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Berberine hydrochloride is the main active ingredient of Coptis chinensis, which has
demonstrated significant antibacterial activity against bacteria. However, the molecular
mechanism underlying its effects is unclear in crabs. In this study, we used transcriptome
sequencing to investigate the molecules involved in the therapeutic and defensive
responses of Charybdis japonica infected with 105 colony-forming units (CFU)/L of
Aeromonas hydrophila following treatment with berberine hydrochloride. A total of
5,409 differentially expressed genes were observed after exposure of C. japonicus
for 72 h to 100 mg/L berberine hydrochloride, 100 mg/L berberine hydrochloride
plus injection of 105 CFU/L A. hydrophila, and a control group injected with equal
amount of physiological saline solution. Enrichment analysis revealed that these genes
were involved in metabolism, cellular processes, signal transduction, and immune
function. The transcriptomic results indicated that exposure to berberine hydrochloride
activated glutathione metabolism, oxidative phosphorylation, fatty acid degradation,
retinol metabolism, pyruvate metabolism, and the hypoxia-inducible factor 1 signaling
pathway. Transcriptomic analysis and relative mRNA level analysis also identified acid
hydrolase genes and phagosomal genes as key factors regulating the adaptation of
acid berberine-infused C. japonicus to infection with A. hydrophila, Based on the ability
of berberine hydrochloride to induce acid hydrolase and phagosomal gene expression,
which can in turn remove bacteria, immersion in berberine hydrochloride may remove
A. hydrophila and thus improve the survival of C. japonica. The results of this study
provided a new scientific basis for the potential role of berberine hydrochloride in the
immune mechanisms of crabs.

Keywords: Charybdis japonica, berberine hydrochloride, Aeromonas hydrophila, transcriptome, immune
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INTRODUCTION

Berberine hydrochloride is an isoquinoline alkaloid found
mainly in the stems and roots of the genus Berberis, and
is the main pharmacological component of the Chinese
herbal medicines Coptis chinensis and Phellodendron chinensis
(Habtemariam, 2016). As a botanical medicine, berberine
hydrochloride has been used to treat intestinal infections,
especially bacterial diarrhea, for more than 2,000 years (Tang
et al., 2009). Coptis coptidis is used as a prescription drug to
control bacterial fish diseases (Ya-Nan et al., 2014). Berberine
hydrochloride has demonstrated bacteriostatic and bactericidal
effects against Vibrio cholerae, Aeromonas hydrophila, Salmonella
typhi, Staphylococcus aureus, and Escherichia coli (Zhang et al.,
2009). Its main pharmacological activities include antioxidant
and anti-inflammatory activities (Xu et al., 2017). Some studies
have also shown that berberine hydrochloride improved growth
performance, enhanced skin mucolytic enzyme activity, and
increased the growth rate and disease resistance of fish in
aquaculture. However, the exact mechanisms of berberine
hydrochloride are not yet fully understood. In addition, most
studies have focused on fish, with little research on crustaceans.
We therefore explored the effect of berberine hydrochloride in
the crab, Charybdis japonica.

Charybdis japonica is widely distributed in the coastal areas of
Southeast Asia, and its rapid growth, high nutritional value (Lou
et al., 2018) have made it one of the most economically important
species of crabs. C. japonica has been widely cultivated, but its
high culture density has led to outbreaks of infections caused by
various bacterial and viral pathogens (Johnson, 1983). One of the
most harmful pathogens widely present in crabs is A. hydrophila,
which is responsible for diseases that cause major economic
losses in crab farming worldwide (González-Escalona et al., 2006;
Igbinosa et al., 2012). We therefore tested the effects of berberine
hydrochloride against this bacterium in the current study.

Transcriptome sequencing can be analyzed in relation to
different environmental stresses, viral and bacterial invasion,
and gene expression patterns across tissue types (Czesny et al.,
2012). Advances in high-throughput RNA-Seq technology now
offer the opportunity to explore the transcriptome and gene
expression patterns associated with crab immunity (Xie et al.,
2014; Jia et al., 2018). This sequencing technology has been
used to identify many immune-related genes in various immune-
related organs of crabs, including swimming crabs (Liu et al.,
2011), Scyla paramamosain (Liu et al., 2017), Eriocheir sinensis
(Zhang et al., 2018), and Sinopotamon henanense (Sun et al.,
2016). It provides an efficient technique for further gene
expression analysis, novel transcript discovery, and differentially
expressed gene identification in crab transcriptome sequencing
(Garber et al., 2011).

