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A B S T R A C T   

Acidized water environment can impact many physiological processes of aquatic animals. The response of the 
head kidney to acidification, especially the immune response, is of great significance to health. This study 
analyzed the histological and transcriptional changes under different acidification levels (C group, pH 8.1; P 
group, pH 7.4; E group, pH 3.5) in the short term (12 h, 36 h and 60 h) in the head kidney of juvenile L. calcarifer. 
The results showed that the acidification of the water environment caused tissue damage to the head kidney of 
L. calcarifer, and the damage appeared earlier and was stronger in the extreme pH group. The transcriptional 
response of L. calcarifer head kidney increased with the increase of acidification level. The two treatments 
transcriptional responses showed different trends in terms of time. After KEGG function enrichment, with the 
increase of stimulation time, the proportion of down-regulated pathways was increasing, and the types of 
pathway enrichment at different acidification levels were quite different at the initial stage. At 12 h, the first 
category in the P group with the most significant number of pathways was ‘Metabolism’, and the first category in 
the E group with the largest number of pathways was ‘Human Diseases’. At 60 h, the enrichment pathways of the 
two groups were highly overlapping in immune-related pathways, which contained 26 common DEGs. They had 
a dominant expression pattern. In the P group, the expression level decreased with time. In the E group, the 
down-regulation degree of expression level at 12 h reached the level of the P group at 60 h, and the expression 
level remained low until 60 h. Through the correlation network, interferon regulatory factor 7 (IRF7), Tripartite 
motif containing-21 (TRIM21), Signal transducer and activator of transcription 1 (STAT1) and Signal transducer 
and activator of transcription 3 (STAT3) were found to have the most correlation with other genes. In this study, 
juvenile L. calcarifer showed different coping strategies to different levels of acute acidification stress, but all of 
them resulted in the extensive weakening of head kidney immune function.   

1. Introduction 

The acidified water environment is now one of the most influential 
environmental issues, and its causes and types are relatively complex, 
especially in estuaries and coastal areas where the population is densely 
distributed, and the impact of human activities on the water environ-
ment is even more severe, may even produce more extreme acute irri-
tation (Glaspie et al., 2017; Miller et al., 2016; Robbins and Lisle, 2018). 
At the same time, intertidal estuaries and coastal areas are important 
habitats and spawning grounds for many aquatic animals (Marshall 
et al., 2016). Thus, understanding how aquatic animals respond to and 

adapt to this change may provide insights into how estuarine and coastal 
ecosystems respond to acidification, helping to conserve and manage 
them. 

Changes in the environment can cause stress to animals. Animals 
generally have a stress response mechanism but aggravated, or multiple 
changes may lead to insufficient response to other stressors, leading to a 
more direct decline in adaptability (Fabbri and Dinelli, 2014; Morrell 
and Gobler, 2020). Then in nature, continuous changes such as the 
acidification of the water environment may increase the accumulation 
and toxicity of heavy metals or other toxic pollutants and may even 
affect reproduction, growth and immune, resulting in intergenerational 
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effects, thereby increasing the risk of reduced biological abundance 
(Araújo et al., 2018; Cao et al., 2018; Schunter et al., 2016; Su et al., 
2017; Wunderink et al., 2011). The chain reaction may destroy the 
ecological balance (Koenigstein et al., 2016; Scholz et al., 2012). The 
water environment is the habitat that aquatic animals rely on, and 
changes in pH may cause a series of chain reactions, which may need to 
be viewed from a more comprehensive perspective. Therefore, in the 
study of the acidification response of aquatic animals, the use of tran-
scriptomics is relatively common. At present, with the help of tran-
scriptomics technology, acidified water environments are known to 
affect many physiological processes of aquatic animals, such as meta-
bolic, cell apoptosis, cellular stress response and biomineralization (Liu 
et al., 2020; Moya et al., 2012; Todgham and Hofmann, 2009). 

