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1.  INTRODUCTION

Winter mortalities (those associated with low tem-
peratures) have been reported in a large number of
fish species and have resulted in severe economic
losses, especially in regions and countries that are
dependent on aquaculture (Kirjasniemi & Valtonen
1997, Hurst 2007, Ibarz et al. 2010, Zhang et al. 2019).
This problem is especially critical for species cul-
tured in net cages or ponds, where water tempera-
tures are easily affected by weather and fish are

unable to escape to warmer waters. When the tem-
perature drops, growth, nourishment and vital activ-
ities are minimised, causing a natural fasting period.
Although extreme cold shocks can be the direct
cause of mortality in some cases, cold stress and the
associated induced starvation are commonly known
to drive most overwinter mortalities in farmed fishes
(Hurst 2007, Donaldson et al. 2008). Previous work
has demonstrated that starvation can decrease glu-
cose and triglyceride levels, increase serum choles-
terol and reduce glycogen and total lipid concentra-
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ABSTRACT: The yellow drum Nibea albiflora is a marine fish of great economic value in China.
Despite efforts to improve yields, aquaculture of this species has been hindered by increases
in winter-related mortalities associated with cold temperatures and associated natural fasting
periods. To better understand the molecular mechanisms that regulate stress responses in yellow
drum during periods of cold and starvation, the effect of these stresses on the liver was investi-
gated by performing comparative analyses among fish subjected to different temperatures and
feeding strategies. The experiment lasted for 22 d and involved 4 groups: one fed group (control)
and one fasted group at 16°C, and one fed group and one fasted group at 8°C. Our results showed
that all stress-treated groups exhibited body weight loss during the experiment, demonstrating
that both cold stress and fasting caused growth inhibition, but only the fish in the fasted group at
16°C showed a loss in the liver/body ratio, suggesting that starvation can cause mass loss in the
liver while cold stress can result in mass loss in both liver and other tissues. Histological alterations
were observed in the liver cells from stress-treated groups, also indicating mass loss in the liver
during cold stress and starvation. Transcriptomic analysis showed that genes related to the meta -
bolism of carbohydrates, lipids and amino acids were the most enriched differentially expressed
genes during the challenge conditions. These findings can help reveal molecular mechanisms
regulating the stress responses of yellow drum exposed to cold and starvation.
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tions in the fish liver (Favero et al. 2020); tempera-
ture drops in fish can induce a cascade of events,
including cold- induced fasting, thermal stress, meta-
bolic depression, immune suppression and infections
by opportunistic pathogens (Hurst 2007, Donaldson
et al. 2008). However, the molecular mechanisms
underlying conditions of cold and starvation stresses,
which drive the overwinter mortalities, are still poorly
understood.

Though previous studies on fish responses to cold
stress have mainly focused on physiological and bio-
chemical aspects, efforts have also been made at the
molecular level (Gallardo et al. 2003, Hyvarinen et al.
2004, Xu et al. 2015, Wen et al. 2018). With the ad -
vancement of transcriptome sequencing, RNA-seq
has emerged as a powerful tool to study the molecular
responses of fish relative to environmental changes.
For example, Si et al. (2018) conducted RNA-seq
analysis on half-smooth tongue sole Cyno glossus
semi laevis and showed that metabolic pathways,
especially lipid metabolism, are critical for salinity
adaptation. Huth & Place (2013) also generated a ref-
erence transcriptome of emerald rockfish Tremato-
mus bern acchii gill tissue and found that many genes
associated with metabolism were up-regulated in
response to cold stress. A transcriptomic study on
the large yellow croaker Larimichthys crocea showed
that pathways involved in type I fatty acid synthesis,
β-oxidation, polyunsaturated fatty acid synthesis,
oxidative phosphorylation and molecular chaperones
may take part in cold resistance (Zhang et al. 2019).
Bilyk & Cheng (2013) studied the transcriptome of
the bald notothen Pagothenia borchgrevinki and
found that genes associated with ubiquitin-protein
ligase activity, protein ubiquitination and protein
binding may play essential roles in cold temperature
functioning.