Improving the immunity and disease resistance of crustaceans
is one of the basic measures for preventing and controlling
diseases. Immune defense in crabs is entirely dependent on an
innate, non-adaptive mechanism to resist environmental stress,
and pathogen invasion (Kurata et al., 2006). The crab’s innate
immune system plays an important role in early pathogen
recognition and relies on a limited number of pattern recognition

receptors to recognize evolutionarily conserved pathogen-
associated molecular patterns (Neves et al., 2009). The gills are
an essential organ for regulating osmotic pressure in crustaceans
and play an important role in innate immunity. The gills are
directly exposed to the external water environment containing a
large number of microorganisms (Bao et al., 2019), and are thus
the first organ to be exposed to pathogenic bacteria, including
members of the Vibrio family. We therefore investigated the gills
of C. japonica as the study organ in these experiments.

The application of big amounts of antibiotics has been
depended by the treatment of bacterial diseases in aquatic
animals, which has resulted in negative effects such as drug
resistance, drug residues, and cross-infection of pathogenic
bacteria, endangering human health and contaminating soil and
water sources when released into the environment (DuPont,
2007; Martínez, 2008; Seal et al., 2013). The aquaculture
department is responsible for producing edible crabs for
human consumption. Therefore, chemical drugs are generally
not preferred in aquaculture for safety reasons. Secondary
metabolites isolated from different plants have been shown
to be beneficial for both humans and animals (Lazreg Aref
et al., 2011). In this study, we examined the use of berberine
hydrochloride as an alternative to antibiotics and an immune-
stimulant for the prevention and treatment of A. hydrophila-
infection in C. japonica. This study aimed to investigate the
effects of berberine hydrochloride on the metabolic pathways
of C. japonica based on transcriptomic data, to validate the
corresponding immune genes in the transcriptomic metabolic
pathways in berberine hydrochloride-treated P. aeruginosa-
infected C. japonica using the RT-polymerase chain reaction
(RT-PCR), and to examine changes in the metabolic pathways
and map the complete pathway system.

MATERIALS AND METHODS

Experiments
The C. japonica individuals used in the study weighed 82 ± 2.6
g, were 9 ± 0.7 cm in length and 6 ± 3.4 cm in width, with a
total of 240 samples. C. japonica were purchased from the waters
off Malaysia, 3 treatment conditions and a control group, each
with 6 replicate aquariums, and each aquarium had 10 C. japonica
all with the same net and PVC pipe added as a shelter for the
animals to prevent cannibalism. The acclimation period was 2
weeks. During the acclimation period, all pairs of crabs were
fed a commercial diet (9812; Shanghai Harmony Feed Co., Ltd.,
China) at 8:00 and 18:00 daily at 5% of the pair’s body weight. The
crabs were exposed to seawater using an artificial sea salt cycle
(salinity 28 psu) with water temperature controlled at 25 ± 1◦C,
pH 8.l ± 0.2, dissolved oxygen concentration of 5.0 mg/L, and a
light/dark cycle of 12 h.

Berberine Hydrochloride and Aeromonas
hydrophila Treatment
Berberine hydrochloride is purchased from Vickie Biotechnology
Co. LTD, Purity (HPLC ≥ 98%). After 2 weeks of C. japonica
domestication, water quality was maintained at the same level
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as during the domestication period. C. japonica were not fed
for 24 h prior to the test. The pre-test found that 100 mg/L
berberine hydrochloride was not harmful to the C. japonica
itself. One hundred and twenty C. japonica were soaked with
100 mg/L berberine hydrochloride. 48 h later, 105 CFU/L of
A. hydrophila was injected into the fourth leg of the C. japonica
in six of the aquaria to which 100 mg/L berberine hydrochloride
had been added. The pre-experiment concluded that 105 CFU/L
of A. hydrophila can cause death to C. japonica itself after 24
h. C. japonica that were not soaked in berberine hydrochloride
in the aquarium were selected for injection of 105 CFU/L of
A. hydrophila. After 72 h, a total of 240 crabs were divided
into 3 treated groups and a control group with 6 replicates per
group. A total of 10 crabs were in per aquarium. Tissue samples
from each group of 10 crabs were mixed into one sample, and
the sample was firstly anesthetized on ice, then the gill tissue
were collected and RNA was isolated on ice. Among them, 100
mg/L berberine hydrochloride (BH), A. hydrophila (AH), 100
mg/L berberine hydrochloride and injected with A. hydrophila
(BHAH), and the control group injected with equal amounts
of physiological saline solution (CK) were used for RNA-Seq
experiments.

