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Abstract: Nuclear factor-E2-related factor (Nrf ) belongs to the Cap ‘n’ collar basic leucine zipper
(CNC-bZIP) family, which plays an important role in the resistance to oxidative stress in the body.
In this study, 12 Nrf genes were identified in the common carp genome database. Comparative
genomic analysis showed that the Nrf genes of common carp had significant amplification, con-
firming that the common carp had experienced four genome-wide replication events. Phylogenetic
analysis showed that all common carp Nrf clustered with scleractinian fish Nrf, indicating that
they were highly conserved during evolution. In addition, tissue distribution results showed that
most Nrf genes had a broad tissue distribution but exhibited tissue-specific expression patterns,
demonstrating functional differences after WGD events. At 30 and 60 days of Cd2+ stress, most
of the Nrf genes showed an increase in expression compared with the control group, indicating
that they played a key role in the organism’s response to oxidative stress. To find a suitable con-
centration of Bacillus coagulans to activate the Nrf genes, we added three different concentrations
(2.0 × 107 CFU/g, 2.0 × 108 CFU/g, and 2.0 × 109 CFU/g) of B. coagulans into the feed and defined
them as L1, L2, and L3 groups, respectively. We investigated the effect of different concentrations of
B. coagulans in the feed on the expression level of Nrf genes in the intestine of common carp under
Cd2+ stress at 30 and 60 days. The results showed that, compared with the control/stress group, the
expression of different Nrf genes was improved to varying degrees at three concentrations, and the
effect of the L2 group (2.0 × 108 CFU/g) was the best. This suggests that the L2 group is the optimum
concentration for activating Nrf gene expression when subjected to heavy metal Cd2+ stress and
may act as an activation switch with a prominent role in the body’s resistance to oxidative stress and
immune response.

Keywords: nuclear factor-E2-related factor (Nrf ); phylogeny; Cd2+; common carp; Bacillus coagulans

1. Introduction

Nuclear factor-E2-related factor (Nrf ) belongs to the Cap ‘n’ collar basic leucine zipper
(CNC-bZIP) family; it is an important class of regulatory factors that can be involved in
oxidative stress response and detoxification of the body [1]. A total of four members have
been recorded in mammals, including Nrf1 (Nfe2l1), Nrf2 (Nfe2l2), Nrf3 (Nfe2l3), and Nfe2,
which have close homology to each other [2].

Nrf1 was the first identified member of the Nrf family [3]. Nrf1 is often confused with
nuclear respiratory factor 1 (NRF1) because the gene abbreviations are too similar; this led to
statements such as “nothing is known about how Nrf1 is regulated” in 2010 [4]. Nrf1 was a
gene identified in a cDNA library screen as binding to the erythrocyte-specific NF-E2/AP1
consensus sequence found in the 5′ β-globin locus control region 5′-GCTGAGTCA-3′,
widely expressed in various tissues of animals. It participates in many cellular activ-
ities such as redox reactions, mitochondrial respiration, inflammatory responses, lipid
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metabolism, and cell differentiation [5,6]. Similarly, as a repressor of gene expression, Nrf1
plays a vital role in the antioxidant stress response to glutathione homeostasis.

Nrf2 was discovered in a cDNA library screen by Moi et al. and was named in 1994. It
is widely distributed in the kidney, muscle, heart, liver, intestine, and other organs [7–9].
Nrf2 is currently known to be regulated by more than 200 genes and is the most active
transcription factor in the CNC family. Nrf2 plays an important role in protecting the
body from oxidative damage. Nrf2 is also involved in regulating the expression of several
antioxidant enzymes, phase II detoxification enzymes, which in turn exert cytoprotective
effects [10]. Experiments performed in mice after knocking out Nrf2 have shown that it can
be involved in the regulation of basal and non-inducible expression of genes in response
to oxidative stress [6]. In addition, downregulation of Nrf2 and Nrf1 can lead to oxidative
stress, apoptosiss, and embryonic death in mice. Thus, Nrf2 is very significant in mediating
the oxidative stress response of organisms [11].

There is little information regarding Nrf3 and Nfe2. Nrf3 is mainly distributed in the
mammalian placenta and B-cell lineage [12]. Upon exposure to external stress, Nrf3 can
translocate to the nucleus and exert its transcriptional activity through heterodimerization
with small Maf proteins, allowing the antioxidant response element (ARE) or Maf recogni-
tion element (MARE) [13,14]. It is also essential in promoting phagocytosis of degenerated
neurons via microglia and in cancer therapy. Nfe2 is expressed in the body’s bone marrow
cells, erythrocytes and megakaryocyte cell lines, which show a high degree of conservation.
Like other Nrf, Nfe2 can bind antioxidant response elements and thus regulate cellular
protection against damage [15]. Nfe2 also increases the number of mature erythrocytes in
the body and regulates the lesion of erythematosus disease. In summary, Nrf is inextricably
linked to the antioxidant capacity of the species and the detoxification mechanism of the
organism, and these pathways provide new therapeutic targets for the body’s resistance to
oxidative damage and the detoxification of heavy metals [16].