The yellow drum Nibea albiflora is a sciaenid fish
endemic to the subtropical and temperate coastal
waters of the Northwest Pacific, ranging from the
South China Sea to the coastal waters of Japan and
Korea. Sea-cage farming of this fish has rapidly
spread throughout the coastal regions of southeast
China; however, yellow drum farms have frequently
experienced mass mortalities during the overwinter
stages, resulting in substantial economic loss to
the aquaculture industry. When water temperature
drops below 12°C, yellow drum become minimally
active and exhibit reduced food intake and slowed
metabolism; their lethal temperature was reported to
be ∼5°C (Xu et al. 2010). Furthermore, the overwinter
period usually lasts 3−4 wk in the major production
states (Zhejiang and Fujian Province). The cold tem-

perature and induced fasting results in growth inhi-
bition, histo pathological changes, immune suppres-
sion as well as increased susceptibility to diseases
which may lead to mass fish mortalities (Song et al.
2019). To date, no study has reported the effect of
cold stress and starvation on the liver of yellow
drum at the transcriptomic level.

In the present study, the effect of cold stress and
starvation on the yellow drum liver was investigated
via a comparative analysis at histological and tran-
scriptomic levels, using fish subjected to different
temperatures and feeding strategies. Results of this
work will increase our knowledge of the molecular
mechanisms associated with the response of yellow
drum to low temperatures and starvation.

2.  MATERIALS AND METHODS

2.1.  Experimental fish and treatment

A total of 320 yellow drum individuals (95.37 ±
15.30 g, 6 mo old) were randomly collected from the
hatchery at the research station of the Marine Fish-
ery Institute of Zhejiang Province, Xixuan Island,
Zhoushan, China. The fish were then randomly di -
vided and placed into 8 fiber-reinforced plastic tanks
(1000 l, 40 ind. tank−1), where they were acclimated
(aerated seawater at 16.0 ± 0.2°C, 27 ± 0.1 ppt, natu-
ral sunlight photoperiod) for 2 wk prior to the exper-
iments. During acclimation, the aquarium water was
exchanged twice a day, and seawater was main-
tained at 16°C by automatic temperature-controlled
heaters (Xinlian). The fish were fed twice daily (at
8:00 and 16:00 h) with a commercial pelleted diet
(Tianbang) to apparent satiation.

After acclimation, the fish were divided into 4 dif-
ferent treatment groups, and each treatment was
duplicated. Two groups were maintained at 16°C,
but with different feeding strategies to investigate
the effect of starvation: one group was routinely fed
twice a day (‘16fed’, i.e. the control group) while the
other group was not fed throughout the experiment
(‘16unfed’ group). The other 2 groups were subjected
to cold stress: the water temperature was decreased
by 1°C d−1 for 8 d until it reached 8°C; and was main-
tained for 14 d. One group was routinely fed until the
fish stopped feeding at around 10°C (‘8fed’ group,
i.e. cold-induced fasting, while the other group was
not fed throughout the experiment (‘8unfed’ group).
No mortalities were observed throughout the course
of the experiments. At the end of the experiment
(Day 22), 12 fish from each group were randomly sam-
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pled to record liver and body weight and body and
total length, and 3 individuals from each group were
randomly chosen for transcriptomic analysis. Fish were
dissected immediately, and each liver sample was
divided into 2 aliquots: one was immediately stored
in liquid nitrogen for RNA isolation and the other was
fixed with Bouin’s solution for histological analysis.

2.2.  Histological observation

Fixed liver samples were cut into 5 μm thick sec-
tions with standard paraffin embedding methods and
stained with haematoxylin-eosin. The stained sam-
ples were then observed under a microscope (Axio
Imager A2; Zeiss) equipped with a digital camera
(Axiocam 506; Zeiss).

2.3.  Total RNA extraction and 
Illumina sequencing

The liver samples of 3 fish from each group (12
samples in total) that were stored in liquid nitrogen
were prepared for transcriptomic analysis. Total RNA
was isolated via a mirVana miRNA Isolation Kit
(Ambion). An Agilent 2100 bioanalyzer (Agilent Tech -
nologies) was used to evaluate RNA integrity, and
samples with RNA integrity number ≥7 were sub-
jected to subsequent analyses. The TruSeq Stranded
mRNA LTSample Prep Kit (Illumina) was used to con-
struct the libraries, and these libraries were sequenced
on the Illumina HiSeq X Ten sequencing platform.

