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ARTICLE INFO ABSTRACT

Edited by Dr Yong Liang Copper (Cu) is a common contaminant in aquatic environments, which could cause physiological dysfunction in

aquatic organisms. However, few studies have comprehensively examined the impact of copper toxicity in

Keywords: freshwater fish over the past decade. In this research, the oxidative stress, liver transcriptome, intestinal
Copper microbiota, and histopathology of common carp (C. carpio) in response to Cu exposure were studied, by exposing
Cyprinus carpio

juvenile carp to 0.2 mg/ml Cu?* for 30 days. The results revealed that Cu?* could induce significant changes in
malondialdehyde (MDA) content and antioxidant enzyme (superoxide dismutase (SOD), catalase (CAT), gluta-
thione peroxidase (GPx)) activity. The changes in antioxidant enzyme activities indicate that Cu can induce
oxidative stress by generating reactive oxygen species (ROS) content. RNA-seq analysis of the liver identified
1069 differentially expressed genes (DEGs) after treatment with 2.0 mg/L Cu®?". Among the DEGs, 490 genes
were upregulated and 579 genes were downregulated. GO functional enrichment analysis revealed that Cu could
affect the fatty acid biosynthetic process, carnitine biosynthetic process, and activity of carboxylic acid trans-
membrane transporter. Meanwhile, the most significantly enriched KEGG pathway also included the lipid
metabolism pathway. In addition, Cu?>* exposure increased bacterial richness and changed bacterial composition.
At the phylum level, we found that the ratio of Bacteroidetes to Firmicutes was increased in the treatment carps,
which can regulate intestinal epithelium function and reduce inflammation and immune responses. At the genus
level, the abundances of 11 genera were significantly altered after exposure to Cu?*. The altered composition of
the microbial community caused by Cu exposure may play a useful role in compensation of the intestinal lesions
by Cu exposure. Furthermore, we found that Cu?* exposure could cause histological alterations such as structural
damage to the liver and intestines. The results of this research contribute to a better understanding of mecha-
nisms related to Cu toxicity in fish.

Oxidative stress
Liver transcriptome
Intestinal microbiota
Histopathology

2003; Tosco et al., 2010; Elalfy et al., 2021). It has been identified as an
environmental contaminant that was widely detected in soil (Morton--
Bermea et al., 2009; Yang et al., 2018; Medynska-Juraszek and Kabala,

1. Introduction

Due to excessive exploitation and inefficient resource utilization,

heavy metal pollution is becoming a major environmental problem that
affects worldwide ecosystems (Cheng, 2003; Agarwal, 2009; Moham-
med, 2011; Senior et al., 2020). Copper (Cu), as one of heavy metals and
an essential nutrient, can become toxic to living cells when its concen-
tration reached high levels (Clearwater et al., 2002; Gaetke and Chow,

2012) and water (Kar et al., 2008; Begum et al., 2009). It also has been
detected in various items such as plants and seeds (Adrees et al., 2015;
Kumar et al., 2021). Under such conditions, heavy metal Cu could enter
the animal and human body by various ways and accumulate in multiple
organs, including the lung, liver, kidney, and reproductive organs
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(Uriu-Adams and Keen, 2005; Grosell et al., 2007; Ebrahimpour et al.,
2010). This excessive intake of Cu can cause oxidative damage to or-
ganisms and substantially impact the gut microbiome of host animals
(Meng et al., 2018; Ruan et al., 2019; Qian et al., 2020; Dai et al., 2020;
Liao et al., 2021). In addition, many studies have suggested that low
concentrations of Cu have a toxic effect on the function of immune cells
which can protect organisms from many diseases (Parry and Pipe, 2004;
Jing et al., 2006, 2007). Thus, the study of the toxicological effects of Cu
on organisms has received massive attention in recent years due to its
toxicity (Gaetke et al., 2014; Malhotra et al., 2020; Kumar et al., 2021).

The adverse impacts of Cu on animals have been explored in previous
research. One impact of them is oxidative stress which plays an impor-
tant role in the pathogenesis of many disease processes (Finaud et al.,
2006; Preiser et al., 2012; Sies et al., 2017). For instance, the results of
some studies have shown that exposure to Cu could lead to oxidative
damage in primary enterocytes of carp (Jiang et al., 2013; Li et al.,
2016). Meanwhile, the results of a study on red swamp crayfish (Pro-
cambarus clarkii) demonstrated that Cu exposure induced oxidative
damage by increasing reactive oxygen species (ROS) and MDA content
in testes and thus leading to decreased sperm quality and abnormal
testicular structures with apoptotic germ cells. Similarly, Wei and Yang
(2015) showed that Cu was accumulated in gills of crayfish (Pro-
cambarus clarkii) and caused oxidative stress by decreasing SOD and CAT
activities and increasing the contents of ROS, MDA, and protein car-
bonyls. All of these studies revealed that Cu exposure could increase ROS
accumulation and bring disruption of biological functions and cellular
structures.