The head kidney is an important immune and endocrine organ 
unique to teleost (Geven and Klaren, 2017). Although the head kidney is 
a part of the kidney, it is different from the trunk kidney. In most teleost, 
it has been specialized as a lymphoid organ composed entirely of 
lymphoid tissues without nephrons. Therefore, the head kidney no 
longer has an excretion function (Fernandes et al., 2019). The head 
kidney includes lymphocytes that produce antibodies and cytokines, and 
endocrine cells that produce alcohol, catecholamines, and thyroid hor-
mones (Yada and Nakanishi, 2002). The simultaneous existence of the 
immune system and the endocrine system in one organ makes it possible 
to transmit two-way signals between them (Geven and Klaren, 2017). 
However, due to the environmental sensitivity and the ease of experi-
ment operation of invertebrates, most of the research objects on water 
acidification are focused on shellfish or echinoderms. There are few 
related studies on fish, especially on the response of fish immune organs 
to the acidified water environment. The understanding and exploration 
of it through high-throughput transcriptome sequencing technology are 
still relatively insufficient. Compared with invertebrates, fish have 
complete system adaptability, especially estuarine fishes have a higher 
tolerance to the environment and are more suitable as the research 
object of the acidification simulation experiment. This study is the first 
to analyze the transcriptional response of the estuary fish head kidney, 
initially explored the coping strategies under different acidification 
levels and the impact on the immune function. The present study pro-
vided a large amount of basic molecular data for the transcription 
response of the head kidney of teleost, which would pave the way to 
understand further the effect of acidified water environment on disease 
resistance of aquatic animals. 

2. Materials and methods 

2.1. Experimental design and sample preparation 

Juvenile Lates calcarifer (mean weight ± SE = 19.89 ± 0.25 g), 
belonging to the same batch, were obtained from Tropical Aquaculture 
Research and Development Center, South China Sea Fisheries Research 
Institute (Hainan, China). The juvenile fish were randomly divided into 
three groups in triplicate, with 30 individuals in each fibreglass tank 
(500 L). During the 7-day acclimatization, water quality parameters are 
kept in a relatively stable range (32 ± 0.50 psu, 31 ± 0.50 ◦C, pH 8.10 ±
0.15, dissolved oxygen > 6.50 mg L− 1, ammonia nitrogen < 0.1 mg 
L− 1, nitrite nitrogen < 0.02 mg L− 1) with a natural light condition. The 
fish were fed on a commercial pellet diet (TZU-Feng Aquaculture Sup-
plies CO., LTD) twice daily at 08:00 and 17:00. 

The trial was run at the control group (C group, pH 8.1), prediction 
group (P group, pH 7.4) and extreme group (E group, pH 3.5) with 
triplicate each. C group was the natural seawater control group, P group 
simulated the acidification level of seawater that may occur under 
natural conditions, E group simulated the extreme acidification level of 
seawater. The acidified seawater environment during the experiment 
was provided by hydrochloric acid. Compared with the commonly used 
carbon dioxide method, hydrochloric acid has a lower degree of tissue 
damage to aquatic animals (Xu et al., 2020), and the toxic reaction to 

carbon dioxide in the pre-experiment was too strong for L. calcarifer to 
survive in the experimental conditions. During the experiment, the cir-
culation equipment of the tanks was stopped, and the seawater during 
the acclimatization was gradually replaced with the seawater with 
adjusted pH. This process lasted about 1 h. After the water change, the 
experiment was started, and the pH of the seawater was measured and 
adjusted every 2 h. 

After pH treatment for 12 h, 36 h and 60 h, 10 fish were randomly 
sampled from each tank for histological analysis and RNA extraction, 
respectively. The fish were anesthetized at 200 mg L− 1 MS-222, the head 
kidney was quickly removed. The samples for RNA extraction were 
frozen in liquid nitrogen and stored at − 80 ◦C. 

2.2. Histological analysis 

The head kidney was collected and fixed in 4% paraformaldehyde. 
The fixed tissues were embedded in paraffin blocks and sliced in a series 
of transverse section (4 μm thick) using a Leica RM 2016 rotary 
microtome (Shanghai Leica Instrument Co., Ltd., China). A hematox-
ylin–eosin (HE) stain was used for general histological analysis. Each 
slide with tissue sections was mounted permanently using neutral bal-
sam. The sections were observed using a Nikon Eclipse Ni-U Upright 
Microscope (Nikon Instruments Inc., Japan). 

The histopathological changes in the kidney were examined in the 
randomly selected ten sections (400× magnification) from each fish, 
including assessing the level of tissue vacuoles, ambiguous cell bound-
aries, necrotic cells and colloidal enlargement. The mean prevalence of 
each histopathological parameter was categorized as mild (+, < 25% of 
sections), moderate (++, 25–50% of sections) and severe (+++, > 50% 
of sections) (Mishra and Mohanty, 2008). The changes in the head 
kidney melanomacrophage centers (MMCs) number and size were 
examined in the randomly selected three sections (100× magnification) 
from each fish, and ProgRes CapturePro (Jenoptik AG, Germany) was 
used for image analysis. The MMCs number, maximum diameter and 
minimum diameter were carried out by PASW Statistics (version 18). 
Comparisons between different groups were conducted by one-way 
ANOVA and LSD test, and a significant difference was set at P < 0.05. 