Environmental pollution and a sharp increase in farming density has resulted in
serious exceedances of Cd2+ levels in water bodies. Among the various heavy metals,
Cd2+ is the most difficult to excrete from the body and is one of the toxic metals that
can cause serious damage to organisms [17]. When heavy metals enter the body of fish,
they not only have toxic effects on them at the individual, tissue, and cellular levels [18],
but also the extension of exposure time also produces genotoxicity and indirectly causes
DNA damage. In the study of zebrafish (Danio rerio), Cd2+ interferes with phoenix gene
expression, delaying hair cell regeneration [19]. All tissues and organs in the body of fish
absorb and accumulate heavy metals with a high degree of selectivity, and the intestine
is not only the main area of nutrient digestion and absorption in the body but also a
key part of intermediate metabolism, with a strong enrichment capacity. The damage to
the intestine comes in two main forms. On the one hand, Cd2+ affects the physiological
function and structure of the intestine, leading to increased permeability of the intestinal
wall cells. On the other hand, Cd2+ causes changes in intestinal microbial population and
flora diversity, increased lipopolysaccharide production, and impaired barrier function,
leading to endotoxemia and systemic inflammation in the organism [20].

In recent years, the application of probiotics in aquaculture has received increasing
attention [21,22]. B. coagulans is one of the common Gram-positive bacteria, which is
resistant to high temperatures, bile salts, and acids and maintains a very high survival
rate after feed pelleting [23]. The addition of B. coagulans to feed in the aquatic animal gut
has the following advantages: (1) The spores can produce a large number of hydrolytic
enzymes to improve the utilization of feed, thus promoting the growth of animals [24];
(2) it can increase the reproduction of probiotics to resist the invasion of foreign pathogens [25];
(3) It can produce active substances with vibrio and have a strong inhibitory effect on
Salmonella and Staphylococcus aureus [26]; (4) It can act as an immune stimulant to enhance
the non-specific immune function of fish [27].

Common carp is one of the most representative fish species, with a high proportion of
the global freshwater aquaculture industry and has a very high commercial value [28,29].
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As a major model species, common carp is widely used for research in developmental
biology, immunology, environmental toxicology, physiology, and evolutionary genomics.
This study aimed to investigate the phylogeny of the common carp Nrf gene family, its
expression in healthy tissues, and the effect of B. coagulans in addition to feeding under
0.5 mg/L CdCl2 stress on its expression.

2. Materials and Method
2.1. Ethics Statement

This study was conducted under the permission of the Animal Conservation and
Utilization Committee of Fisheries College of Henan Normal University (Approval code:
2021052501). Anesthetic (MS-222, Yufubao, China) was used to reduce common carp pain.

2.2. Identification and Naming of Nrf Genes

All available Nrf genes nucleotide and amino acid sequences of zebrafish (Danio
rerio) were obtained from the public databases GenBank (http://www.ncbi.nlm.nih.gov/
genbank/, accessed on 19 February 2021) or Ensembl (http://asia.ensembl.org/, accessed
on 19 February 2021). These sequences were used as query sequences to search against
all available common carp genome databases for orthologous genes by BLAST, with a cut
off E-value of 1 × 10−5. The search results from the two histology databases were then
compared backwards to ensure that no missing genes were present. The nomenclature
of the common carp Nrf genes was based on the BLAST results of its homologue and the
topological results of the phylogenetic evolutionary tree in zebrafish. If there were two or
more genes in common carp corresponding to a gene in zebrafish, the Latin suffix (-1, -2,
etc.) was added to the end of each gene to distinguish the different copies.

2.3. Structural Domain and Phylogenetic Analysis

The amino acid sequence of the common carp Nrf genes based on the Nrf secondary
conserved structural domain was predicted by online functional software (SMART, http:
//smart.embl-heidelberg.de/, accessed on 20 February 2021) and validated by NCBI
conserved domain structure prediction. The 3D structural domain of the Nrf genes was
predicted using a simple modular research tool (https://swissmodel.expasy.org/, accessed
on 22 February 2021).

To better understand the phylogeny and denomination of Nrf genes, a total of 54 amino
acid sequences of Nrf genes were retrieved from common carp, human (Homo sapiens),
mouse (Mus musculus), clawed frog (Xenopus laevis), coelacanth (Latimeria chalumnae), ze-
brafish, tilapia (Oreochromis nioticus), medaka (Oryzias latipes), channel catfish (Ictalurus punc-
tatus), stickleback (Gasterosteus aculeatus), and fugu (Takifug rubripes). The species sequences
were aligned by ClustalW2 (http://www.ebi.ac.uk/Tools/msa/clustalw2/, accessed on
22 February 2021). The phylogenetic tree was constructed by the neighbor-joining (NJ)
method in the MEGA6 software, and the reliability in the topology was tested by 1000 boot-
strap replications. To further demonstrate the validity of the NJ phylogenetic tree, we
also constructed maximum likelihood (ML) and maximum parsimony (MP) phylogenetic
trees using the online software Evolview (https://www.evolgenius.info/evolview/#login,
accessed on 25 February 2021) for visualization.