2.4.  Transcriptomic analysis and 
functional annotation

Raw data were processed using Trimmomatic (Bol-
ger et al. 2014). The reads containing ploy-N and
the low-quality reads were removed to obtain clean
reads. After removing the adaptor and low-quality
sequences, the clean reads were subsequently aligned
with Bowtie2 and mapped to the Nibea albiflora ge -
nome (National Center for Biotechnology Information
[NCBI] accession: PRJNA577200, unpublished) via
HISAT for gene annotation. Thus, gene functions
were annotated using NCBI non-redundant, Swiss -
Prot and Clusters with the orthologous groups for the
eukaryotic complete genomes databases. This was
performed using BLASTx (Altschul et al. 1990) with a
threshold E-value of 10−5. Based on the Swiss Prot an -
notation, gene ontology (GO) classification was con-

ducted by mapping the relationship between Swiss -
Prot and the GO term. The genes were mapped
to the Kyoto Encyclopedia of Genes and Genomes
(KEGG) (Kanehisa et al. 2008) database to annotate
the potential underlying metabolic pathways.

The FPKM (Trapnell et al. 2010) and read count
value of each gene were calculated using Bowtie2
(Langmead & Salzberg 2012) and eXpress (Roberts
& Pachter 2013). Correlation coefficients between
samples were obtained to show the reliability of the
experiment and rationality of sample selection. The
DESeq functions ‘estimateize Factors’ and ‘nbinom -
Test’ (Anders & Huber 2013) were used to identify
DEGs; p-values <0.05 and ‘foldChange’ values >2 or
<0.5 were set as the threshold for significant differen-
tial expression. GO enrichment and KEGG pathway
enrichment analyses of DEGs were respectively per-
formed in R based on the hypergeometric distribution.

2.5.  Quantitative PCR (qPCR) validation

Liver samples for transcriptomic analysis were also
used for qPCR, and total RNA was extracted by
the Trizol Reagent (Invitrogen) followed by a quality
measurement via a 1.2% denaturing agarose gel. The
concentration and quality of the RNA were measured
by ab sorbance at 260 nm and agarose-gel electro-
phoresis, respectively.

The qPCR was performed on a quantitative ther-
mal cycler (ABI StepOnePlus) using the SYBR Green
real-time PCR mix (DRR041A; Takara), following a
protocol described previously (Zhu et al. 2016). A dis-
sociation step was completed after each PCR run to
verify the specificity of the amplifications. For each
sample, the qPCR was run in triplicate. β-actin was
used as the reference gene according to previous
studies in the yellow drum (Xu et al. 2018, Wang et
al. 2019, Wu 2020). All primer pairs of the qPCR were
designed by Primer Premier v.6.0; detailed infor-
mation of the genes is provided in Table S1 in
the Supplement at www.int-res.com/ articles/ suppl/
q012 p359 _supp.pdf. Relative gene expression levels
were evaluated using the 2−ΔΔCT method (Livak &
Schmittgen 2001). The correlation coefficient was
calculated using Microsoft Excel 2010.

2.6.  Statistical analyses

All data are expressed as means ± SE. A corrected
Bartlett’s test was used to check homogeneity of vari-
ances and found no significant difference in total
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variance for all data in this study. ANOVA and sub -
sequent multiple comparison (Tukey) tests were con-
ducted to compare significant differences among
treatments using SPSS v.19.0 (IBM); p < 0.05 was
con sidered statistically significant.

3.  RESULTS

3.1.  Effects of cold stress and starvation on growth
performance of yellow drum

At Day 0, total and body length showed no signifi-
cant differences among groups. At Day 22, there was
a significant increase in body weight in the 16fed
group (p < 0.05), while the other groups showed sig-
nificant decreases (p < 0.05; Fig. 1). The body weight
of the 16fed group was significantly higher (p < 0.05)
than that of the other groups, while the fish in the
other groups showed no significant difference between
each other in body weight (Fig. 1). In terms of the liver/
body weight ratio, fish in the 16unfed group had a sig-
nificantly lower value (p < 0.05), while no significant
differences were observed in the other groups (Fig. 1).