2.3. Library preparation for transcriptome sequencing 

Total RNA extraction uses TRIzol® Reagent (Invitrogen) according 
the manufacturer’s instructions. Use agarose gel electrophoresis, 
Nanodrop2000 (NanoDrop Technologies) and 2100 Bioanalyser (Agi-
lent) to detect the integrity, concentration and purity of RNA. Only high- 
quality RNA (OD260/280 = 1.8 ~ 2.2, OD260/230 ≥ 2.0, 28S: 
18S ≥ 1.0, Total RNA > 10 μg) can be used in subsequent experiments. 

RNA-seq transcriptome library was prepared following the Tru-
SeqTM RNA sample preparation kit from Illumina (San Diego, CA) using 
5 μg of total RNA. Secondly, double-stranded cDNA was synthesized 
using a SuperScript double-stranded cDNA synthesis kit (Invitrogen, CA) 
with random hexamer primers (Illumina). Then the synthesized cDNA 
was subjected to end-repair, phosphorylation and ‘A′ base addition ac-
cording to the construction protocol of the Illumina library. After 
quantified by TBS380, the paired-end RNA-seq sequencing library was 
sequenced with the Illumina HiSeq xten (2 × 150 bp read length). 

2.4. Mapping and alignment of sequence reads 

The raw paired-end reads were trimmed and quality controlled by 
SeqPrep (https://github.com/jstjohn/SeqPrep) and Sickle (https://gith 
ub.com/najoshi/sickle) with default parameters. Then clean reads 
were separately aligned to the reference genome with the orientation 
mode using TopHat (http://tophat.cbcb.umd.edu/，version 2.0.0) 
software (Trapnell et al., 2009). 
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2.5. Differential expression analysis 

TPM (Transcripts Per Million reads) were used to quantify gene 
expression levels. RSEM (http://deweylab.biostat.wisc.edu/rsem/) (Li 
and Dewey, 2011) was used to quantify gene abundances. Meanwhile, 
background genes whose expression levels were less than 1 in each 
group were filtered out. Differential expression patterns between the 
low pH groups (P and E group) and the C group were identified with the 
DEGseq (Anders and Huber, 2010). P-values were adjusted using the 
P-adjust (Storey and Tibshirani, 2003). Genes were determined to be 
differentially expressed when the P-adjust < 0.05 and |log2(fold-
change)| > 2. 

2.6. KEGG enrichment and clustering heat map analysis 

Metabolic pathways were predicted by KEGG mapping 
(http://kobas.cbi.pku.edu.cn/home.do) (Xie et al., 2011). Function 
al-enrichment analyses were performed to identify which DEGs were 
significantly enriched in KEGG pathways at Bonferroni-corrected P- 
adjust ≤ 0.05 compared with the whole-transcriptome background. 

Gene expression pattern clustering heat map analysis was generated 
by hierarchical clustering analysis, using hclust R function. The corre-
lation coefficients between genes were obtained by Spearman correla-
tion algorithm and presented into the correlation network in R statistical 
environment. 

2.7. Validation of RNA-Seq results by quantitative real-time PCR (qRT- 
PCR) 

To determine the reliability of our RNA-Seq results, four unigenes 
were selected for validation by qRT- PCR, with the Real-time qPCR 
analysis (Analytik Jena GmbH, Germany) using SYBR Green (Tiangen 
Biotech Co., Ltd., China). Specific primers were designed using Primer 
Premier 5 software (Table A1). The 20 μl of reaction including 10 μl 
2×RealUniversal PreMix, 0.6 μl of each primer (10 μM) and 2 μl of 
diluted cDNA was initially denatured at 95 ◦C for 15 min and then 
amplified for 40 cycles (95 ◦C, 10 s, 58 ◦C, 20 s and 72 ◦C, 30 s). At the 
end of each qRT- PCR cycle, the melting curve analysis of the primers 
was performed to ensure only specific products were obtained with no 
formation of primer dimers. No template control was included with each 

assay to verify that PCR master mixes were free of contamination. The 
relative mRNA expression levels of the target genes were determined by 
the 2− ΔΔCt method and were normalized based on the level of the 
housekeeping gene (β-actin). The reaction efficiency was 90–110%, and 
Pearson’s coefficients of determination (R2) > 0.97. 