2.4. Tissue Expression of Nrf Genes

Healthy common carp with a body mass of (35.0 ± 1.5) g were taken from the aquatic
base of Henan Normal University, and three tails were randomly selected after 2 weeks
of domestication. Twelve tissues (heart, liver, spleen, head and kidney, kidney, muscle,
skin, blood, gonads, brain, gills, and intestine) were extracted, and the organizational
samples were placed in QIAzol Lysis Reagent (Qiagen). A Qiagen TissueRuptor (Qiagen)
was used to cut up the tissue samples, and RNA was extracted from each of these pools
using the Qiagen miRNeasy Mini Kit (Qiagen) according to the manufacturer’s instructions.
Finally, RNA quality was detected by gel electrophoresis and NanoDrop2000. Strand cDNA

http://www.ncbi.nlm.nih.gov/genbank/
http://www.ncbi.nlm.nih.gov/genbank/
http://asia.ensembl.org/
http://smart.embl-heidelberg.de/
http://smart.embl-heidelberg.de/
https://swissmodel.expasy.org/
http://www.ebi.ac.uk/Tools/msa/clustalw2/
https://www.evolgenius.info/evolview/#login
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was obtained according to cDNA Reverse Transcription Kit (TaKaRa) instructions for the
subsequent qRT-PCR amplification template. Fluorescence quantification was performed
with a ChamQ Universal SYBR qPCR kit from Vazyme. The total reaction system was 10 µL,
including 2ChamQ Universal SYBR qPCR Master Mix 5 µL, 0.3 µL each of upstream and
downstream primers (Table 1), 1 µL of cDNA, and 3.4 µL of ddH2O. The running reaction
procedure was 95 ◦C pre-denaturation for 30 s, followed by denaturation at 95 ◦C for 5 s,
annealing at 60 ◦C for 30 s, and extension at 72 ◦C for 30 s for 40 cycles. The assay was
repeated three times for all samples to ensure the accuracy of the data.

Table 1. Primers used for the qRT-PCR.

Gene Name Forward Primer (5′–3′) Reverse Primer (5′–3′)

Nrf1a-1 GGAGCAGGAACCTCAGCAA CGTCCCTTACACCGGACAA
Nrf1a-2 GCCACTCATGTCACCCTTGT GCCTGTTGTTTCGGCTGTAT

Nrf1b-1 TTTCCCAGGAATTGTTCGC GTCGGGCTTGTTGCTTTGT
Nrf1b-2 GCCTACACCCAGACGCAGTT GGTTCAGAAGCCGACGAGTG

Nrf2-1a AAGCAGAAGAAACGCTCCG TCGTACTCCAGGCCCACAA
Nrf2-1b GCGTATGTCGTGATGAACGG CTGGGCTGCCATCTTGTTTT

Nrf2-2a AACCCTCCGCAGAAGCAC TCCCACATCCGGGACATT
Nrf2-2b AACAAGATGGCAGCCCAGAG AGGTAAACCGTGCCGTCAGT

Nrf3-1 CAGCCGCTTACCGTGATTG ATGCCTGCACCCGATGTTC
Nrf3-2 CGAGGGACTCATTCAGTTTACG CGCACGCACTTCATTTAGCAG

Nfe2-1 CTCGCTGGCACTGTTCATTC ATCATCGGACGCCTCATTCT
Nfe2-2 CTGGATTCAGGGCACAACG ATAGACCGCAGCAGGATGG

2.5. Experimental Water Environment and Feed Preparation

Heavy metals such as Cd2+ are not easily soluble in hard water bodies, and their
toxicity is also susceptible to water hardness (Ca2+). Therefore, deionized water was used
as the experimental water, and soft water with a water hardness of 28 mg CaCO3/L was
prepared as the experimental water with reference to the Chinese method for determi-
nation of acute toxicity of water quality substances to freshwater fish (zebrafish) (GB/T
13,267.91). CdCl2-5H2O (Chongqing Kelong Chemical Reagent Factory (AR)) was used
as the experimental water Cd2+ ion source reagent, which was first prepared in a stock
solution with a concentration of 2500 mg/L for storage and then diluted to 0.5 mg/L
according to experimental needs. The bacterium was isolated from the intestinal contents
of common carp and identified as B. coagulans by the Institute of Microbiology, Henan
Normal University. Different concentration groups (2.0× 107 CFU/g, 2.0× 108 CFU/g and
2.0 × 109 CFU/g) of B. coagulans, defined as groups L1, L2, and L3, were mixed evenly with
the common carp basal feed, and the mixture was kept at 20 ◦C for 24 h before feeding.