3.2.  Histological alterations of the liver

Under the microscope, liver cells of the 16fed con-
trol group appeared neat and orderly, with clear cell
boundaries, a homogeneous cytoplasm and distinct

well-rounded nuclei (Fig. 2A). The cells in the
16unfed group appeared slightly irregular in
shape, with some displaying dispersion and vac-
uolisation (Fig. 2B). Noticeably, the cells from the
low-temperature groups (8unfed and 8fed) showed
obvious changes compared to those in the control
group (Fig. 2C,D), with irregular cell shape, cyto-
plasm vacuolisation, blurred boundaries, atrophied
and marginalised nuclei as well as cell dissolution.

3.3.  Illumina sequencing, reads mapping and
differential expression analysis

The raw data generated from the Illumina-based
RNA sequencing of the 12 yellow drum samples
were deposited into the NCBI database under acces-
sion number PRJNA589104. Detailed information of
sequencing data and mapping is summarized in
Table 1. The correlation coefficients between repli-
cated samples were >0.87 (Fig. S1). More than 93%
of high-quality reads had an average Phred quality
score of ≥30 at each base position, which were used
for downstream analyses. Clean reads were mapped
against the annotated ge nome of Nibea albiflora. As
a result, over 94% of the clean reads from an individ-
ual sample could be successfully mapped, of which
over 87% were uniquely mapped.

DEGs were analysed, and the DEG numbers that
were obtained from all groups are displayed in Fig. 3.
With 1221 up- and 1521 down- regulated DEGs, the

8fed-vs.-16fed group contained the
highest number of DEGs, followed by
the 8unfed-vs.-16fed group with 1163
up- and 1430 down-regulated DEGs.
The 16unfed-vs.-16fed group contained
674 up- and 418 down-regulated DEGs,
while the 8unfed-vs.-8fed group had
only 38 up- and 20 down-regulated
DEGs, which was the smallest number
observed among the groups.

3.4.  Gene ontology and 
KEGG analysis

In terms of the DEGs of the 8unfed-
vs.-16fed group, which represented
the molecular response of the fish
that suffered both cold and starva-
tion stresses, GO annotation results
(Fig. 4A) highlighted that GO terms
relating to ‘metabolic process’ (236
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Fig. 1. Growth performance in different groups of yellow drum subjected to
cold and starvation stresses. Data are shown as mean ± SE (n = 12). (") Signifi-
cant differences between conditions before and after the experiments; differ-
ent letters indicate significant differences between the treatment groups and 

the control group. Detailed data are listed in Table S2
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genes) and ‘cellular process’ (210 genes) in the
biological process category, as well as ‘catalytic
activity’ (242 genes) and ‘binding’ (330 genes) in
the molecular function category contained the
highest number of DEGs. DEGs of the 8fed-vs.
-16fed group showed the molecular response of
the fish under cold stress and partial starvation
stress, DEGs of the 16unfed-vs.-16fed group showed
that of only starvation stress, and DEGs of the
8unfed-vs.-16unfed group showed that of cold
stress under starvation conditions. However, the
4 GO terms that contained the most DEGs in the
8unfed-vs.-16fed group (GO terms of metabolic
process, cellular process, catalytic activity and