3. Results 

3.1. The effect of acidification on head kidney histological structure 

In the C group, the tissue structure of the head kidney was intact 
within 60 h, with a moderate proportion of interrenal tissue and he-
matopoietic tissue, uniform cell distribution, and no abnormal prolif-
eration or reduction (Fig. 1A, B, C). In the P group, the hematopoietic 
tissue increased, and the interrenal tissue decreased at 12 h, but at 36 h, 
a large number of vacuoles began to appear in the tissue, and the cell 
boundary was occasionally blurred. At 60 h, the vacuoles in the tissue 
expanded, some cells appeared necrosis, accompanied by a large num-
ber of ambiguous cell edges, and the proportion of hematopoietic tissue 
decreased (Fig. 1D, E, F). In the E group, a large number of vacuolation 
and cell necrosis occurred at 12 h, and these phenomena continued to 
occur at 36 h, and colloidal enlargement was found in the tissues at 60 h 
(Fig. 1G, H, I). The summary of these histopathological changes 
observed in the head kidney is presented in Table A1. 

The MMCs number in the P group was consistently higher than that 
in the other two groups and was significantly higher at 36 h and 60 h 
(P > 0.05, Fig. 1J). In MMCs size, there was no significant difference 
between the groups at 12 h (P > 0.05). At 36 h, the MMCs maximum 
diameter of the P group was significantly higher than that of the other 
two groups (P > 0.05). At 60 h, the MMCs maximum and minimum 
diameter of the P group were significantly higher than that of the C 
group (P > 0.05, Fig. 1K,L). The number and size of MMCs in each group 
did not show the rule of continuous increase or decrease over time. 

3.2. Sequencing and assembly 

The characteristics of the Sequencing and assembly data of 27 li-
braries are given in Table A1. In total, 1.55 billion high-quality clean 
reads were obtained after data filtering. More than 96.10% of the reads 
had Q-scores at the Q30 level, and the average GC percentage is 50.85%. 

Fig. 1. Histological changes (400× magnifica-
tion), MMCs number and size in the head kid-
ney. A: C group 12 h, B: C group 36 h, C: C 
group 60 h, D: P group 12 h, E: P group 36 h, F: 
P group 60 h, G: E group 12 h, H: E group 36 h, 
I: E group 60 h, J: MMCs number, K: MMCs 
maximum diameter, L: MMCs minimum diam-
eter. circle area: hematopoietic tissue, box area: 
interrenal tissue, yellow arrow: tissue vacuoles, 
green arrow: ambiguous cell boundaries, red 
arrow: necrotic cells, black arrow: gelatinous 
tissue, blue arrow: MMCs. Different letters in 
the same color above bars indicate significant 
differences (P < 0.05) between different times 
in the same treatment, *Indicates a significant 
difference (P < 0.05) between different treat-
ments. (For interpretation of the references to 
color in this figure legend, the reader is referred 
to the web version of this article.)   
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The length distribution of the Unigene in all 27 libraries is shown in 
Table A3. 

3.3. DEGs and the changes between different acidification levels and time 

The number of DEGs obtained from the comparison of control versus 
P group at 12 h, 36 h and 60 h were contained 2213, 141 and 388 genes, 
respectively. The number of DEGs obtained from the comparison of 
control versus E group at 12 h, 36 h and 60 h were contained 4558, 1447 
and 1112 genes, respectively (Fig. 2). 

To validate the RNA-Seq expression patterns, we selected four genes 
for validation by qRT-PCR. The results of qRT-PCR were in agreement 
with the RNA-seq data (Fig. A2). 

3.4. KEGG enrichment analysis 

At 12 h, there were 46 and 41 significantly enriched KEGG pathways 
in P group and E group, respectively (P < 0.05). In the P group, the first 
category with the largest number of pathways was ‘Metabolism’ (26), 
including ‘Glycine, serine and threonine metabolism’, ‘Arginine and 
proline metabolism’, ‘Alanine, aspartate and glutamate metabolism’, 
‘Glycolysis/Gluconeogenesis’ and ‘Glyoxylate and dicarboxylate meta-
bolism’. In addition, the enriched KEGG pathways were also included in 
the first category of ‘Organismal Systems’ (9), ‘Human Diseases’ (6), 
‘Cellular Processes’ (2), ‘Genetic Information Processing’ (2) and 
‘Environmental Information Processing’ (1) (Table A4). In the E group, 
the first category with the largest number of pathways was ‘Human 
Diseases’ (17), including ‘Huntington disease’, ‘Parkinson disease’, 
‘Non-alcoholic fatty liver disease’, ‘Alzheimer disease’ and ‘Chronic 
myeloid leukemia’. In addition, the enriched KEGG pathways were also 
included in the first category of ‘Genetic Information Processing’ (11), 
‘Organismal Systems’ (4), ‘Cellular Processes’ (3), ‘Environmental In-
formation Processing’ (3) and ‘Metabolism’ (3) (Table A5). Multiple 
gene sets KEGG enrichment analysis was performed on the DEGs of E 
group and P group at 12 h, and among the top 15 pathways with the 
lowest P-adject, no KEGG pathway was co-enriched between the two 
groups. The expression levels of most DEGs in the significantly enriched 
pathways in the P and E groups were up-regulated (Fig. 3). 