RNA Extraction and Sequencing
The flow of this RNA-seq experiment (total RNA extraction,
cDNA library construction, sequencing, and transcriptome
analysis) is shown in Figure 1. These processes will be discussed
below. Overall RNA was taken from every sample by using
TRIzol reagent (Invitrogen, Carlsbad, CA, United States), based
on the manufacturer’s conduction. Equal amounts of total RNA
(1 µg) from samples in each group were pooled for RNA
sequencing using a HiSeq 2000 Illumina Platform. RNA integrity
was assessed using a 2100 Bioanalyzer RNA 6000 Nano assay
with a minimum RNA integrity number value of 8.0. Ribosomal
RNA was then removed. A NETBNext Ultra RNA Library
preP Kit from Illumina (New England Biolabs, Ipswich, MA,
United States) was used for preparing the cDNA libraries and 150
base pair paired-end reads were sequenced.

The quality of the raw data was checked using FastQC.
Low quality bases and adaptors were then removed from each
RNA library using Trimmomatic v0.32 (Bolger et al., 2014).
A minimum length of 50 bases was chosen as a cut-off for each
raw read. All cleaned reads were then aligned and mapped using
Tophat v2.0.11 (Trapnell et al., 2009) to provide genomic location
information, and only reads that mapped to a single gene were
used for further analysis. The genome sequence and annotation
data downloaded from http://www.ncgr.ac.cn/grasscarp/ were
used as a reference for mapping.

The mapped data were used to generate count data using
HTSeq v0.5.3 (Love et al., 2014). We then applied DESeq
to identify significantly differentially expressed genes (DEGs).
DESeq models read counts using a negative binomial distribution
with a false discovery rate adjusted P 2 or ≤ 2 and adjusted
P) (Conesa et al., 2005). Gene ontology (GO) assignment of
the DEGs was performed by Blast2Go measured against all
available nucleotide databases, with an e-value cutoff of 10−6.
Functional classification of the DEGS was further conducted

using the program WEGO (Love et al., 2014; Ye et al., 2018) with
default parameters. GO-term enrichment analysis was conducted
using the pantherdb database1. Signaling pathways associated
with the enriched genes were identified by annotation against the
Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway
database (Kanehisa & Goto) and KEGG pathway enrichment
was analyzed using the Clusterprofiler package. Including non-
redundant protein sequences (NR), the Swiss Therapeutic Protein
Sequence Database (Swiss-Prot), the Protein Family Database
(PFAM), Clusters of Orthologous Groups of Proteins (COG),
BlastX similarity search was performed on all unigenes for
annotation A corrected p < 0.05 was used as the cut-off criterion.

FPKM and count of Unigene were obtained using Bowtie2
and Express software analysis (Love et al., 2014). The number
of Unigene reads corresponding to each sample was obtained by
Express software, and the estimateSizeFactors function of Deseq
R package was used to standardize the data (Love et al., 2014).
Use the nbinomTest function to calculate the p value and fold
change values for the different comparison. The GO and KEGG of
differential Unigenes with P values less than 0.05 and a difference
of more than two times were selected for enrichment analysis to
determine the biological functions or pathways mainly affected
by differential Unigenes. Meanwhile, unsupervised hierarchical
clustering was performed for differential Unigene, and the
expression patterns of differential Unigene among different
samples were shown in the form of heat maps.

The qRT-PCR
The reliability of the RNA-Seq results was validated by subjecting
some of the candidate genes related to immune response to qRT-
PCR, using primers designed by Primer Premier 5 (Table 1).
Total RNA was extracted from the samples and first-strand cDNA
was synthesized using a SYBR Premix Ex TaqTM kit (Takara).
PCR was performed in a 20-L reaction mixture in 96-well plates
using an Applied Biosystems Prism 7500 sequence detection
system (United States), including 10 L of SYBR Premix Ex
Taq main mixture and 2 L of cDNA. Relative gene expression
was determined according to the 2−11CT method for 0.2
m of each primer.

Data Analysis
All data were presented as the mean± standard error. Differences
between control and treatment groups were analyzed by one-
way analysis of variance (ANOVA) and Tukey’s test. A value of
p < 0.05 was used to indicate the significance of the data.