2.6. Experimental Sample Preparation

The experimental fish were randomly divided into five groups, and each 30 common
carp with a weight of (35 ± 2 g) were kept in a 200 L tank with three parallel repli-
cates. Water quality parameters: DO (7.9 ± 0.2) mg·L−1, temperature (20.0 ± 2) ◦C, PH
7.4 ± 0.1, nitrite (0.07 ± 0.01) mg·L−1, total ammonia nitrogen (0.45 ± 0.05) mg·L−1, free
CO2 (7.5 ± 0.5) mg·L−1. Control and stress groups were given basal diets without B. coagu-
lans, while the remaining three groups were given different concentrations of B. coagulans.
The feed was fed at 3% of the fish mass four times a day, and one-third of the water was
changed every day. After the water change, the Cd2+ content of the water was measured
by a portable ion detector, and the Cd2+ chloride content in the water was adjusted to
0.5 mg/L in the other four groups, except for the control group. The water temperature was
maintained at (20.0 ± 2) ◦C and sufficient oxygen was provided during the culture. Tissue
from the intestine (anterior, middle, and hindgut) of nine common carp was randomly
selected from each group at 30 d and 60 d, and stored in a −80 ◦C refrigerator for further
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tissue RNA extraction. The RNA extraction methods as well as real-time quantitative
PCR methods, are referred to in Section 2.4. After real-time quantitative PCR assays were
performed for each subgroup, the data were analyzed for expression levels using the 2−∆∆Ct

method [30].

2.7. Data Statistics

The data were analyzed statistically with the independent sample T-test and one-way
analysis of variance (ANOVA) method using SPSS 17.0 software (IBM Corp., Armonk, NY,
USA). p values of less than 0.05 were regarded as being of statistical significance.

3. Results
3.1. Identification and Naming of Nrf Genes

A total of 12 Nrf genes were identified in the common carp genome database, dis-
tributed on 11 chromosomes (Table 2), significantly more than the number of Nrf genes in
other vertebrates. Among them, human, mouse, clawed frog, coelacanth, tilapia, medaka,
channel catfish, stickleback, and fugu had the same number of genes with four Nrf genes,
but common carp and zebrafish showed significant amplification of Nrf genes with 12
and 6 Nrf genes, respectively. For gene annotation and nomenclature, 12 common carp
Nrf genes were classified based on the similarity of Nrf genes to six known zebrafish Nrf
homologs. Duplicated genes were assigned latin word suffixes (-1, -2, etc.). Therefore,
the common carp Nrf genes were named as Nrf1a-1, Nrf1a-2, Nrf1b-1, Nrf1b-2, etc. All Nrf
gene sequences were uploaded to the NCBI database with MW838195-206 consecutive
landing numbers, and the detailed coding sequences, loci, and landing numbers are shown
in Table 3.

Table 2. Summary of Nrf family in common carp.

Gene Name CDs(na) CDs(aa) CDs Status Location Accession No.

Nrf1a-1 2175 722 Complete LG05 MW838197
Nrf1a-2 2181 724 Complete LG06 MW838198

Nrf1b-1 2400 797 Complete LG24 MW838199
Nrf1b-2 2403 798 Complete LG23 MW838200

Nrf2-1a 1773 588 Complete LG17 MW838201
Nrf2-1b 1953 648 Complete LG18 MW838202

Nrf2-2a 1617 536 Complete LG12 MW838203
Nrf2-2b 1626 539 Complete LG11 MW838204

Nrf3-1 1914 635 Complete LG37 MW838205
Nrf3-2 1917 636 Complete LG38 MW838206

Nfe2-1 1656 549 Complete LG45 MW838195
Nfe2-2 1647 546 Complete LG05 MW838196

3.2. Exon-Intron, Domain Structures and 3D Structure Prediction

A comparison of Nrf gene structures in common carp, zebrafish, and humans revealed
that most genes have exon-intron structural differences. The common carp has one gene
containing 9 exons, and the remaining 11 genes have between 3 and 6 exons. In contrast
to common carp, zebrafish have one gene containing 10 exons and the remaining 6 genes
have 3 genes with 3 exons and 3 genes with 4 exons, respectively. However, in humans
there are 4 Nrf genes with 11, 7, 5, and 3 exons, respectively (Table 4). Protein structure
prediction was performed based on the protein sequence pairs of Nrf genes, all of which
contain different Nrf structural domains, transmembrane structural domains, and low
complexity (Figure 1). In addition, there are 4 Nrf genes with coiled helixes and all belong
to different copies of the Nrf2 gene. In three-dimensional structures, for example, Nrf1a-1
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mainly consists of 4 α-helices, a β-turn angle, and a Nrf structural domain (Figure 2 and
Supplementary Figure S1).

Table 3. Comparison of the exon-intron organization of Nrf genes in common carp, zebrafish, and
human.

Gene Name Common Carp Zebrafish Human

Nrf1a-1 5 4 5
Nrf1a-2 4 4

Nrf1b-1 4
Nrf1b-2 5

Nrf2-1a 4 4 7
Nrf2-1b 4 3

Nrf2-2a 3
Nrf2-2b 3

Nrf3-1 6 3 3
Nrf3-2 3

Nfe2-1 9 10 11
Nfe2-2 5

Table 4. Comparative analysis of Nrf genes from common carp with other species.

Gene
No.