Understanding cellular responses to oxidative stress are fundamental
in biology and transcriptome analysis of target cells is the first step to-
ward such goals (Wang et al., 2017, 2019; Chen et al., 2019).
High-throughput complementary RNA sequencing (RNA-Seq) is a
powerful technique for evaluating the biological functions of genes at
transcriptional level (Mutz et al., 2013). The results of high throughput
analysis could supply information about a transcript’s expression level
and structure. Nowadays, there is significant metal pollution caused by
Cu in environment and it poses a serious threat to immune system of
living organisms (Uriu-Adams and Keen, 2005; Grosell et al., 2007;
Ebrahimpour et al., 2010). For example, Tang et al. (2020) have found
that most of the immune-related genes were up-regulated compared to
the control group in gills of Procambarus clarkia. In addition, Guo et al.
(2019) have indicated that immune-, detoxification-, and
apoptosis-related genes in gills of Macrobrachium rosenbergii signifi-
cantly changed by Cu stress. Similar results were also found in Neo-
caridina denticulate sinensis (Xing et al., 2021).

In addition to oxidative stress, the structure of intestinal microbiota
in animals has been shown in response to Cu stress. Many investigations
have suggested that the composition of intestinal microbiota was altered
and bacterial richness and diversity were decreased following Cu
exposure in carps, amphibians, and mammals (Zhai et al., 2017; Meng
et al., 2018; Zhang et al., 2019; Cheng et al., 2020; Yang et al., 2020;
Zheng et al., 2021). The intestinal microbiota is a key player in many
processes of animal physiology, especially in their immunity (Stevens
and Hume, 2004; Nayak, 2010). In general, intestinal microbiota plays a
critical role in regulating the energy metabolism of host cells and
defending them against inflammatory infection. Thus, the perturbations
of intestinal microbiota may cause disorders in the digestive and im-
mune systems and induce many diseases (Round and Mazmanian, 2009;
Sun and Shen, 2018). In addition, Cu exposure could markedly hinder
the growth of animals (Jiang et al., 2016).

The common carp (Cyprinus carpio), which is cultured in over 100
countries worldwide, is one of the most important freshwater species
belonging to the family Cyprinidae (Kloskowski, 2011; Réalis-Doyelle
et al., 2018). They account for approximately 10 % of the global fresh-
water aquaculture production annually (FAO Fisheries and Aquaculture
Department and Bostock et al., 2010). Owing to its wide distribution and
comparatively simple anatomy as well as its ability to tolerate

Ecotoxicology and Environmental Safety 246 (2022) 114136

environmental stress, C. carpio has proved an excellent indicator of toxic
contaminants in natural freshwater bodies (Fischer and Dietrich, 2000;
Vinodhini and Narayanan, 2009). Recently information about Cu
toxicity to eggs, head kidney, growth, swimming performance, immu-
nity, oxidation resistance, intestinal microbiota, energy metabolism and
histopathological damage as well as genes’ expression of the common
carp have been reported (Stouthart et al., 1996; De Boeck et al., 2003,
2006; Kondera et al., 2014; Jiang et al., 2016; Meng et al., 2018;
Dawood et al., 2020). So far, however, comprehensive studies about the
toxicity of Cu to common carp have been still lacking (Sevcikova et al.,
2016; Hoseini et al., 2022). The liver and intestine are the most
important organs which play key roles in nutrient absorption, meta-
bolism, and immune responses (Tang et al., 2013; Részer, 2014; Karasov
and Caviedes-Vidal, 2021), so monitoring of these organs is considered
necessary. In addition, they are considered to be critical target organs in
environmental toxicology due to their highly sensitive nature (Zhao
et al., 2019b; Budny, 2020). Under such circumstances, monitoring the
histological structure of liver and intestine is the method of choice in
assessing the effects of Cu toxicity, and analyzing transcriptome data of
the liver can provide deep insights into the molecular mechanisms of
carps responding to Cu. Therefore, the aim of this study is to attempt to
identify the impacts of Cu on the C. carpio 1) liver from the aspects of
oxidative damage, transcriptome changes, and histopathology; 2) in-
testinal from the aspects of microflora and histopathology.