RESULTS

Data Quality
The average number of original reads after sequencing was
51,816,020 and the average number of clean reads after filtering
was 51,091,279. The mean value of effective base percentage
was 97.6%. The average percentage of raw bases with a Phred

1http://www.pantherdb.org/
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FIGURE 1 | Workflow of transcriptome data analysis in response to berberine hydrochloride immersion infection of Aeromonas hydrophila C. japonica.

TABLE 1 | Primers used for real-time PCR analysis from Charybdis japonica.

Gene Forward primer (5′- > 3′) Reverse primer (5′- > 3′) Annealing temperature (◦C) Size (bp)

ATP6 ACACCCTGCGTCTCCACT GCACCTTCCTCATCATCCC 60 115

LGMN CGTTCAGAGTGAGCCAGTT TCAGCACATTGACATCCC 60 224

NAGA AGAGGCTTGAAGTTTGGA GTCAGTGGGATGGGAATA 60 156

LIMP2 GCCAGGGAGGTTAGAAAT CTTATGACAAGGAGGAGGAC 60 98

GAPDH CGATGTTCGTCTTCGGTGTC GCCAAAGTTGTCGTGGAGG 60 119

ENO GACGGTGACGAACACGAGC CGGCAAGGTCAGCGATGTA 60 197

NOS1 TCAGGAGGTGGAGAACTTTATG CATCCGCACTCTGGCACT 60 127

CTSL CGGCTCGTGCTGGTCCTTCT GCAGTGCTTCGGGTTGGAGG 60 124

PSAP TTGTTGGCTTTGTCGAGTCC GAAGAGCAGAGTCCGACCTT 60 210

Beta -actin CTGCGGAATCCACGAAAC GTCAGCAATGCCAGGGTA 60 121

value >30 was 93.3%. G and C accounted for an average of 46.9%
of all clean bases (Table 2).

Annotation Results
A total of six databases were used to annotate the sequenced
transcriptome including 79,539 genes, of which 34,337 genes
were annotated to the databases (Figure 1). A total of 332
genes were annotated to the excretory system and 1,292 to the
immune system according to the Organizational Mal Systems
database. A total of 1,271 genes were annotated to the folding,
sorting, and degradation pathway, 223 to the replication and
repair pathway, and 505 to the transcription pathway according
to the Genetic Information Processing database. A total of 2,303
genes were annotated to signaling molecules and interaction,

196 to signal transduction, and 72 to membrane transport in
the Environmental Information Processing database. In addition,
1,956 genes were associated with transport and catabolism,
942 with cellular community, 409 with cell motility, and 1,453
with cell growth and death in the Cellular Processes database.
Totals of 390 and 247 genes were annotated to the nucleotide
metabolic pathway and glycan biosynthesis and metabolism,
respectively, 271 were annotated to energy metabolism and 328 to
metabolism of cofactors and vitamins in the Metabolic Database
(Figure 2). Berberine hydrochloride significantly altered the
clustering matrix distance of C. japonica. The treatment groups
BH (BH1-1, BH1-2, BH1-3, and BH1-4), BHAH (BHAH1-1,
BHAH1-2, BHAH1-3, and BHAH1-4) and the control group
had a greater separation (Figure 3). Berberine hydrochloride
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TABLE 2 | Transcriptome sequencing data in gill tissues of C. japonica.

Sample Raw reads Raw bases Clean reads Clean bases Error rate (%) Q20 (%) Q30 (%) GC cont

