
showed significantly increased expression at 72 h (Fig. 2). Complement
component C3-2 (AjC3-2) showed no significant changes in expression
during the first day of exposure to thermal stress, but then the
expression significantly increased in the late stage (at 48 h and 72 h).
Under hypoxic stress, AjC3-2 expression was significantly increased at
6 h and 72 h compared with 0 h. Complement factor B (Bf) can activate
C3 and is involved in the alternative pathway [31]. Bf showed no sig-
nificant expression changes when exposed to thermal stress, but was

significantly increased in the late stage at 48 h and 72 h under hypoxic
stress. These data suggest that the alternative pathway is less affected
by thermal stress than hypoxic stress.

3.4. Heat shock protein-related gene expression

Environmental stress factors such as heat shock [32], osmotic stress
[33] and ultraviolet light [34] can result in the production of heat shock
proteins (HSPs) by the cell. Subgroups of HSPs range in molecular mass
from 10 to 200 kDa and include heat shock protein (Hsp)70, Hsp90 and
gp96. These molecules could play important roles in signal transduc-
tion, cell cycle control and protein refolding and degradation [35].
Hsp70 aids protein import, translocation processes, proteolytic de-
gradation and aggregation prevention [36] and protection against
apoptosis [37]. In our study, thermal stress caused a significant increase
in Hsp70 during the early and middle stages (from 2 h to 24 h), but
expression returned to initial levels after 48 h (Fig. 1). In contrast,
Hsp70 expression showed a significant decrease in the early stage (at
2 h, 4 h and 12 h) under hypoxic stress (Fig. 2). In a previous study, a
moderate expansion of the Hsp70 subfamily was found in sea cu-
cumbers [38]. It is tempting to infer that this expansion may underlie a
strategy that enables sea cucumbers to adapt to fluctuating environ-
mental conditions, especially in response to thermal stress.

Hsp90 manages protein folding and degradation, and plays a role in
signal transduction, stress adaptation [35,39] and proteasome assembly
and maintenance [40]. It has also previously been identified as very
sensitive to heat shock and hypoxia in the Chinese shrimp Fenner-
openaeus chinensis [41]. Here, the expression of Hsp90 significantly in-
creased in sea cucumbers during the early stage of thermal stress (from
2 h to 12 h), but during the middle and late stages (from 24 h to 72 h), it
showed no significant change. Similarly, when exposed to hypoxic
stress, Hsp90 expression significantly increased in sea cucumbers during
2 h–6 h, but showed no significant changes between 12 h and 72 h. Heat
shock protein gp96 (gp96) was also sensitive to thermal stress, showing
significantly increased expression levels throughout the early, middle
and late stages; however, it showed no significant changes in expression
during hypoxic stress. gp96 gene can potently induce T-cell mediated
innate immunity through toll like receptors (TLRs), and adaptive im-
munity through antigen presentation [42]. The rapid accumulation of
HSPs observed in our study could ensure cell homeostasis by refolding
denatured proteins, degrading unstable or misfolded proteins, and
preventing proteins from aggregation and restoring, thereby helping
sea cucumbers survive under conditions of environmental stress [43].

3.5. Expression of transferrin family members and other immune-related
genes

Melanotransferrin (Mtf) belongs to the transferrin-family proteins,
and plays important roles in cell migration, angiogenesis, invasion and

Fig. 3. Heatmap of immune gene expression over time. (a) Under thermal stress; (b) under hypoxic stress.
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plasminogen activation [44–46]. In our study, the Mtf gene showed no
significant expression changes during three days of thermal stress, nor
in the early and middle stages (from 2 h to 24 h) of hypoxic stress.
However, in the late stage (from 48 h to 72 h), Mtf showed significantly
increased expression during hypoxic stress. Ferritins (Fts) are the main
iron storage proteins and are related to innate immune responses [26].
In our study, expression levels of the Ft gene were only significantly
increased at 48 h under thermal stress (Fig. 1). Under hypoxic stress, Ft
expression was significantly decreased in the early and middle stages
from 2 h to 48 h, and then return to initial levels in the late stage, at
72 h (Fig. 2). This decreased ferritin expression might result in a greater
availability of free iron in the environment, which may protect cells
from oxidative stress [47]. Lectins recognize specific carbohydrate
moieties, and are involved in immune defense [26]. As a type of the
pattern recognition receptors (PRRs), C-type lectins can also induce cell
aggregation [48]. In our analysis, Mannan-binding C-type lectin (MBCL)
showed significant upregulation at 4 h and 12 h under thermal stress,
and at 6 h under hypoxic stress (Fig. 2). Thus, cell aggregation and an
immune response are likely to occur promptly in sea cucumbers under
stress. Thymosin β (Thy) has immunoregulatory and anti-inflammatory
properties and links the actin cytoskeleton to key immune and cell
growth-signaling cascades [49,50]. Here, the Thy gene showed sig-
nificantly lowered expression throughout the early, middle and late
stages (from 2 h to 72 h) under thermal stress, and from 4 h to 24 h
under hypoxic stress. Myosin V (Mys) only showed significant down-
regulation at 2 h, after which its expression recovered to initial levels
until the end of the thermal stress treatment. Notably, Mys showed no
significant change in expression during three days of hypoxic stress.