bind) also had the highest numbers of DEGs in the
16unfed-vs.-16fed group (Fig. 4B), the 8fed-vs.
-16fed group (Fig. S2a) and the 8unfed-vs.-16unfed
group (Fig. S2b), though with different gene num-
bers in different groups. In addition, KEGG enrich-
ment an alysis showed that for the DEGs of the
8unfed-vs.-16fed group, 130 genes were related to
energy or metabolic pathways, with 69 and 48
genes found in the signal transduction and im -
mune system pathways, re spectively (Fig. 5A).
Fig. 5B shows the KEGG enrichment result of the
DEGs in the 16unfed-vs.-16fed group, where 87,
28 and 28 genes were re lated to metabolism, sig-
nal transduction and the digestive system, respec-
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Fig. 2. Histological alterations in the livers of yellow drum subjected to cold and starvation stresses. Analyses were conducted
on liver tissues sampled on Day 22 of the experiment from subjects from the (A) 16fed, (B) 16unfed, (C) 8unfed, and (C) 8fed
groups. Scale bars: 50 μm. The lower-left corners are zoomed-in areas illustrated by the black arrows. Normal hepato-
cytes are shown in (A), and disordered arrangements of liver cells are shown in response to cold and starvation stresses,
including vacuolisation, nuclear atrophy and even dissolution. Insets are zoomed-in areas indicated by the black arrows.

(v: vacuolisation; na: nuclear atrophy; d: dissolution)
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tively. In terms of the DEGs in the 8fed-vs.-16fed
group, KEGG annotation result (Fig.S3a) showed
that 120, 68 and 61 genes were in volved in meta -
bolism, signal transduction and immune system
pathways, respectively. As for the 8unfed-vs.
-16unfed group, pathways of signal transduction,
immune system, transport and catabolism and cell
growth and death enriched the highest number of
DEGs. For the DEGs of the 8unfed-vs.-8fed group,
only 18 genes had GO annotation and 13 genes

had KEGG annotation; 8 were related to protein or
metal ion binding, and another 8 were related to
lipid metabolism pathways.

The Venn diagram representing the DEGs in the
8unfed-vs.-16fed and the 16unfed-vs.-16fed group
(Fig. S4) illustrated 420 DEGs that were specific to
the 16unfed-vs.-16fed group, and 2070 DEGs specific
to the 8unfed-vs.-16fed group, with 672 overlapping
(i.e. these genes were DEGs in both groups). This
result shows that 420 genes were regulated in ex -
pression under only starvation but not cold stress,
2070 genes under cold and star vation stresses com-
bined and 672 genes in both of the treatments. We
then set |log2Ratio| ≥ 2 (fold change ≥ 4) as a filtering
threshold to identify the significant DEGs. As a result,
for the DEGs spe cific to the 16unfed-vs.-16fed group,
10 significant DEGs were identified, and 6 of them
were annotated as 3 metabolism-related genes, 1 sig-
nal transduction related gene, 1 digestive system
gene and 1 endocrine system gene. In terms of the
DEGs specific to the 8unfed-vs.-16fed group, 50 sig-
nificant DEGs were identified, including 6 meta -
bolism-related genes, 3 digestive system-related
genes, 4 immune system-related genes, 2 endo crine
system-related genes and 2 circulatory system-
related genes. For the overlapping DEGs, 22 signif-
icant DEGs were obtained, 11 of which were en -
riched in metabolism-related pathways and 3 in the
di gestive system pathway. Specifically, 7 were in -
 volved in amino acid metabolic pathways, including
the genes encoding peroxisomal sarcosine oxidase,
methylmalonate-semialdehyde dehydroge nase, gly -
cine cleavage H-protein, fumarylacetoace tase, pro -
line dehydrogenase (2 genes) and the macrophage
migration inhibitory factor. Detailed information of
these significant DEGs is listed in Table S3.

3.5.  Validation of RNA-seq data by qPCR

To validate the RNA-seq data, we randomly se -
lected 8 DEGs for qPCR analysis, including NANS,
LCE, IGLL5, PLIN2, GIMAP8, CHIA, AHSG and
LYZ, of which IGLL5, GIMAP8, CHIA and LYZ
were immune-related, LCE and PLIN2 were re -
lated to development and NANS and AHSG were
associated with metabolism. The obtained Ct val-
ues were normalized against the reference gene
(β-actin), and the fold change was calculated. As
shown in Fig. 6, we obtained a correlation coeffi-
cient of 0.94 between the log2(fold change) values
of RNA-seq and the qPCR results, suggesting good
consistency.
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Group Sample Total clean Total Unique
reads mapping mapping
(M) (%) (%)