Common
Carp

12

Human
4

Mouse
4

Chicken
2

Clawed
Frog

4

Coelacanth
4

Zebrafish
6

Tilapia
4

Medaka
4

Channel
Catfish

4

Stickleback
4

Fugu
4

Nrf1

Nrf1a-1 Nrf1 Nrf1 Nrf1 Nrf1 Nrf1 Nrf1a Nrf1 Nrf1 Nrf1 Nrf1 Nrf1
Nrf1a-2 - - - - - Nrf1b - - - - -
Nrf1b-1 - - - - - - - - - - -
Nrf1b-2 - - - - - - - - - - -

Nrf2

Nrf2-1a Nrf2 Nrf2 - Nrf2 Nrf2 Nrf2a Nrf2 Nrf2 Nrf2 Nrf2 Nrf2
Nrf2-1b - - - - - Nrf2b - - - - -
Nrf2-2a - - - - - - - - - - -
Nrf2-2b - - - - - - - - - - -

Nrf3 Nrf3-1 Nrf3 Nrf3 - Nrf3 Nrf3 Nrf3 Nrf3 Nrf3 Nrf3 Nrf3 Nrf3
Nrf3-2 - - - - - - - - - - -

Nfe2 Nfe2-1 Nfe2 Nfe2 Nfe2 Nfe2 Nfe2 Nfe2 Nfe2 Nfe2 Nfe2 Nfe2 Nfe2
Nfe2-2 - - - - - - - - - - -

3.3. Phylogenetic Analysis of the Nrf Gene Family

To examine the phylogenetic relationships of Nrf genes in common carp and other
vertebrates, we extracted the amino acid sequences of 54 Nrf genes from different repre-
sentative species and used them to construct the phylogenetic topology. The NJ topology
was divided into four subfamilies: subfamily I (contains Nrf1), subfamily II (contains Nrf2),
subfamily III (contains Nrf3), and subfamily IV (contains Nrf4) (Figure 3). Based on topo-
logical features, common carp Nrf (blue pentagram) is homologous to other vertebrates
except for the clawed frog and coelacanth, which are on a branch with tetrapods and are
particularly close to the homologue of the model organism of vertebrates, zebrafish (green
pentagram). In the tetrapod branch, mammals converge first (gray circles) followed by
other tetrapods (red circles). Finally, the homologous genes of tetrapods converge with
those of vertebrates onto the main branch (blue part). The Nrf1b-1/2 gene of common carp
was first clustered with the Nrf1b of zebrafish, then clustered with the homologous genes of
other bony fish, and finally clustered with the homologous genes of quadrupeds to form a
branch. Additionally, we constructed ML evolutionary trees to support the NJ evolutionary
tree, and their topologies were in high agreement with bootstrap values, indicating the
reliability of the phylogenetic topology (Supplementary Figure S2).
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3.4. Tissue Expression Pattern of Nrf Genes

Analysis of Nrf gene family expression in the healthy tissues of common carp based on
qRT-PCR using gene-specific primers showed that most Nrf genes were widely distributed
in tissues, with higher expression in muscle, blood, brain, liver, and intestine, but with
conversely lower expression in kidney, spleen, and heart. In addition, Nrf1a-1 is expressed at
low levels in gills, blood, spleen, gonads, head, and kidneys, but Nrf1a-2 has low expression
levels only in gills and spleen. In Nfe2-2, the expression levels were low in skin, heart,
and muscle, while Nfe2-1 only had low expression levels in muscle and relatively high
expression levels in skin and heart. We not only observed some differences in expression
between Nrf gene copies, but also found similarities such as a largely consistent tissue
expression pattern between Nrf1b-1 and Nrf1b-2. Based on the overall tissue expression
levels, Nrf2b-1 of the Nrf genes had extremely low expression levels in most tissues, while
in contrast Nrf1a-2 had high expression levels in most tissues (Figure 4).
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Figure 3. Neighbor-joining-based phylogenetic tree of 54 Nrf protein sequences. Cc represents
common carp, Hu represents human, Mo represents mouse, Xe represents clawed frog, Co represents
coelacanth, Ze represents zebrafish, Ti represents tilapia, Ma represents medaka, Ch represents
channel catfish, St represents stickleback, and Fu represents fugu.

3.5. Effect of Adding B. coagulans to Feed under Cd2+ Stress on the Expression Level of Nrf Genes

To better understand the changes in the detoxification levels of Nrf genes under Cd2+