2. Material and methods
2.1. Animals and samples

Juvenile common carp used in this study were procured from a
freshwater fish breeding base in Zhengzhou, China. The initial mean
body weight and length of fish were 19.59 + 5.61 (g) and 99.6 + 9.4
(mm), respectively. Prior to the experiment, groups of 30 fish were
housed in each polycarbonate tank (total: 180 fish and six tanks) con-
taining 50 L dechlorinated tap water (temperature: 22 + 1 °C; pH: 7.0 +
0.5; dissolved oxygen: 6.60 + 0.1 mg/L; ammonia nitrogen concentra-
tion: 0.3 mg/L; nitrites concentration: 0.3 mg/L; sulfate concentration:
25 mg/L; total hardness: 160 mg/L; photoperiod: 12-h light:12-h dark)
and acclimatized for a period of 7 days. The fish were fed once daily with
a commercial diet in proportion to 1% of the total biomass for the tank.
The experiment was performed according to the guidelines of the China
Law for Animal Health Protection and instructions for Granting Permits
for Animal Experimentation for Scientific Purposes (Ethics approval
number: SCXK (YU) 2005-0001). After being acclimated for 7 days, six
tanks were randomly divided into the control group and the experi-
mental group with each group in triplicate (90 fish/group; 30 fish/
replicate). The LCsp (96 h) value of Cu for common carp was 2 mg/L
(Witeska et al., 2010), thus Cu concentration was set to 0.2 mg/L (1/10
96 h-LCsp) in the experimental group. One-third of water was either
replaced every day by dechlorinated tap water or water containing 0.2
mg/L of Cu. No mortality was observed throughout the exposure.

By the 30th day of the experiment, six specimens were randomly
chosen from each group and euthanized by MS-222. Additionally, 100
mg of liver tissue was dissected from one fish and three liver tissues from
each group were mixed at a 1:4 ratio (w/v) with chilled phosphate-
buffered saline solution (pH 7.4, 10 mmol L’l). Then, the liver sam-
ples were homogenized with a high-throughput tissue grinder (KZ-II,
Shanghai Jingxin Industrial Development Co., Ltd. China). Next, the
homogenates were centrifuged at 12,000 rpm for 5 min at 4 °C in a
refrigerated centrifuge Allegra X-30R (Beckman Coulter, USA), and the
supernatants were used for estimation of MDA, SOD, CAT, and GPx. All
the above steps were performed at 4 °C. The remaining liver from each
sample was frozen in liquid nitrogen for transcriptome analysis. To study
the liver and intestinal histology as well as intestinal microbial alter-
ations induced by Cu, another six specimens from each tank were
randomly selected to be dissected. The liver and gut tissues of each fish
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were fixed (4% paraformaldehyde solution) and sent for histopathology
examination, and the contents of the guts were collected that were
frozen in liquid nitrogen immediately. We changed gloves and washed
all dissection instruments with 100 % ethanol between individuals. All
samplings in the experiment were carried out in a super clean work-
bench (SW-CJ-2FD; Suzhou Antai air technology Co., Ltd, China).

2.2. Assay of oxidative damage and antioxidant enzymes

Biochemical analyses were conducted on the cellular cytosolic frac-
tions of the liver. The activity of MDA, SOD, CAT, and GPx was deter-
mined according to the protocol recommended by the manufacturer’s
instruction (Beyotime Biotechnology, China). In brief, the MDA is a final
product of lipid peroxidation in the cells, which can react with Thio-
barbituric Acid (TBA) to generate the MDA-TBA adduct. Thus, the MDA-
TBA adduct can be easily quantified by colorimetry. The activity of SOD
was detected by modified nitroblue tetrazolium (NBT) photoreduction.
The superoxide anion radical(Oz') generated by the xanthine-xanthine
oxidase system can reduce NBT to formazan, which can be assessed
spectrophotometrically at 560 nm. The formazan product can be
inhibited by SOD for it competes with NBT for the dismutation of O%.
Thus, the level of this reduction is used as a measure of SOD activity.
CAT was detected by measuring the absorbance of the red compound [N-
(4-antipyryl)— 3-chloro-5-sulfonate-p-benzoquinonemonoimine] reac-
ted by hydrogen peroxide and oxygen at 520 nm. The activity of GPx was
determined by the conventional NADPH method using glutathione as
the reducing substrate.

2.3. RNA isolation, library preparation, and sequencing

Total RNA was isolated from the liver samples using the TRIzol re-
agent (Invitrogen Corporation, USA) according to the manufacturer’s
instructions. The integrity of total RNA was checked using the RNA Nano
6000 assay kit on the Bioanalyzer 2100 system (Agilent Technologies,
USA). The cDNA libraries were constructed, which were sequenced
using the Illumina NovaSeq 6000 platform (Illumina, USA) in a paired-
end mode.

2.4. Transcriptome assembly and DEG screening

Raw data were filtered using the Fastp (v.0.19.5) to remove adaptor
sequences and low-quality reads. To obtain high-quality clean data,
reads containing adaptor sequences, poly-N sequences, or quality scores
(Q-values) lower than 20 were removed from the raw RNA-Seq data.
Meanwhile, Q20, Q30, GC content and the sequence duplication level of
the clean data were identified. Subsequently, the resulting clean reads
were aligned and mapped onto the genome of common carp using the
HISAT2. Subsequently, the mapped reads were assembled using the
StringTie with the common carp genome. For differential expression
analysis, the transcripts per million (TPM) at the gene level were
calculated using the RSEM (v.1.3.3). To determine significant differ-
ences, an absolute value of log2FC (fold change) > 1 and a false dis-
covery rate (FDR) < 0.05 were used as thresholds.