At 36 h, there were 5 and 18 significantly enriched KEGG pathways 
in P group and E group, respectively (P < 0.05). In the P group, the first 
category with the largest number of pathways was ‘Human Diseases’ (3), 
including ‘Measles’, ‘Influenza A′ and ‘Herpes simplex virus 1 infection’. 
In addition, the enriched KEGG pathways were also included in the first 
category of ‘Organismal Systems’ (1) and ‘Metabolism’ (1) (Table A6). In 
the E group, the first category with the largest number of pathways was 
‘Human Diseases’ (7) and ‘Organismal Systems’ (7), including ‘Parkin-
son disease’, ‘Huntington disease’, ‘Non-alcoholic fatty liver disease’, 
‘Alzheimer disease’ and ‘Pancreatic secretion’. In addition, the enriched 
KEGG pathways were also included in the first category of ‘Genetic In-
formation Processing’ (2), ‘Environmental Information Processing’ (1) 
and ‘Metabolism’ (1) (Table A7). Multiple gene sets KEGG enrichment 
analysis was performed on the DEGs of E group and P group at 36 h, and 
among the top 15 pathways with the lowest P-adject, ‘Influenza A′ and 
‘Cytosolic DNA-sensing pathway’ were the co-enriched KEGG pathways. 
The expression levels of most DEGs in the significantly enriched path-
ways in the P and E groups were down-regulated (Fig. 4). 

At 60 h, there were 24 and 30 significantly enriched KEGG pathways 
in the P group and E group, respectively (P < 0.05). In the P group, the 
first category with the largest number of pathways was ‘Human Dis-
eases’ (16), including ‘Influenza A′, ‘Type I diabetes mellitus’ and 
‘Herpes simplex virus 1 infection’, ‘Graft-versus-host disease’ and 
‘Measles’. In addition, the enriched KEGG pathways were also included 
in the first category of ‘Organismal Systems’ (3), ‘Metabolism’ (3), 
‘Environmental Information Processing’ (1) and ‘Cellular Processes’ (1) 
(Table A8). In the E group, the first category with the largest number of 
pathways was ’Human Diseases’ (21), including ‘Systemic lupus ery-
thematosus’, ‘Alcoholism’, ‘Viral carcinogenesis’, ‘Herpes simplex virus 
1 infection’ and ‘Viral myocarditis’. In addition, the enriched KEGG 
pathways were also included in the first category of Organismal Sys-
tems’ (4), ‘Metabolism’ (2), ‘Environmental Information Processing’ (2) 
and ‘Cellular Processes’ (1) (Table A9). Multiple gene sets KEGG 
enrichment analysis was performed on the DEGs of E group and P group 
at 60 h, and among the top 15 pathways with the lowest P-adject (11 
KEGG pathways) were co-enriched, and five of them belonged to 
‘Human Diseases’. The expression levels of most DEGs in the signifi-
cantly enriched pathways in the P and E groups were down-regulated 

Fig. 2. Distribution of DEGs of Lates calcarifer across different treatments and time (A: P group, B: E group, C: The number of up/down-regulated DEGs).  
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(Fig. 5). 

3.5. Immune-related genes expression pattern clustering heat map 
analysis 

KEGG enrichment analysis was performed on the common DEGs of P 
and E group at 60 h (Table A10), and 26 genes from immune-related 
pathways were selected for expression pattern clustering heat map 
analysis at 12 h, 36 h and 60 h of P and E group. The annotation results 
of the 26 genes were shown in Table A11. Among the 26 immune-related 
genes, 20 showed similar expression patterns. The characteristics of the 
expression pattern were shown in Fig. 6. In the P group, the expression 
level decreased with time. In the E group, the down-regulation degree of 
expression level at 12 h reached the level of P group at 60 h, the 
expression level up-regulation at 36 h and down-regulation to a similar 
level to 12 h at 60 h. 