BH1-1 51369184 7756746784 50635840 7538458679 0.0259 97.61 93.31 45.78

BH1_2 51587760 7789751760 50929364 7587767583 0.0258 97.65 93.38 44.87

BH1_3 55348350 8357600850 54679742 8142781906 0.0258 97.67 93.43 45.42

BH1_4 51711668 7808461868 51035694 7616602227 0.0262 97.5 93.08 45.96

BHAH1_1 51533238 7781518938 50783856 7558985247 0.026 97.59 93.29 47.9

BHAH1_2 51891188 7835569388 51246458 7624561966 0.0261 97.56 93.17 46.58

BHAH1_3 51000180 7701027180 50203806 7482896242 0.0259 97.63 93.36 47.69

BHAH1_4 53585420 8091398420 52786964 7870019579 0.026 97.58 93.27 47.43

CK1 45971416 6941683816 45283646 6763062770 0.0257 97.69 93.53 47.85

CK2 52163018 7876615718 51466438 7671946181 0.0257 97.7 93.55 48.16

CK3 51047414 7708159514 50236428 7494777311 0.0259 97.61 93.32 48.91

CK4 54583402 8242093702 53807112 7989855500 0.0261 97.52 93.14 47.16

Raw reads, number of original sequence data; Raw bases, number of raw reads multiplied by length to obtain the total number of bases sequenced; Clean reads,
calculated as for raw reads and then filtered; Clean bases, clean reads multiplied by length to obtain the total number of bases after quality control; Error rate, clean data;
Q20 and Q30, percentage of base numbers with Phred >20 and 30, respectively, in total bases (clean data); GC cont., percentage of G and C bases in the total number
of bases (clean data); CK, control group; BH, C. japonica immersed in berberine hydrochloride 100 mg/L; BHAH1, C. japonica immersed in berberine hydrochloride 100
mg/L and injected with 105 CFU/L A. hydrophila.

significantly altered the clustering matrix distance of Japanese
sturgeon. Treatment groups BH (BH1-1, BH1-2, BH1-3, and
BH1-4), BHAH (BHAH1-1, BHAH1-2, BHAH1-3, and BHAH1-
4) and control groups had a greater separation (Figure 3).

Difference Analysis
A total of 5,409 unigenes were significantly differentially
expressed between the control (CK) and BH1 groups, including
3,546 up-regulated and 1,863 down-regulated genes (Figure 4).
In addition, 4,535 unigenes were significantly differentially
expressed between the CK and BHAH1 groups, including 3,101
up-regulated and 1,434 down-regulated unigenes (Figure 4).
The total number of significantly expressed genes for (BH1) vs.
(BHAH1) for C. japonica was 4,535, of which the number of up-
regulated genes was 3,101 and the number of down-regulated

FIGURE 2 | GO, number of transcripts/unigenes annotated to the GO library;
KEGG, number of transcripts/unigenes annotated in the KEGG library; COG,
number of transcripts/unigenes annotated to the COG library; NR, number of
transcripts/unigenes annotated to the NR library; Swiss-Prot, number of
transcripts/unigenes annotated to the Swiss-Prot library; PFAM, number of
transcripts/unigenes annotated to the PFAM library.

genes was 1,434. Similarly, the total number of significantly
expressed genes for (CK) vs. (BHAH1) was 5,409, of which the
number of up-regulated genes was 3,546 and the number of
down-regulated genes was 1,863 (BH1) vs. (CK) the total number
of genes significantly different between samples was 2,116, of
which the number of significantly different upregulated genes was
499 and the number of downregulated genes was 1,617. The total
number of differentially expressed unigenes was 2,615 (Figure 4).
These results indicated that berberine hydrochloride affected
glutathione metabolism, oxidative phosphorylation, fatty acid
degradation, retinol metabolism, pyruvate metabolism, hypoxia-
inducible factor 1 (HIF-1) signaling, and the lysosome and
phagosome in C. japonica (Figure 5).

The combination of transcriptomic gene expression and
Relative mRNA Level reveals that it contains Antigen processing
and presentation (LGMN), V-type H + -transporting ATPase
subunit a (ATP6), alpha-N-acetylgalactosaminidase (NAGA),
lysosome membrane protein 2 (LIMP2), Saposin (PSAP),
glyceraldehyde 3-phosphate dehydrogenase (GAP), and GMP.
acetylgalactosaminidase (NAGA), lysosome membrane protein
2 (LIMP2), saposin (PSAP), glyceraldehyde 3-phosphate
dehydrogenase (GAPDH), enolase (ENO), nitric-oxide synthase
(NOS1) and cathepsin L (CTSL) genes in control (CK),
C. japonica dipped in berberine hydrochloride 100 mg/L (BH)
and C. japonica dipped in berberine hydrochloride 100 mg/L
and injected with 105 CFU/L of Aeromonas hydrophila (BHAH1)
genes expression trends were consistent (Figures 6, 7). LGMN,
ATP6, NAGA, LIMP2, and PSAP are acid hydrolases contained
within the lysosome. Berberine hydrochloride down-regulated
the LGMN gene while up-regulating the other acid hydrolases.
Berberine hydrochloride also up-regulated some genes in
phagocytes, including NOS1 and CTSL. The HIF-1 signaling
pathway in C. japonica reduces GAPDH and ENO in anaerobic
respiration. These genes are all related to innate immunity in
C. japonica, and are also closely related to the autophagy lysosome
system. Berberine hydrochloride played a regulatory role in the
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FIGURE 3 | KEGG metabolic pathways. The X-axis indicates the number of genes/transcripts annotated to the respective pathways. KEGG metabolic pathways
can be divided into seven categories: metabolism, genetic information processing, environmental information processing, cellular processes, organizational systems,
human diseases, and drug development.