2.5. DNA extraction and PCR amplification

The total DNA of microorganisms was extracted from intestinal
content by using E.Z.N.A.® soil DNA Kit (Omega Bio-Tek, Norcross,
USA). Then, 16 S rRNA was amplified with the primers 338 F (5'-
ACTCCTACGGGAGGCAGCAG-3') and 806 R (5'-GGAC-
TACHVGGGTWTCTAAT-3") by thermocycler PCR system (GeneAmp
9700, ABI, USA). The PCR reactions were conducted in triplicate using a
total volume of 20 pL reaction system containing 4 pL 5 x FastPfu Bulffer,
2 pL 2.5 mM dNTPs, 0.8 pL each primer (5 pM), 0.4 pL FastPfu Poly-
merase, and 10 ng template DNA. Thermal cycling was consisted of
initial denaturation at 95 °C for 3 min, followed by 27 cycles of
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denaturation at 95 °C for 30 s, annealing at 55 °C for 30 s, and elongation
at 72 °C for 30 s. Eventually, the PCR system was held at 72 °C for 10
min. The resulted PCR products were extracted from a 2% agarose gel
and further purified using the AxyPrep DNA Gel Extraction Kit (Axygen
Biosciences, Union City, CA, USA) and quantified using QuantiFluor-ST
(Promega, USA) according to the manufacturer’s protocol.

2.6. Illumina Miseq and sequence processing

The PCR amplicons were isolated from agarose gels and purified
using a DNA purification kit (Axygen Biosciences, USA). Then, the
amplicons were quantified by QuantiFluor™-ST (Promega, USA) and
were pooled at equimolar concentrations. To further test our approach,
the amplicons were sequenced on Illumina MiSeq. A detailed description
of sequencing was provided in SI 1.1.

2.7. Biodiversity analysis

The structural diversity of the gut microbial communities of carps
from the control and Cu-treatment group was analyzed by Illumina
MiSeq sequencing. Alpha diversity analyses using MOTHUR software
(v.1.30.2) were used to assess the richness and diversity of the microbial
community for each sample. Individual-based rarefaction curves were
created using USEARCH (version 7), which exhibits the sequencing
depth of samples. Beta diversity measurements, ie, the differences in
species composition between assemblages or regions, were performed
through Clustering analysis and unweighted UniFrac distance metric by
principal coordinate analysis (PCoA). QIIME software (Version 1.9.1)
was used to analyze the composition and abundance diagrams of gut
microbial communities at phylum and genus levels. Welch’s t- test was
used to examine the differences between the control group and Cu
exposure groups. The criterion of statistical significance was P < 0.05.

2.8. Histopathology examination

The liver and gut tissues fixed with paraformaldehyde solution (4 %)
were dehydrated in graded ethanol series (50-95%). Dehydrated tissues
were embedded in paraffin and cut into 4-pm-thick sections by a
microtome (RM2245; Leica, Germany). Then, tissue sections were
stained with hematoxylin and eosin (H. E) and were examined by light
microscopy (Olympus IX73; Tokyo, Japan) and quantitated by histo-
metric methods.

3. Results
3.1. Effect of Cu exposure on oxidative stress parameters

Compared with the control group, the Cu?* exposure significantly
decreased MDA, SOD, and GPx levels in the liver of carp (Fig. 1A-1 C; all
p < 0.01). In addition, results showed that activities of CAT were
significantly increased in the liver tissue of carp treated with 0.20 mg/L
Cu?* (Fig. 1D;

3.2. Transcriptome sequencing of the liver of common carps in response to
Cu stress

To understand the underlying molecular bases of Cu stress response
in common carps, we constructed six cDNA libraries using liver sampled
from Cu-treated (0.2 mg/L Cu) and control (0 mg/L Cu) groups for
transcriptome analysis. The results of transcriptome sequencing for
common carp were present in Table 1. In the control group (Con), we
obtained 51420350 (Conl), 53591034 (Con 2), and 52178296 (Con 3)
raw reads, respectively. In the Cu-treated group (Tr), we obtained
45066194 (Tr 1), 42710896 (Tr 2), 48391588 (Tr 3) raw reads,
respectively. Then, clean reads were obtained by removing adapter-
containing, reads containing ploy-N and low-quality from raw reads.
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Fig. 1. Level of MDA content (A) and activity of SOD (B), GPx (C), and CAT (D) in liver of common carp after 30 days of exposure to copper. Data are expressed as
mean =+ SD. Significant differences were observed in all variable (* P < 0.05; ** P < 0.01).

Table 1

Summary statistics of transcriptome sequencing for common carp hepatopancreas.