The correlation network for expression of the immune-related genes 
on the common DEGs of the P and E group at 60 h was calculated 
(Fig. 7), and 16 genes were found to have significant correlations with 
each other (P < 0.05). Among them, there were more than 10 genes 
related to IRF7, STAT1, STAT3 and TRIM21 (Table A12). 

4. Discussion 

The changes in the aquatic environment will influence the physio-
logical process of aquatic animals, and the changes of immune organs 

deserve special attention because immunity is directly related to sur-
vival. It has been proved in many aquatic animals that changes in the 
water environment, including pH, will have an impact on their immune 
function, and most aquatic animals’ coping strategies are to reduce 
immunity and allocate more energy to adapt to the environmental 
change (Hernroth et al., 2011; Su et al., 2017; Wang et al., 2016). The 
process of environmental adaptation of fish depends on the mutual 
regulation of various systems, including the immune, metabolic, diges-
tive and even reproductive systems (Araújo et al., 2018; Cao et al., 2018; 
Schunter et al., 2016; Su et al., 2017; Wunderink et al., 2011). Exploring 
the mechanism of changes in these systems can help to develop strate-
gies to protect the abundance and diversity of species under uncon-
trollable water environment changes (Keller et al., 2009). In this study, 
we analyzed the transcriptional changes under different acidification 
levels in the short term from the head kidney, a critical organ in the 
teleost immune system. The results showed that the transcriptional 
response of L. calcarifer increased with the increase of acidification level. 
The two treatments transcriptional responses showed different trends in 
terms of time. Although the DEGs number of the two acidification levels 
were the highest at 12 h, they were the lowest at 36 h in the P group and 
slightly increased at 60 h. In the E group, the DEGs number gradually 
decreased with time. After KEGG function enrichment, the proportion of 
down-regulated pathway was increasing with the increase of stimulation 
time. At 60 h, the enrichment pathways of the two groups were highly 
overlapping in immune-related pathways, and there was a dominant 
expression pattern of the common DEGs. In this study, the 

Fig. 3. Multiple gene sets KEGG enrichment analysis of E group and P group at 12 h.  
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transcriptional response of the head kidney of L. calcarifer under 
different acidification levels in a short period was described in detail, 
and the changes of immune function were analyzed with emphasis. 
However, how the acidified water environment is adapted by teleost 
through the coordination of various systems or organs throughout the 
whole body and how teleost can induce the weakening of immune 
function under the pressure of the acidified environment still needs 
further research. The results of this study can provide more ideas and 
inspiration for future research on the adaptability of teleost to the 
acidified water environment. 

4.1. Response characteristics of L. calcarifer to different acidification 
levels 

In the initial stage of acidification stress, the response strategies of 
L. calcarifer with different acidify intensity were significantly different. 
In the prediction group, we observed the responses of a large number of 
metabolic pathways, mainly including amino acid metabolism and 
carbohydrate metabolism. Many studies have shown that aquatic ani-
mals redistribute energy metabolism in order to regulate physiological 
homeostasis in response to environmental stress (Morrell and Gobler, 
2020; Petitjean et al., 2019). The normal operation of the immune 
system is highly dependent on metabolism regulation, and hormones are 
an important way to regulate metabolism (Geven and Klaren, 2017; 
Glaspie et al., 2017). In this study, we also observed the changes of the 
‘Steroid hormone biosynthesis’ pathway. Steroid hormone including 
glucocorticoids, mineralocorticoids, progestins, and sex hormones 

(Tenugu et al., 2021; Tokarz et al., 2015), among which the glucocor-
ticoids and mineralocorticoids related genes that exist in teleost head 
kidneys were all up-regulation. Glucocorticoids and mineralocorticoids 
can adjust the metabolic process to regulate ion and osmotic balance, 
stress response, immune function, body homeostasis, and to some extent 
in reproduction (Faught and Vijayan, 2018; Goikoetxea et al., 2017). It 
also explains to a certain extent the metabolic changes in the early stage 
of the P group. At 36 h, the number of DEGs in the P group was relatively 
small, and only 5 KEGG pathways were significantly enriched. However, 
some immune-related pathway changes were already highlighted, such 
as ‘Measles’, ‘Influenza A′ and ‘RIG-I-like receptor signaling pathway’. 
The number of metabolic pathways enriched decreased, and only the 
glycolysis/gluconeogenesis pathway was significantly enriched, which 
was still upregulated. Some argue that the acidification of the water 
environment led to aquatic hypoxia, energy supply way will shift from 
aerobic to anaerobic respiration, and the glycolysis pathway is a meta-
bolic process that can take place in both aerobic and anaerobic condi-
tions (Tiedke et al., 2013). In this study, the change of the glycolytic 
pathway is associated with the body’s oxygen supply is needed more 
testing such as the activity of lactic dehydrogenase (Michaelidis et al., 
2007). However, at 60 h, the pathway was down-regulated. This phe-
nomenon suggests that the head kidney may gradually delay its physi-
ological function in order to replenish other organs (Höglund et al., 
2020). Evidence for this hypothesis can be found in our previously 
published study that transcriptional changes in the gill and liver of L. 
calcarifer were significantly richer than those in the head kidney after 
60 h of acidification stimulation (Fu et al., 2021). 