FIGURE 4 | Principal component analysis was performed using the
expression levels of unigenes. The horizontal and vertical axes represent the
contributions of principal components N (PCN) and M (PCM), respectively, in
the two-dimensional graph to the discrimination of samples. Orange dots,
C. japonica immersed in berberine hydrochloride; green squares, control
group; blue triangles, C. japonica immersed in berberine hydrochloride and
injected with A. hydrophila.

autolysosomal system in C. japonica infected with A. hydrophila.
In terms of energy supply, ATP6 was upregulated in the order
CK < BH < AH < BHAH. NOS1 was expressed and induced
in the order CK < BH < AH < BHAH on the gill mucosal
surface of C. japonica. Berberine hydrochloride also regulated
the acidic hydrolases LGMN (BH < BHAH < CK < AH), NAGA
(CK < AH < BHAH < BH), LIMP2 (CK < AH < BHAH < BH),
and PSAP (CK < BH < AH < BHAH < BHAH) (Figure 8).

FIGURE 5 | Differentially down-regulated gene expression in each group.
Red, up-regulated genes; green, down-regulated genes.

The molecular mechanism of berberine hydrochloride in
C. japonica injected with A. hydrophila was thus determined
based on gene expression levels of the transcriptome and
relative mRNA levels (Figure 9). Among them, berberine
hydrochloride regulates ND1 gene in Oxidative phosphorylation
metabolism (CK < AH < BHAH < BH), CPT1A gene in Fatty
acid degradation metabolism (AH < CK < BHAH < BH),
RDH12 gene in Retinol metabolism and PCCA in Pyruvate
metabolism (CK < AH < BHAH < BH). RDH12 gene
upregulation and PCCA upregulation in pyruvate metabolism
(CK < AH < BHAH < BH) (Figure 10).

Some genes of Glutathione metabolism were also altered
in Berberine hydrochloride-soaked C. japonica, such as
PRDX2-4 (AH < CK < BHAH < BH). And this experiment
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FIGURE 6 | KEGG metabolic pathways based on transcriptome gene expression in gill tissues of C. japonica. Red, up-regulated genes; green, down-regulated
genes; CK, control group; BH, C. japonica immersed in berberine hydrochloride; BHAH1, C. japonica immersed in berberine hydrochloride and injected with
A. hydrophila.
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with A. hydrophila; BHAH1, C. japonica infected with A. hydrophila and treated with berberine hydrochloride. Error bars represent SD of three independent repeats.
∗p < 0.05, ∗∗p < 0.01 analyzed by t-tests. Four crabs were used in each group.

Frontiers in Marine Science | www.frontiersin.org 7 November 2021 | Volume 8 | Article 754588

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


fmars-08-754588 November 10, 2021 Time: 12:17 # 8

Han et al. Charybdis japonica Infected With A. hydrophila

FIGURE 9 | Changes in pathways in C. japonica immersed in 100 mg/L
berberine hydrochloride and injected with 105 CFU/L A. hydrophila.

also found that berberine hydrochloride could regulate
the ND1 gene in Oxidative phosphorylation metabolism
(CK < AH < BHAH < BH). In the present experiment there
were some changes in genes in Pyruvate metabolism under the
action of berberine hydrochloride, such as upregulation of PCCA
(CK < AH < BHAH < BH).