Sample Raw reads Raw bases Q20 (%) Q30 (%) N (%) GC (%) Clean reads Clean Bases Total mapped reads Total mapped (%)
Conl 51420350 7764472850 98.13 94.47 0.02 49.17 51000750 7513367616 41270974 80.92

Con2 53591034 8092246134 98.11 94.34 0.02 48.61 53224260 7847591335 43215997 81.2

Con3 52178296 7878922696 98.15 94.42 0.02 48.78 51822940 7635312799 41650888 80.3

Trl 45066194 6804995294 98.22 94.62 0.02 48.30 44770458 6615745643 36256052 80.98

Tr2 42710896 6449345296 98.05 94.27 0.02 47.96 42314418 6233387087 34016811 80.39

Tr3 48391588 7307129788 98.21 94.61 0.02 48.74 48071602 7094544317 39527989 82.23

In the control group, we obtained 51000750 (Con1), 53224260 (Con 2),
and 51822940 (Con 3) clean reads, respectively. In the Cd-treated
group, we obtained 44770458 (Tr 1), 42314418 (Tr 2), 48071602 (Tr
3) clean reads, respectively. Quality scores at the levels of Q20 and Q30
were more than 98.05% and 94.27%, respectively. Next, all clean reads
obtained from control or Cu-treated samples were assembled using
HISAT2 and StringTie softwares, resulting in 76,711 unigenes with an
average length of 1680 bp and a N50 of 1321 bp.

3.3. Screening of DEGs of common carps responding to Cu stress

To identify DEGs in common carps responding to Cu stress, TPPM
values were used to calculate the gene expression levels of each sample
using RSEM software. The DEGs were identified with an absolute value
of 1og2FC > 1 and a false discovery rate (FDR) < 0.05 by DEseq2 soft-
ware. As a result, a total of 1069 DEGs were identified, including 490
upregulated genes and 579 downregulated genes (Fig. 2A). Differential
expression analysis of the DEGs of common carps responsive to Cu stress
was also analyzed and visualized using a heatmap (Fig. 2B-C). These
results indicate that a substantial difference occurs in the response of
common carps to Cu stress. To further investigate the host response to
Cu stress in common carps, GO and KEGG enrichment analyses of these
1069 DEGs were carried out. Within these DEGs, 807 of them could be
assigned to 676 predicted GO terms, of which 133 GO terms were highly

enriched (Q-value < 0.05). As shown in Fig. 3A, 11 GO terms of them,
such as ‘fatty acid biosynthetic process’, ‘carnitine biosynthetic process’,
‘carboxylic acid transmembrane transporter activity’, ‘organic acid
transmembrane transporter activity’, ‘peptide biosynthetic process’,
‘small molecule catabolic process’, ‘amide biosynthetic process’,
‘endopeptidase inhibitor activity’, ‘oxidoreductase activity, acting on
paired donors, with incorporation or reduction of molecular oxygen’,
‘lyase activity’, and ‘amino-acid betaine biosynthetic process’, were
significantly enriched using a threshold value (Q-value < 0.01). More-
over, these DEGs were also mapped to the canonical pathways in the
KEGG database to identify the different metabolic pathways of common
carps activated in response to Cu stress. 800 of these DEGs could be
mapped to 307 predicted metabolic pathways, of which 54 pathways
were highly enriched (Q-value < 0.05). After FDR correction, 38 path-
ways significantly enriched (Q-value < 0.01) (Fig. 3B). Among these
pathways, lipid metabolism (namely fatty acid biosynthesis and fatty
acid degradation) was found to be among the most important pathway
(Fig. 3B). In addition, 80 DEGs were identified to be related to the im-
mune system, in which ‘complement and coagulation cascades’ showed
a significant alteration following Cu stress (Fig. 3B). These results sug-
gest that these GO terms and metabolic pathways are associated with the
host response to Cu stress in common carps.
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Fig. 2. Transcriptional variation of common carps in response to Cu stress. (A) The numbers of total, up-regulated, and down-regulated differentially expressed genes
(DEGS) in liver of common carps under Cu stress (Cu-vs-Con). (B) Differential expression analysis of all DEGs in liver of common carps in response to Cu stress by
volcano plot. (C) Expression analysis of the DEGs in liver of common carps in response to Cu stress by heatmap.

3.4. Characteristics of 16 S rRNA sequencing

According to 16 s rRNA gene sequence analysis, a total of 429199
high-quality sequences and 261 OTUs (>97 % sequence similarity) were
produced from carp intestinal samples. Rarefaction curves suggested
that sequencing depth was sufficient (Fig. S1). The Chao 1 indices
(Richness of the gut bacteria community) of the treatment and control
groups were 177.69 + 10.81 and 85.14 + 10.42, respectively, and their
ACE indices (Evenness of the gut bacteria community) were 186.09
+ 7.47 and 83.12 + 8.25, respectively. The Shannon index of the
treatment and control groups were 2.79 £+ 0.12 and 2.40 + 0.07,
respectively. The Simpson index of the treatment and control groups
were 0.12 £+ 0.01 and 0.16 + 0.01, respectively. The Good’s coverage
index was from 0.999454 to 0.999909, meaning the gut bacteria sam-
plings were sequenced sufficiently. These results suggested that the
presence of Cu?* resulted in an increase in microbial population and
diversity. PCoA analysis demonstrated that samples of 2 groups were
distinctively distributed into 2 apparent parts (Fig. S2).