Fig. 4. Multiple gene sets KEGG enrichment analysis of E group and P group at 36 h.  
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In the extreme group, however, acidizing stimulation 12 h has pro-
duced many changes of neurodegenerative disease pathways, and at the 
same time first category ‘genetic information processing’ caught our 
attention that had pronounced changes. The pathways like ‘Ribosome’ 
and ‘Proteasome’ were all up-regulation, we also observed up-regulation 
of ‘Oxidative phosphorylation’. These conditions reflect that in the early 
stage of extreme acidification, the head kidney is in the peak period of 
transcription and translation. Combined with various tissue damages 
found in histological analysis, many new proteins need to be synthesized 
and damaged proteins need to be cleaned (Shcherbik and Pestov, 2019). 
Tissue damage may be caused by the large number of stress proteins 
produced in fish to resist the stress caused by environmental pressure. 
This process requires a large amount of energy supply, which leads to 
the increase of oxygen consumption and the large production of reactive 
oxygen species (ROS), which will destroy lipids and cell membranes, 
proteins and nucleic acids, leading to cell death (Cao et al., 2018; 
Michaelidis et al., 2007). At 36 h, a large number of transcription and 
translation pathways were no longer enriched, but ‘oxidative phos-
phorylation’ was still active and up-regulated, becoming the pathway 
with the highest enrichment degree, indicating that a large amount of 
energy was still needed to adapt to the environmental pressure (Cao 
et al., 2018; Michaelidis et al., 2007). At 60 h, there were few differences 
in metabolism and other pathways, leaving only differences in immune 
pathways. However, whether this indicates that juvenile L. calcarifer has 
completed, the adaptation to acidified water environment still needs 
long-term experiments to verify. 

In general, among the transcriptional responses of different acidifi-
cation levels within 60 h, the most active response was at 12 h. 

However, the pathways in which transcriptional differences occur at the 
beginning of the response are quite different. This also reflects that 
L. calcarifer has different coping strategies to different acidification 
levels. 

4.2. Acute acidification stress mediated the reduction of immune function 
in L. calcarifer 

In the common DEGs with acidification stress at 60 h, the pathways 
described as immune system were enriched in ‘RIG-I-like receptor 
signaling pathway’, ‘Cytosolic DNA-sensing pathway’ and ‘Antigen 
processing and presentation’. 

The ‘RIG-I-like receptor (RLR) signaling pathway’ is responsible for 
detecting viral pathogens and generating an innate immune response 
that initiates signaling pathways after recognition of viral nucleic acids, 
leading to the synthesis of type I interferons and other inflammatory 
cytokines (Quicke et al., 2017; Rehwinkel and Gack, 2020). Melanoma 
differentiation-associated gene 5 (MDA5) and Laboratory of Genetics 
and Physiology 2 in the RLR family (LGP2) were down-regulated in the 
acidification group in this study and had an interactive effect on IRF3 
and IRF7 downstream of the pathway. These phenomena may indicate 
that acidification stress weakens the immune system of L. calcarifer to 
recognize viral RNA and the subsequent inflammatory response (Duic 
et al., 2020; Rodriguez et al., 2014). Some studies speculated that LGP2 
is more sensitive to acidifying stress because it does not have caspase 
activation and recruitment domains (CARDs) (Zhu et al., 2020). How-
ever, in this study, MDA5 with CARDs also showed the same trend as 
LGP2, so the reason is more worthy of us rethink. 

Fig. 5. Multiple gene sets KEGG enrichment analysis of E group and P group at 60 h.  
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Fig. 6. Immune-related genes expression pattern clustering heat map analysis at 12 h, 36 h and 60 h of the P and E groups.  