DISCUSSION

In this study, 5,409 transcripts were significantly up-regulated
or down-regulated by berberine hydrochloride, and these genes
were distributed in various metabolic pathways. Immersion in
berberine altered pathways related to glutathione metabolism,
oxidative phosphorylation, fatty acid degradation, retinol
metabolism, pyruvate metabolism, HIF-1 signaling, and
lysosomes and phagosomes. Glutathione metabolism is one of the
main components of the oxidative defense system in C. japonica
(Pan and Zhang, 2006) and some genes involved in glutathione
metabolism, such as PRDX2-4 (AH < CK < BHAH < BH), were
altered by berberine hydrochloride immersion. The oxidative
phosphorylation pathway is responsible for the production of
ATP in mitochondria (Pagliarini and Rutter, 2013). Upregulation
of the lipolytic gene CPT1A was accompanied by an increase
in energetic ATP during catabolism (Cheng et al., 2016).
In this experiment, berberine hydrochloride regulated the
CPT1A gene involved in fatty acid degradation metabolism
(AH < CK < BHAH < BH), which may ameliorate the
damage caused by Vibrio spp. and A. hydrophila infection in
crabs. Vitamin A deficiency impairs retinol metabolism and
reduces growth and impairs intestinal immune function in
fish (Zhang et al., 2017). Vitamin A deficiency also impairs the
physical barrier function associated with impaired antioxidant
capacity and exacerbates apoptosis (Jiang et al., 2019). However,
berberine hydrochloride can affect retinol metabolism and
can up-regulate the RDH12 gene in flavanol metabolism
(AH < CK < BHAH < BH). The pyruvate metabolism network,
including up-regulation of pyruvate kinase, is involved in
the pathogenesis of A. hydrophila in fish, thus enhancing

the immunity of zebrafish infected with A. hydrophila (Lin
et al., 2019). In the current study, berberine hydrochloride
up-regulated genes involved in pyruvate metabolism, including
PCCA (CK < AH < BHAH < BH), which may be help to resist
infection by A. hydrophila.

Lysosomes are digestive organelles in the endocytic pathway,
and increased lysosomal enzyme activity may contribute to
resistance to pathogens (Habtemariam, 2016). Lysosomes contain
acid hydrolytic enzymes, including LGMN, ATP6, NAGA,
LIMP-2, and PSAP. Previous studies found that the LGMN
gene played a role in both primary and adaptive immunity,
including the generation of major histocompatibility complex
II-presented antigens, which have effective enhancement of
kinetic energy changes between heat absorption and exotherm
during contraction in scleractinian fish (Marra et al., 2017).
The oxidative phosphorylation pathway is responsible for the
production of intracellular ATP in mitochondria, including
ATP6, which can supply energy to other metabolic pathways
(Hatefi, 1985; Pagliarini and Rutter, 2013). LIMP-2 belongs
to a subfamily of scavenger receptors, known as lysosomal
transmembrane glycosylation receptors (Tan et al., 2019), and
plays an important role in the immune system in response to
bacterial infection in fish. LIMP-2 was significantly up-regulated
in all mucosal tissues (skin, gills, and intestine) in Scophthalmus
maximus following infection by the Gram-negative bacterium
Vibrio anguillarum (Tan et al., 2019). PSAP is the precursor of
saposin, which is found in lysosomes and secretory proteins.
PSAP-1 and PSAP-2 significantly inhibited the growth of various
bacteria and killed Miamiensis avidus in Platichthys stellatus, and
significantly inhibited the formation of bacterial biofilms (Ghana
et al., 2015). A microbial feed additive in Atlantic salmon has
been shown to reduce intestinal inflammation by up-regulating
the NAGA gene (Yong et al., 2007). The LGMN gene for antigen
processing and presentation (BH < BHAH < CK < AH)
was down-regulated, the ATP6 gene for the V-type
H + transporter ATPase subunit a (CK < BH < AH < BHAH),
the NAGA gene for alpha-N-acetylgalactosaminidase
(CK < AH < BHAH < BH), the lysosome membrane protein
2 of LIMP2 (CK < AH < BHAH < BH), and PSAP of saposin.
SGP1 (CK < BH < AH < BHAH) were all upregulated.
Based on the characteristics of these genes, we deduce that
berberine hydrochloride improves the immunity of crabs by
increasing the levels of some hydrolytic enzyme genes. Berberine
hydrochloride was previously shown to induce the expression
of acid hydrolase genes that enhanced the degradation and
clearance of methicillin-resistant S. aureus and enterosoluble
E. coli from macrophages (Yong et al., 2007). Based on the
ability of berberine hydrochloride to induce acid hydrolase gene
expression and thus remove bacteria, immersion in berberine
hydrochloride could remove A. hydrophila, and thus improve
survival of C. japonica.