3.5. OTU distribution

Results of interpretation of the Venn diagrams (Fig. S3) indicated
that 78 OTUs were overlapped between the control and treatment
groups, implying those OTUs were insensitive to Cu exposure. Addi-
tionally, there were 183 OTUs found in either group and, of these, 152
OTUs were exclusive to the control group (0 mg/L Cu?' exposure),
implying that those OTUs were susceptible to Cu®*. In contrast, 31 OTUs
existed only in the 0.2 mg/L Cu?" treated group and exhibited the
presence of resistant taxa microbiomes.

3.6. Intestinal microbial composition

To investigate taxonomic differences in gut bacteria between control
and treatment groups, Welch’s t- test was employed (P < 0.05). The
most prevalent phyla were Proteobacteria (33.50-41.60 %) and Fuso-
bacteriota (29.70-34.37 %), followed by Bacteroidota (11.65-20.25 %)
and Firmicutes (9.51-10.52 %) (Fig. 4A). The relative abundances of
these four abundant phyla showed no significant differences between
control and treatment groups.

At genus level, the dominant genera were Cetobacterium
(29.70-30.60 %), Vibrio (7.71-16.16 %), Aeromonas (8.74-12.78 %),
Bacteroides (2.30-14.41%) and Citrobacter (0.08-13.97 %) (Fig. 4B). In
total, 11 genera showed significant differences in relative abundance
(Fig. 5). Compared to the control group, exposure to 0.2 mg/L Cu®" led
to a significant increase in Citrobacter, Clostridium sensu_stricto_13,
Enterococcus, and Vagococcus, and induced significant decreases of
ZORO0006, unclassified f_Rhodobacteraceae, Crenobacter, Pseudomonas,
Mycobacterium, Bosea, Hyphomicrobium (Fig. 5).

3.7. Effects of Cu exposure on the liver and intestinal histology

According to examination by light microscopy, the liver of the con-
trol carp showed a normal structure in which the nuclei were located in
the center of most hepatocytes (Fig. 6A). Histological sections of liver
from Cu exposure groups were illustrated in Fig. 6B-C, which showed
histological changes compared to that from the control group. Namely,
minor hemorrhage and hyperemia were observed in all treatment
samples (Fig. 6B-C). In addition, necrosis of partial hepatocytes and
some of the nucleus was dissolved in the liver of Cu-treated carp, as well
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as cell boundary was slightly damaged. According to Pierce et al. (1978)
and van Dyk et al., (2007), the histological grading system can be used as
a method to objectively estimate the histological changes or lesions
identified in livers of exposed fish specimens (Table S1). Using this
grading system, grade 3 can be assigned to liver of treatment carps.

In addition, histological sections of intestines from control groups
displayed a well-organized structure with lumen, epithelium, lamina
propria, submucosa, and muscular, normal structure (Fig. 6D), however,
microstructural observation results showed that intestines of carp
treated with Cu®' with abnormal epithelial architecture (ca. 55%).
Further, marked vacuolation of the intestinal epithelium was noticed in
carp exposed to Cu®" (ca. 30%; Fig. 6E). In addition, nuclear shrinkage
in lamina propria was observed in the experimental group, accompanied
by lamina propria enlargement (ca. 60%) (Fig. 6F).

4. Discussion

Although essential for many organisms, Cu can become toxic to
aquatic life after reaching a certain level. In the present study, we
investigated the antioxidant enzymes (MDA, SOD, CAT, and GPx),
differentially expressed transcripts, intestinal microbiota, and histolog-
ical variations, to comprehensively reveal how C. carpio responds to Cu
at the cellular, molecular, and physiological levels. The study showed
that CAT increases and MDA, SOD as well as GPx decrease significantly
compared with the control group. In addition, results showed that Cu
induced changes in liver transcriptome, intestinal microbiota, and his-
topathology of the common carp.

Lipid peroxidation was regarded as a major pathway by which ROS
induces tissue injury (Wei and Yang, 2015), indicating that MDA served
as a biomarker of oxidative damage in animals (Harfouche et al., 2009;
Pirinccioglu et al., 2010; Yonny et al., 2016). MDA can cause adverse
effects such as altered ion permeability and enzymatic activity by
affecting ion exchange through cell membranes to cause cross-linking of
membrane compounds. However, many studies have demonstrated that
significant correlations existed between increased antioxidant defenses
and low MDA levels (Ferreira et al., 2019; Garcia et al., 2020; Hoseinifar
et al., 2020). Decreased MDA levels in aquatic species exposed to pol-
lutants are often suggested to result from increased antioxidant activity
(Piazza et al., 2016; Lima et al., 2019; Garcia et al., 2020). As a conse-
quence of increased antioxidant action on ROS, fewer oxidative
by-products are generated, including MDA. Our results showed that
MDA decreased in treatment groups. This is in agreement with previous
reports that MDA content in common carp and Russian sturgeon was
decreased by Cu nanoparticles in diets (Wang et al., 2018; Dawood et al.,
2020). This result suggested that antioxidants could play important roles
in scavenging the oxidative free radicals induced by Cu ions in C. carpio.