stress, we chose to add different concentrations of B. coagulans to the feed for qRT-PCR assay.
The results showed that the addition of different concentrations of B. coagulans to the feed
after 30 and 60 days of feeding resulted in differences in Nrf gene expression (Figure 5). All
Nrf1 genes had the same expression pattern at 30 days, all Nrf1 gene expression appeared
to be up-regulated when Cd2+ stress was applied, and additional feeding of L1 and L2
to B. coagulans also differentially reactivated the increase in Nrf1 gene expression, but L3
did not significantly upregulate Nrf1 expression. L2 can significantly increase Nrf gene
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expression and reached the highest level between both copies of Nrf2b-1/2. In Nrf2a-2, L1
had the highest level of gene expression at 30 and 60 days (Figure 6). There was a similar
expression pattern between the two copies of Nrf3-1/2, with L2 of B. coagulans provoking
the highest expression levels of both copies of the gene at 30 and 60 days, while L1 showed
a down-regulation of expression at 30 days in comparison to the stress group in both cases
(Figure 7). Interestingly, at 60 days, both copies again showed a simultaneous increase
in expression after L1 induction compared to the stress group. Nfe2-1/2 had different
expression trends between the two copies. At 60 days, Nfe2-1 showed a decrease in its
expression level when subjected to Cd2+ stress (Figure 8). However, different levels of
increase were observed under different concentrations of B. coagulans induction, and the
highest expression level was reached under B. coagulans stimulation at L2, while Nfe2-2
differed, with all groups showing different levels of decrease in expression levels when
subjected to Cd2+ stress.
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Figure 4. qRT-PCR-based expression analysis of Nrf genes in different tissues of healthy common
carp: LR (liver), SK (skin), GL (gill), HT (heart), BD (blood), SN (spleen), KY (kidney), BN (brain), GD
(gonad), HD (head kidney), ME (muscle), and IE (intestine).

Overall, compared with the control/stress group, B. coagulans at L1, L2, and L3 concen-
trations increased Nrf genes expression, which enhanced the body’s detoxification capacity.
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Figure 5. Temporal expression of Nrf1 mRNA relative to control and normalized by qRT-PCR for
changes in β-actin in the gut of common carp, challenged for 30 and 60 days. Significant differences
between the challenge, infection, and control groups are indicated by letters, p < 0.05: 1 is the blank
control group; 2 is the heavy metal Cd2+-stress group at 30 days; 35 is the B. coagulans group with L1,
L2, and L3 concentrations in the feed at 30 days; 6 is the heavy metal Cd2+-stress group at 60 days; 79
is the B. coagulans group with L1, L2, and L3 concentrations in the feed at 60 days group.
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between the challenge, infection, and control groups are indicated by letters, p < 0.05: 1 is the blank
control group; 2 is the heavy metal Cd2+-stress group at 30 days; 35 is the B. coagulans group with L1,
L2, and L3 concentrations in the feed at 30 days; 6 is the heavy metal Cd2+-stress group at 60 days; 79
is the B. coagulans group with L1, L2, and L3 concentrations in the feed at 60 days group.
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Figure 7. Temporal expression of Nrf3 mRNA relative to control and normalized by qRT-PCR for
changes in β-actin in the gut of common carp, challenged for 30 and 60 days. Significant differences
between the challenge, infection, and control groups are indicated by letters, p < 0.05: 1 is the blank
control group; 2 is the heavy metal Cd2+-stress group at 30 days; 35 is the B. coagulans group with L1,
L2, and L3 concentrations in the feed at 30 days; 6 is the heavy metal Cd2+-stress group at 60 days; 79
is the B. coagulans group with L1, L2, and L3 concentrations in the feed at 60 days group.

Fishes 2022, 7, x FOR PEER REVIEW 13 of 18 
 

 

 

Figure 8. Temporal expression of Nfe2 mRNA relative to control and normalized by qRT-PCR for 

changes in β-actin in the gut of common carp, challenged for 30 and 60 days. Significant differences 

between the challenge, infection and control groups are indicated by letters, p < 0.05: 1 is the blank 

control group; 2 is the heavy metal Cd2+-stress group at 30 days; 35 is the B. coagulans group with 

L1, L2, and L3 concentrations in the feed at 30 days; 6 is the heavy metal Cd2+-stress group at 60 

days; 79 is the B. coagulans group with L1, L2, and L3 concentrations in the feed at 60 days group. 

Overall, compared with the control/stress group, B. coagulans at L1, L2, and L3 

concentrations increased Nrf genes expression, which enhanced the body's detoxification 

capacity. 

4. Discussion 

In recent years, environmental pollution and indiscriminate discharge of wastewater 

have led to a serious excess of heavy metals in water bodies, and heavy metal toxicity can 

lead to oxidative stress in organisms, which is considered a key factor in the development 

of various diseases [31]. Many studies have shown that Nrf genes have a major role in 

regulating oxidative stress and detoxification mechanisms in the body [32]. For example, 

Nrf1 can mediate the body's antioxidant response to elemental responses, and when the 

Nrf1 gene is deficient in mice, it causes the body's fibroblasts to respond to various oxidant 

toxicities. When subjected to HgCl2 stress, activation of Nrf2 alleviates oxidative stress and 

mitochondrial damage and reduces toxic injuries. Therefore, it is essential to investigate 

the mechanism of oxidative stress and detoxification of common carp Nrf genes in the 

body. 

In the present study, we found that common carp and zebrafish have 12 and 6 Nrf 

genes, respectively, significantly more than mammals after database matching. This is due 

to the significant increase in the number of genes in early teleosts after experiencing 

additional genome-wide replication events, so that most teleost have several times more 

copies of genes than homologous copies in the mammalian genome [33,34]. However, in 

some species, such as medaka, tilapia, and channel catfish, no significant amplification of 

the Nrf gene was found, which may be the result of the species' evolutionary process 

leading to gene loss and is consistent with three forms of copy gene duplication, i.e., one 

of them forming a nonfunctional pseudogene lost during evolution, the formation of a 

new gene, and two copies complementing each other to form subfunctionalization [35]. 