Fig. 7. Correlation network for expression of immune-related genes.  
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In the ‘Cytosolic DNA-Sensing Pathway’, a specific family of pattern 
recognition receptors is responsible for detecting exogenous DNA from 
invading microorganisms or host cells and generating an innate immune 
response (Ge et al., 2015). The DEG cyclic GMP-AMP synthase (cGAS) 
that attracted our attention in this study belongs to the cGAS-STING 
signal axis, cGAS is a cytoplasmic DNA sensor that activates the innate 
immune response by generating a second messenger cyclic GMP-AMP 
(cGAMP), thereby activating the connector STING, to detect the innate 
immune response of pathogenic DNA triggered type I interferon to mi-
crobial infection (Chen et al., 2016; Hopfner and Hornung, 2020). 
Similar to the ‘RIG-I-like receptor signaling pathway’, the immune 
response downstream of the ‘Cytosolic DNA-sensing pathway’ also in-
cludes the induction of type I interferon synthesis through IRF3 and IRF7 
(Dalskov et al., 2020; Ma et al., 2015). This was also one of the reasons 
why IRF7 becomes a key node in the expression network in this study. 

‘Antigen processing and presentation’ include two pathways: major 
histocompatibility complex I (MHC I) and major histocompatibility 
complex II (MHC II) (Trombetta and Mellman, 2004; Watts and Powis, 
1999). In this study, DEGs were observed in almost every node of the 
whole MHC I pathway, such as MHC I, TAP Binding Protein (TAPBP), 
ABC transporter B family member 2 (ABCB2), ABC transporter B family 
member 3 (ABCB3), and T cell receptor (TCR) (Kaufman, 2013). The role 
of the MHC I pathway is to present endogenous antigens to CD8+T cells 
in the form of antigen peptide MHC I molecular complexes (Van Kaer, 
2002). Endogenous antigens may include viral proteins, tumor antigens 
and other newly synthesized antigens in cells. MHC I is susceptible to 
temperature in Atlantic cod, Studies have shown that the increase of 
cortisol induced by environmental stress can lead to the 
down-regulation of immune pathways (Yada and Nakanishi, 2002), 
especially the MHC I pathway in Atlantic cod has been found to have 
some correlation with cortisol (Pérez-Casanova et al., 2008), but the 
specific interaction mechanism under acidification conditions still needs 
to be further verified. In this study, the expression level of MHC II was 
down-regulated at all times in the E group. MHC II determinants present 
antigens to CD4+T cells, and studies have shown that the primordial 
germinal center of this process is MMCs (Kato et al., 2013). MMCs is 
formed by the aggregation of melanin macrophages, a type of phago-
cytizing cell that contains large amounts of melanin, lipofuscin and 
hemosiderin (Stosik et al., 2019). In this study, we observed a pro-
nounced phenomenon that the number and size of MMCs increased 
significantly in the P group compared with other groups, but not in the E 
group. Even at the initial stage of acidification stress, the MMCs number 
was significantly lower than that in the C group, which seems to be 
explained only by the immune function of MMCs. Most fish are subjected 
to increasing environmental stress, and the number and size of MMCs 
tend to increase (Agius and Roberts, 2003; Evans and Nowak, 2016), but 
there are also studies with similar results to this study. These researchers 
believe that when fish are in low-level environmental stress, the cellular 
immune system can enhance the phagocytic function by increasing 
MMCs. A high-level environmental stress can cause the weakening of 
phagocytic activity and immune function of fish phagocytic cells, lead-
ing to the degeneration and reduction of MMCs (Ben Ameur et al., 2012). 
This viewpoint makes the histological results seem to strongly echo the 
MHCII gene expression level. In general, the data of MMCs number and 
size reflected the immune stress state of the P group from the perspective 
of histology and could also reflect the severe injury of the head kidney 
and the conclusion that the immune ability was weakened from the 
perspective of supporting transcripomics in the E group. In addition, 
MMCs can be used as a marker of environmental stress in many fish 
species (Balamurugan et al., 2012), but their association with pH has not 

been reported. The results of this study also suggest the possibility of 
MMC as a marker of acidification stress histology. 

Overall, these three pathways that have been enriched cover almost 
all of the ways in which pathogens can be identified, from the recog-
nition of pathogens RNA and DNA or processing and presenting the 
antigens they produce to finally triggering an immune response. In other 
words, regardless of the level of acidification, the immune function of 
the head kidney of L. calcarifer may be extensively weakened. 
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Pérez-Casanova, J.C., Rise, M.L., Dixon, B., Afonso, L.O.B., Hall, J.R., Johnson, S.C., 
Gamperl, A.K., 2008. The immune and stress responses of Atlantic cod to long-term 
increases in water temperature. Fish Shellfish Immun. 24, 600–609. https://doi.org/ 
10.1016/j.fsi.2008.01.012. 
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