Antioxidant systems are known to be sensitive to Cu exposure
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Fig. 4. Relative abundance of dominant intestinal populations in carps. (A) Relative abundance at phylum level, (B) relative abundance at genus level. C: 0 mg/L
Cu**; T: 0.2 mg/L Gu*.
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Fig. 5. Genera with significant changes in relative abundance under different Cu>" concentration exposure. Asterisk indicates significant differences (P < 0.05);
double asterisks indicate significant differences (P < 0.01). C: 0 mg/L Cu**; T: 0.2 mg/L Cu®".

Fig. 6. Light micrographs of hepatopancreas and intestine histology. (A) Hepatopancreas exposed to 0 mg/L Cu**; (B, C) Hepatopancreas exposed to 0.2 mg/L Cu*";
(D) Intestine exposed to 0 mg/L Cu®"; (E, F) Intestine exposed to 0.2 mg/L Cu®>*; NH: normal hepatocytes; HE: hemorrhage; NE: necrosis; HY: hyperemia; L: lumen; E:
epithelium; Lp: lamina propria. Epithelial vacuolation, lamina propria enlargement and nuclear shrinkage were observed in E-F. H & E stain (100x).

(Gaetke and Chow, 2003; Atli and Canli, 2010; Eyckmans et al., 2011;
Ransberry et al., 2015). The fish exposed higher concentration of Cu can
produce a large quantity of ROS, resulting in oxidative stress (Sampaio
et al., 2008; Mahboob, 2013; Sevcikova et al., 2016). Many researchers
have suggested that SOD can form the first line of defense against
oxidative stress by scavenging the superoxide anion (Ates et al., 2008;
Ighodaro and Akinloye, 2018), then the superoxide anion generated
during the former process can be eliminated by CAT and GPx by con-
verting them into water and molecular oxygen (Lee et al., 2004; Li et al.,
2006; Yang et al., 2015). Compared to the control group, our study
indicated that Cu®* exposure significantly reduced SOD and GPx activity
but increased CAT activity. The decreased SOD level could indicate that
enzymatic antioxidant defense mechanisms were suppressed by extra

Cu®" which can produce excessive superoxide radicals (Fazelan et al.,
2020). This result was consistent with a study by Wu et al. (2011) who
found that some important antioxidant enzymes inhibited by bisphenol
A include SOD and CAT in zebrafish embryos. The increased CAT ac-
tivity observed in liver suggested that HoO, could be primarily scav-
enged by CAT. The results were consistent with findings from previous
studies on fish under Cu stress conditions (Eyckmans et al., 2011; Tang
et al., 2013; Dawood et al., 2020). In our result, the decreased GPx may
be caused by increased CAT, for GPx and CAT have complementary roles
in H05 elimination (Wang et al., 2012; Pan and Du, 2017; Zhang et al.,
2021). This is contrary to a finding by Xu and his colleague (2021) who
found Cu-Oxytetracycline coincubation significantly reduced CAT ac-
tivity and increased GPX activity in liver of grass carp. This could further
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demonstrate that CAT and GPX have complementary roles in HyO5
elimination. These results indicated that Cu®>" induced oxidative stress
and these enzymes could work together against active oxygen.

GO and KEGG enrichment analyses of the cDNA libraries are asso-
ciated with biological variations and molecular mechanisms of fish
responding to Cu. In the current study, a total of 1069 DEGs were ob-
tained under the Cu stresses. The liver is the center of lipid metabolism
(Nguyen et al., 2008; Rui, 2014). The main function of lipid metabolism
is to deliver lipids to peripheral tissues for use or to return lipids to the
liver for recycling or clearance. Exogenous, endogenous and reverse
cholesterol transport are main pathways in lipid metabolism. Among
these three pathways, the endogenous refers to the processing of lipids
synthesized in the liver. In our results, GO pathway analysis showed two
pathways (fatty acid biosynthetic process and carnitine biosynthetic
process) were related to fatty acid metabolism and KEGG pathway
analysis revealed that ‘fatty acid biosynthesis’ and ‘fatty acid degrada-
tion” also belong to lipid metabolism-related pathways. These analyses
suggested that fatty acid metabolism was significantly disrupted with
Cu®" in common carp liver. In addition, we found that MDA content
decreased significantly in treatment groups, implying that Cu can lead to
the peroxidation of membrane polyunsaturated fatty acids. A study has
suggested that the impairment of the fillet fatty acid profile in the muscle
of Cichlasoma amazonarum appears to be mediated by oxidative damage
induced by Cu exposure (Baldissera et al., 2020). In addition, the
biosynthesis of amino acid pathways also differed profoundly between
carps with Cu and controls. Indeed, our results showed that the activity
of antioxidant enzymes (eg. SOD, CAT, GST, GPx) exhibited significant
changes under the stress of Cu. These results suggest the key role of the
metabolic pathway in coordinating cellular changes at both the gene and
protein levels under abiotic stress conditions in common carp (Hoseini
et al., 2022).