16fed S1 47.91 94.56 86.54
S2 47.10 94.72 87.31
S3 47.78 94.98 86.72

16unfed S4 46.98 94.95 88.7
S5 46.74 95.06 88.68
S6 47.45 94.07 87.56

8fed S7 46.88 94.97 88.79
S8 38.87 94.66 88.11
S9 47.27 94.71 88.49

8unfed S10 46.84 94.66 88.26
S11 46.74 95.04 88.33
S12 45.03 94.38 86.01

Average 46.3 94.73 87.79

Table 1. Illumina sequencing and mapping statistics of the 
yellow drum liver transcriptome. M: million base pairs

Fig. 3. Comparison of up-regulated and down-regulated dif-
ferentially expressed gene (DEG) numbers between differ-
ent groups of yellow drum subjected to cold and starvation 

stresses
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4.  DISCUSSION

Dietary energy insufficiency along
with conditions of low temperature
can affect fish health and trigger
mortality. This can cause great losses
in fish production during winter. To
better understand the effect of low
temperature and starvation stresses
on the liver of yellow drum, we con-
ducted a comparative an alysis among
fish using different temperatures and
feeding strategies.

We found that low temperature and
starvation significantly affected the
growth of yellow drum (Fig. 1), which
is consistent with previous findings
from studies conducted on black rock-
fish Sebastes melanops (Boehlert &
Yoklavich 1983) and sea bass Dicentrar -
chus labrax (Pastoureaud 1991). Body
weight was significantly higher in the
control group than in the groups sub-
jected to starvation or cold stress.
Cold-induced fasting was observed in
the 8fed group, where food consump-
tion gradually decreased along with
decreasing temperature until the fish
stopped ingesting food at 10°C. As a
result, for the 16unfed, 8fed and 8unfed
groups, complete or partial starvation
stress occurred, which is the main rea-
son for the reductions in body weight.
The liver is a large vital organ in fish
which plays critical physiological roles
including anabolism, catabolism, de -
toxi  cation, the conversion of energy
into proteins, lipids and carbohydrates,
as well as the release of energy through
glycogenolysis (Bruslé 1996). It has
been reported in many animals that
the liver can undergo a large reduc-
tion in mass during starvation as its
constituent nutrients are mobilised
(Thouzeau et al. 1999, Karasov et al.
2004, Lamosova et al. 2004). Because
of a lack of glucose-6-phosphatase
during starvation, most animals reduce
and may completely deplete muscle
tissue as well as hepatic glycogen
stores. The glycogen stores would then
be replenished through gluconeogen-
esis at the expense of lipids and pro-
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Fig. 4. Gene ontology (GO) terms based on the differentially expressed genes
(DEGs) of the yellow drum (A) 8unfed-vs.-16fed and (B) 16unfed-vs.-16fed
groups. Horizontal axis shows the number of DEGs enriched in each GO term
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teins (Frick et al. 2008, McCue 2010).
In our study, cytoplasm vacuolisation,
blurred boundaries and cell dissolu-
tion (Fig. 2) were observed in the liver
cells of individuals from the cold stress
and starvation treatment groups due
to mass reductions of the cells during
starvation. In addition, compared to the
control fish, the liver/body weight ratio
in the 16unfed group was significantly
lower, indicating consumption of liver
inner mass during starvation. Interest-
ingly, for fish in the low- temperature
groups, where growth was inhibited,
the liver/body weight ratios were not
significantly different from those in
the control group, suggesting mass con -
sumption in both the liver and other
parts of the body.