Through further phylogenetic analysis, we confirmed that the common carp Nrf genes all 

clustered with their counterparts, indicating that the gene was highly conserved during 

evolution. In addition, teleosts are mainly composed of total finfishes, which can represent 

a deep lineage containing evolutionary information related to terrestrial vertebrates 

(tetrapods or coelacanths are one) and spoked finfishes (which evolved into extant teleost) 

[36]. The coelacanth Nrf genes are homologous to mammals, which is consistent with the 

evolutionary history of fish. 

Expression analysis in healthy tissues showed that most Nrf genes were widely 

expressed and exhibited tissue-specific expression patterns. We observed high expression 

Figure 8. Temporal expression of Nfe2 mRNA relative to control and normalized by qRT-PCR for
changes in β-actin in the gut of common carp, challenged for 30 and 60 days. Significant differences
between the challenge, infection and control groups are indicated by letters, p < 0.05: 1 is the blank
control group; 2 is the heavy metal Cd2+-stress group at 30 days; 35 is the B. coagulans group with L1,
L2, and L3 concentrations in the feed at 30 days; 6 is the heavy metal Cd2+-stress group at 60 days; 79
is the B. coagulans group with L1, L2, and L3 concentrations in the feed at 60 days group.

4. Discussion

In recent years, environmental pollution and indiscriminate discharge of wastewater
have led to a serious excess of heavy metals in water bodies, and heavy metal toxicity can
lead to oxidative stress in organisms, which is considered a key factor in the development
of various diseases [31]. Many studies have shown that Nrf genes have a major role in
regulating oxidative stress and detoxification mechanisms in the body [32]. For example,
Nrf1 can mediate the body’s antioxidant response to elemental responses, and when the
Nrf1 gene is deficient in mice, it causes the body’s fibroblasts to respond to various oxidant
toxicities. When subjected to HgCl2 stress, activation of Nrf2 alleviates oxidative stress and
mitochondrial damage and reduces toxic injuries. Therefore, it is essential to investigate the
mechanism of oxidative stress and detoxification of common carp Nrf genes in the body.

In the present study, we found that common carp and zebrafish have 12 and 6 Nrf
genes, respectively, significantly more than mammals after database matching. This is
due to the significant increase in the number of genes in early teleosts after experiencing
additional genome-wide replication events, so that most teleost have several times more
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copies of genes than homologous copies in the mammalian genome [33,34]. However, in
some species, such as medaka, tilapia, and channel catfish, no significant amplification
of the Nrf gene was found, which may be the result of the species’ evolutionary process
leading to gene loss and is consistent with three forms of copy gene duplication, i.e., one of
them forming a nonfunctional pseudogene lost during evolution, the formation of a new
gene, and two copies complementing each other to form subfunctionalization [35]. Through
further phylogenetic analysis, we confirmed that the common carp Nrf genes all clustered
with their counterparts, indicating that the gene was highly conserved during evolution.
In addition, teleosts are mainly composed of total finfishes, which can represent a deep
lineage containing evolutionary information related to terrestrial vertebrates (tetrapods
or coelacanths are one) and spoked finfishes (which evolved into extant teleost) [36].
The coelacanth Nrf genes are homologous to mammals, which is consistent with the
evolutionary history of fish.

Expression analysis in healthy tissues showed that most Nrf genes were widely
expressed and exhibited tissue-specific expression patterns. We observed high expression
levels in muscle, blood, brain, liver, and intestine, which are the main accumulation sites
of heavy metals in these tissues, such as the intestines as the main organ of digestion and
absorption, which is the first interface of the organism to the aqueous environment [37].
Some of the genes with similar tissue expression patterns, e.g., Nrf1b-1 and Nrf1b-2, have
essentially the same tissue expression pattern, which may indicate a similar gene function
between the two copies. In addition, we also found differences in expression patterns
in different copies of Nrf genes, such as Nrf1a-1/2 and Nfe2-1/2. This may be diverse
and assume additional functions through various forms of regulatory evolution, such
as divergence in expression patterns [33]. This also provides evidence for functional
differentiation after WGD events.

After WGD, duplicated genes are subject to subsequent divergent processes, including
gene loss, functionalization, and expression differences. However, the WGD of most
vertebrates is too old for such analysis and has not been adequately studied to date [38].
Common carp WGD is relatively recent, so here we determined the expression levels of
Nrf genes in intestinal tissues after feeding with different concentrations of B. coagulans
in diets under heavy metal stress by qRT-PCR and performed a comparative analysis of
the gene fate in recent replicates. Under the same treatment conditions, common carp
Nrf1a-1/2, Nrf2a-1/2, and Nfe2-1/2 had significant differences in expression trends, and
similar differences in expression levels were found for Nrf1b-1/2, Nrf2b-1/2, and Nrf3-1/2.
Differences in expression patterns between most gene copies occur after WGD events,
although copies can still be coexpressioned, but nearly half of the gene copies are no
longer closely related, gradually evolving to divergent expressions and are thus subjected
to one of the three fates [39]. Similar phenomena have been observed in other studies,
such as the study of the common carp HIFs gene family, where functional differences in
replicated genes can avoid potential adaptive conflicts and have important implications for
the evolution of the species, and differences in expression levels between gene copies when
infected by Aeromonas hydrophila [40]. In turbot (Scophthalmus maximus) studies, different
copies of TLRs genes have an irreplaceable role in the immune response, and when infected
by Vibrio eeleri, both TLR5a and TLR5b gene copies showed different expression levels after
bacterial infection [41].