Changes in abundance and structural composition of the intestinal
bacteria community could affect the body’s nutritional metabolism and
immune function (Han et al., 2010; Li et al., 2021). Our study showed
that Proteobacteria, Fusobacteriota, Bacteroidetes, and Firmicutes were
the core microbiome within the carp gut, which is consistent with
similar studies by Wang et al. (2022). Additionally, these bacterial phyla
were also dominant in zebrafish gut (Roeselers et al., 2011). At the
phylum level, we found that Cu?* supplementation increased abun-
dance in Bacteroidetes and Firmicutes, and the ratio of Bacteroidetes to
Firmicutes was increased in the treatment group. The increased Bac-
teroidetes abundance could positively reinforce the glycan-metabolizing
potential of the microbiome (Sonnenburg et al., 2010; Marcobal et al.,
2011). The increased Firmicutes abundance could enhance the energy
absorption, thus improving growth performance of animals (Han et al.,
2018; Azad et al., 2022). In addition, the increased ratio of Bacter-
oidetes/Firmicutes can not only regulate intestinal epithelium function
but also have the potential to reduce inflammation and immune re-
sponses (Chen et al., 2021). At the genus level, the abundances of 4
genera were significantly increased after exposure to Cu. In fish, Cit-
robacter species can increase energy harvest by modulating intestinal
microbiota (Zhang et al., 2020). The species of Clostridium sensu
stricto13 could efficiently produce hydrogen during anaerobic fermen-
tation (Vo et al., 2019; Yin and Wang, 2019; Yin et al., 2021). Enterococci
species can produce bacteriocins with an inhibitory effect against food
spoilage bacteria and pathogenic fish including Carnobacterium maltar-
omaticum and Gram-negative bacteria (Sarra et al., 2013; Ghomrassi
et al., 2016). Vagococcus can protect fish from vibriosis (Sorroza et al.,
2012), and a new study has found that the potential of secondary me-
tabolites from Vagococcus fluvialis CT21 can be against fish pathogenic
bacteria (Feliatra et al., 2021). Hence, the increased abundances of these
taxa within the intestines indicated that exposure to Cu** may decrease
the risk of infection in C. carpio. In all, increased diversity and altered
composition of the microbial community caused by Cu exposure may
play a useful role in compensation of intestinal lesions by Cu exposure.

Histological analysis of liver and intestines have been used as a
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practical means for assessing toxic metals contamination in animals
(Nuntapong et al., 2019; Zhang et al., 2020). In the present study, his-
tological injuries of the liver were observed in treatment carp, such as
hemorrhage, necrosis, and nucleus dissolution. Similar reports also
documented that environmental exposure to dissolved Cu can cause
severe histological injuries in the liver of common carp (Frias-Esper-
icueta et al., 2008). In addition, treatment carp were characterized by
intestines with abnormal epithelial architecture, marked vacuolation of
the intestinal epithelium and lamina propria enlargement. This result is
consistent with many studies that concluded that Cu can induce intes-
tinal lesions in fish (Al-Bairuty et al., 2013; Maharajan et al., 2016; Peda
et al., 2016; Zhao et al., 2020; Hamed et al., 2021). This damage might
be due to oxidative stress and inflammation induced by Cu which leads
to cytotoxicity (Zhao et al., 2020; Hoseini et al., 2022).

5. Conclusion

In summary, the toxic effects of Cu on the liver and intestines of
C. carpio under ambient exposure were explored and discussed in this
study. Biochemical and molecular biomarkers, including MDA, SOD,
CAT, and GPx, showed significant variations after challenge with Cu,
showing that they can act as effective diagnostic parameters for the
biomonitoring of toxic pollutants. Furthermore, KEGG pathway analysis
of high-expression genes revealed that they were mainly concentrated in
digestive, lipid metabolic, and amino acids biosynthesis pathways,
providing further evidence indicating the effects of Cu on the common
carp liver at the molecular level. Meanwhile, 16 S rRNA sequencing
results revealed that Cu?* stress significantly increased the diversity of
carp intestinal microbiome and altered the composition of the microbial
community at the phylum and genus levels. Additionally, severe histo-
logical injuries of the liver and intestines were observed in carp with Cu-
treated water. Although many research have examined the toxicity of
Cu?* on various levels of fish organisms, there was no unified conclusion
to elucidate the mechanism of Cu toxicity. So, review studies were
needed to identify and measure the effects of Cu on fish health on future.
In all, this study contributes valuable insights into toxic mechanisms of
heavy metals in aquatic organisms.
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