We conducted a transcriptomic an -
alysis to examine the changes of gene
expression profiles in the liver of yel-
low drum responding to low tempera-
ture and starvation. The low number of
DEGs between the 8unfed and 8fed
group indicated that the effect of cold-
induced fasting in the 8fed group was
similar to that in the 8unfed group. In
the 8fed group, the fish stopped eating
after the temperature reached ~10°C
on Day 7, and starvation continued for
another 15 d until the end of the exper-
iment, which could explain their simi-
lar expression patterns on a transcrip-
tomic level. In addition, the growth
parameters and histological observa-
tions also showed a high re semblance
between these 2 groups, suggesting
that low temperature could be the
main factor that affects fish during
winter. In mammals, low temperature
can affect the cellular pathways
related to preventing protein denatu-
ration and misaggregation, apoptosis,
inhibition of transcription and transla-
tion, membrane permeability, etc. (van
Breukelen & Martin 2002). However,
in our study, metabolism was one of
the most enriched pathways during
the cold and starvation stresses, e.g.
the enzymes involved in carbohydrate
metabolism, lipid metabolism and the
digestive system were enriched in the
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Fig. 5. KEGG pathway enrichment based on the differentially expressed
genes (DEGs) of the yellow drum (A) 8unfed-vs.-16fed and (B)16unfed-vs.
-16fed groups. Horizontal axis shows the number of DEGs enriched in each 

pathway
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DEGs of the 8unfed-vs.-16fed group. Compared with
the 8unfed-vs.-8fed group, the 16unfed-vs.-16fed
group actually indicates the response of fish under
starvation stress. Nevertheless, for most of the DEGs
groups, including 8unfed-vs.-16fed, 16unfed-vs.-
16fed, 8fed-vs.-16fed and 8unfed-vs.-16unfed, the
GO terms of ‘metabolic process’, ‘cellular process’,
‘catalytic activity’ and ‘binding’ contained the high-
est 4 numbers of DEGs. Similar results were also
found in the KEGG enrichment, where the highest
numbers of DEGs were involved in metabolism, sig-
nal transduction, etc. Hardewig et al. (1999) found
that mitochondrial proliferation was a compensatory
mechanism for the decelerating effect of low temper-
atures on metabolic processes, and in our study,
energy-producing mitochondrial genes such as
cytochrome oxidases were identified as the signifi-
cant DEGs specific to the 8fed-vs.-16fed group,
where the overexpression of cytochrome oxidase
could be induced to produce more energy as needed.
This is also consistent with the results found in a
study of the emerald rockfish Trematomus bernacchii
(Huth & Place 2013).

Immunological suppression is likely another
consequence of cold stress. The effect of tempera-
ture on the immune system in fish has been exten-
sively investigated (Hurst 2007, Ibarz et al. 2010),
where the integumental physical barrier (Ellis 2001,
Micallef et al. 2012), humoral immune mediators
(Fujita 2002) and inflammation signals (O’Shea
& Murray 2008) are often incorporated into im -
mune responses. In our study, 61 DEGs annotated
by KEGG and 15 DEGs with GO analysis were

immune-related genes in the 8unfed-
vs.-16fed group. Specifically, we iden-
tified 4 immune system genes which
were DEGs specific to the 8unfed-
vs.-16fed group — including 2 coagu -
lation factor X genes, 1 complement
C3 gene and 1 soluble toll-like re -
ceptor 5 gene — and all of them
were down-regulated in the 8fed
group compared to the control. Since
their important role in the immune
system of fish and other animals has
long been known, their down-regu-
lation in the yellow drum under low
temperature conditions might be a
sign of an un sound immune system,
which also explains occasional in -
fections by opportunistic pathogens
in winter.

5.  CONCLUSIONS

Cold stress and starvation are commonly identified
as the major drivers of overwinter mortalities in
farmed fishes. To better understand the tolerance
mechanisms underlying these stressors in marine
fish, we investigated the effect of cold stress and star-
vation on the liver of yellow drum at histological
and transcriptomic levels. Growth performance
results showed both cold and starvation can cause
growth inhibition; starvation caused mass loss in the
liver and cold stress caused mass loss in both liver
and other tissues. Histological observation revealed
that cytoplasm vacuolisation, blurred boundaries and
cell dissolution occurred in the liver cells of individu-
als in the cold and starvation treatment groups. Tran-
scriptome analysis showed that genes related to
metabolism were the most enriched DEGs during the
low temperature and starvation stresses. These find-
ings provide insights that can reveal the molecular
mechanisms regulating the stress responses of yel-
low drum when exposed to low temperatures and
starvation. This should help facilitate the establish-
ment of management strategies during the overwin-
ter stages to sustain the aquaculture industry.
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