Autophagy is a lysosomal-dependent degradation pathway
in eukaryotic cells (Levine et al., 2011). The process of
autophagy can be divided into four steps: formation of
autophagosomes, fusion of autophagosomes and lysosomes,
degradation of autophagosome substrate, and regeneration of
autophagosomes. Autophagy can also be induced by conditions
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FIGURE 10 | Molecular mechanism of berberine hydrochloride in C. japonica injected with 105 CFU/L A. hydrophila.

such as hypoxia, oxidative stress, and radiation (Radomski
et al., 2018). The autophagosome fuses with the lysosome
to form the autophagosome and acidic hydrolases within
the lysosome lumen degrade the autophagic inner membrane
and internal macromolecules to produce small molecules such
as amino acids and monosaccharides. In the current study,
berberine hydrochloride upregulated some autophagosome
genes, including NOS1 and NOS2, which may be related to the
microbial-resistance effects of berberine hydrochloride. Nitric
oxide is produced by NOS with L-arginine as a substrate,
and acts as an antimicrobial host defense effector, which is
produced by many immune-associated cells during infection
(MacMicking et al., 1997; Bogdan, 1998). The expression and
induction of NOS1 has been detected on the mucosal surface
of the gills and intestines after challenge, and significant up-
regulation of NOS1 was detected in the intestinal tract of turbot
following V. anguillarum infection (Pederzoli et al., 2007; Yao
et al., 2014). Vibrio has been shown to induce fluid secretion
in the intestine, while nitric oxide regulates blood flow and
peristalsis and has cytotoxic and antimicrobial activities in
the intestine. Vibrio-infected intestinal epithelial cells showed
significantly increased NOS activity (Janoff et al., 1997). In
addition, the NOS gene also showed high expression in the gut
in invertebrates, with the highest expression of the NOS1 gene in
the gills (CK < BH < AH < BHAH) following attack by Vibrio
parahaemolyticus (Li et al., 2012). This was in accord with the

current results in C. japonica infected with A. hydrophila. CTSL is
a lysosomal cysteine protease found in rock bream (Whang et al.,
2011) and orange spotted groupers (Liang et al., 2012), which
acts as a barrier against invading pathogens and is involved in
vertebrate immune responses. CTSL acts as a chemical barrier
against microbial invasion in the innate immune system (Ellis,
2001). The solubility of CTSL is the main factor leading to the
infection of E. sinensis (Li et al., 2012) and Chinese white shrimp
(Ren et al., 2010), suggesting its potential role in the immune
defense system. In the present study, berberine hydrochloride up-
regulated the CTSL (CK < BH < AH < BHAH) in C. japonica to
resist A. hydrophila infection.

The HIF-1 signaling pathway plays a central role in the
rapid adaptation to an inadequate oxygen supply to prevent
cell damage, and the HIF maintenance pathway thus affects
many diseases and disease processes (Kim et al., 2017). HIF-
1 signaling reduced GAPDH in anaerobic respiration and had
a protective effect against Edwardsiella tarda infection (Liu
et al., 2005). Fusing GAPDH from pathogenic A. hydrophila,
as a putative protective antigen, with four different delivery
systems produced a candidate vaccine that induced effective
host protection against V. anguillarum, A. hydrophila, and
Aspergillus hydrophila (Zhou et al., 2010; Yan et al., 2011). In
the current study, berberine hydrochloride also reduced GAPDH
gene expression (BH < BHAH < AH < CK), which may have
reduced the toxicity of A. hydrophila. Berberine hydrochloride
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reduced the activity of the eno gene (BH < BHAH < CK < AH),
which may have reduced the toxicity of A. hydrophila. The
virulence gene eno in Vibrio alginolyticus and A. hydrophila
strains has a good toxicological potency on combination with
other virulence genes and against the corresponding eno binding
of the host (Zuo et al., 2019).

CONCLUSION

This study revealed the molecular mechanisms following
infection of C. japonica by A. hydrophila and immersion in
berberine hydrochloride. Exposure to berberine hydrochloride
altered the expression of genes involved in glutathione
metabolism, oxidative phosphorylation, fatty acid degradation,
retinol metabolism, pyruvate metabolism, HIF-1 signaling,
and other pathways. Berberine hydrochloride may thus
have an adjuvant therapeutic effect against A. hydrophila
infection. Transcriptome analysis showed that berberine-soaked
C. japonica adapted to A. hydrophila invasion by increasing the
expression levels of genes involved in the acid hydrolase and
endophagosome, and anaerobic respiration-related genes. These
transcriptomic data for the effects of berberine hydrochloride on
C. japonica provided strong support for its further development
as a therapeutic anti-bacterial agent. The results of this study
provided a new scientific basis for the potential role of berberine
hydrochloride in protecting crustaceans against bacterial
infections in aquaculture. It also provided an additional option
for the use of secondary metabolites to replace antibiotics in the
treatment of bacterial diseases in aquatic animals.
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