When the heavy metal level in the water environment exceeds the standard, there will
be a high accumulation in the intestinal tissue of fish exposed to water and diet [42]. How-
ever, the accumulation of metal nanomaterials needs to be excluded, and nanomaterials
will help drug targeted transportation [43]. However, the toxic effects of heavy metal Cd2+

on fish are regulated by intestinal excretion, cellular metabolism, and the detoxification
mechanisms of the organism. Nrf genes are an important class of regulators in the organism
and can play an important role in the regulation of oxidative stress and induced defense in
vertebrates when they are subjected to heavy metal stress [16]. It also works with genes
such as HO-1, AHR, and NFκB to reduce oxidative stress in the body [44–46]. In zebrafish
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studies, Nrf genes were found to bind antioxidant response elements to reduce organismal
damage; gene expression levels were upregulated in response to oxidative stress in the
organism, again with the regulation of primitive lupus erythematosus disease [5]. In the
present study, most of the Nrf genes showed a tendency to increase in expression during
the initial Cd2+ stress, suggesting that they are very considerable in the body’s response
to oxidative stress. Often a single copy of a gene is sufficient for its function, while other
daughter copies of the gene may accumulate deleterious mutations [47]. However, the
expression of Nrf2b-1/2, Nrf3-1, and Nfe2-2 was not up-regulated during the initial Cd2+

stress, which may indicate that different copies of the genes gradually diverged due to
molecular convergence after the WGD event, resulting in differential gene expression lev-
els, but the functions may not have been fully differentiated. This is also consistent with
Timme’s findings in the zebrafish Nrf genes expression study [48].

Probiotics not only have strong antioxidant and immunomodulatory abilities, but also
have certain regulatory effects on gene expression levels at different concentrations [49]. In
studies on tilapia, when feed was supplemented with different concentrations (0.5%, 1%,
and 2%) of the additive Salvadora persica, a concentration of 1% increased the antioxidant sta-
tus and nonspecific immunity of tilapia, resulting in a significant increase in the expression
levels of IL-1β and INF-γ genes in the kidney after feeding [50]. In studies on largemouth
bass (Micropterus nigricans), after adding 0%, 1.5%, 3.0%, and 4.5% hydrolyzed yeast to
the feed, the yeast hydrolysate at 1.5% or 3.0% significantly improved the antioxidant
capacity of the organism and enhanced the immune response, resulting in significantly
higher expression levels of IL-8, SOD, and CAT genes [51]. In the study of Takifugu obscurus,
when three different concentrations of B. coagulans were used as feed additives, the 0.1%
addition group had the best effect and was able to induce the rapid growth of fish, while the
other high concentration groups had no significant difference compared with the control
group [52]. The effect of probiotics on cytokine production is often related to the concen-
tration of added strains. The appropriate strain concentration has a positive regulatory
function, which not only regulates all genes but also promotes a higher levels of gene
expression, while a too-high strain concentration has the ability to inhibit gene expression.
In the present study, most Nrf genes were upregulated by L1, L2, or L3 at different infection
time points compared with the control/stress groups, except for the differential expression
of two gene copies, and L2 had a significantly stronger induction of Nrf genes than L1
and L3. This result suggests that the L2 group is the optimum concentration for activating
Nrf gene expression when subjected to heavy metal Cd2+ stress and immune responses.
These findings may provide new ideas for further research on the mechanisms related to
the body’s resistance to oxidative stress, but the specific regulatory mechanisms are still
unclear and need to be further investigated.

5. Conclusions

This study presented the first identification of the Nrf gene family in common carp.
Comparative genomics and analysis showed considerable expansion of the Nrf genes and
verified the four round whole genome duplication events in common carp. The spatial
and temporal expression measured by qRT-PCR showed that expression divergences were
observed between these copy genes, proving functional divergence after the WGD. At 30
and 60 days of cadmium stress, most of the Nrf genes showed an increase in expression
compared with the control group, indicating that they played important roles in the organ-
ism’s response to oxidative stress. We then investigated the effect of different concentrations
of B. coagulans in the feed on the expression levels of Nrf genes in the intestine of common
carp under Cd2+ stress at 30 and 60 days. Three concentrations improved the expression of
different Nrf genes variously compared with the control/stress groups. However, the L2
group was the optimum concentration for activating Nrf gene expression when subjected
to Cd2+ stress and may act as an activation switch with a prominent role in the body’s
resistance to oxidative stress and immune response.
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