Major yolk protein (MYP) is a transferrin superfamily member with
iron-binding ability. In our analysis, the MYP gene showed significantly
downregulated expression within two days of hypoxic stress (Fig. 2)
and within three days of thermal stress, except at the 24 h time point
(Fig. 1). A previous study has reported a similar expression pattern of
MYP in sea cucumbers under heat stress [29]. This decreased expression
of MYP gene under environmental stress might be related with the
depressed transduction and participation in iron adjustment to main-
tain basic metabolism to survive.

3.6. Immune system responded to environmental stress

A strong relationship between immune response and environmental
stress has been reported in the many publications. A gene ontology
(GO) analysis was conducted to explore the functions of key immunity
genes in our study (Fig. 4), and include representatives from the “cel-
lular component” (CC), “molecular function” (MF) and “biological
process” (BP). Among these GO terms, the most co-involved among all
the GO terms are related with immune and iron ion, including in-
flammatory response (GO: 0006954), innate immune response (GO:
0045087), ion transport (GO: 0006811) and iron ion homeostasis (GO:
0055072). Notably, these two terms—immunity and iron ion—were
also shown to be significantly enriched in a previously reported dataset
of differentially expressed proteins in A. japonicus under thermal and
hypoxic stress [10]. Because sea cucumbers lack an adaptive immune
system, they depend on innate immunity to respond to stress, and both
humoral and cellular responses occur when sea cucumbers are exposed
to sub-optimal environmental conditions. Ions are involved in

Fig. 4. GO term analysis of selected genes (red rhombus, key gene; blue rectangle, CC terms; purple rectangle, BP terms; green rectangle, MF terms). (For inter-
pretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)
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regulating osmotic pressure and substance transport, while iron pro-
motes free radical generation and cellular oxidative stress [29]. Hy-
poxic stress can cause some sea cucumbers to become edematous with
sea water and slowly die [9]. This highlights the importance of ionic
responses for sea cucumber survival, and is consistent with the changes
we observed in ion-related pathways in sea cucumbers under stress.

Immune molecules from the NF-κB pathway, the protease family,
the complement system, the heat shock protein family and the trans-
ferrin family participate in the innate immune system of sea cucumbers,
and thus facilitating their response to environmental stress (Fig. 5).
These genes have interconnected roles in stress defense. For example,
Hsp90 and Hsp70 act as part of a multi-chaperone network and co-
operate with other molecular co-chaperones [43]; Hsp70 may also di-
rect a new mechanism of NF-κB regulation under thermal stress [51].
Moreover, anti-inflammatory effects of HSPs have been proposed based
on their inhibition of NF-κB [52,53], while SPI can activate the DNA-
binding activity of heat shock transcription factor at concentrations that
inhibit NF-κB [54]. The expression of the complement receptor 2 gene
can be enhanced by NF-κB [55], and the induction of complement genes
can activate the NF-κB pathway and induce further inflammatory fac-
tors [56,57]. Furthermore, the complement acts as an important agent
in the clearance of damaged tissues through opsonization by binding to
Hsps [58]. As a transcriptional activator, NF-κB serves to limit damage
from radicals by inducing ferritin [59], and MYP and heat shock cog-
nate protein 70 play an essential role in activating the TLR pathway via
interacting with myeloid differentiation factor 88 in A. japonicus [60].
These complex interactions might explain the dynamic and diverse
expression of these immune-related genes in sea cucumbers under
thermal or hypoxic stress.

4. Conclusions

Deteriorating environmental conditions, especially the recent in-
crease in thermal and hypoxic stresses, are threatening the sea cu-
cumber aquaculture industry. Our findings reveal that the A. japonicus
immune system responds rapidly to environmental stress. We observed
a dynamic immune response, with immune-related genes being

differentially expressed over time after exposure of A. japonicus to en-
vironmental stress, and these genes and molecules connect as a coeffi-
cient network to play a role in stress defense in sea cucumber. As they
changed over time, sea cucumbers develop specific strategy to defense.
In summary, MYP was repressed by both stresses while Mys was not
significantly changed either in most time points within three days.
Complementary genes and NF-κB were induced by thermal stress, while
Thy gene expression was repressed. Mtf showed less sensitivity to
thermal stress than to hypoxia, which might be because more irons are
needed to sustain oxygen homeostasis when sea cucumbers are under
hypoxia. Certain HSP family members were less sensitive to hypoxic
stress than thermal stress, which may be due to proteins being more
easily denatured by heat than hypoxia. These results provide informa-
tion about the innate immunity of A. japonicus and represent a key
immune index of a marine organism under environmental stress. The
findings in this study facilitate an understanding of the adaptive stra-
tegies of holothurians in coping with global climate changes.
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