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Abstract: Nitrite toxicity poses a significant threat to aquatic organisms, including largemouth bass
(LMB) and Micropterus salmoides. This study aimed to elucidate the role of bZIP transcription factors
in mediating the molecular responses to nitrite stress in the LMB spleen. We identified 120 bZIP genes
in the LMB genome using bioinformatics analysis and divided them into 11 subgroups based on
phylogenetic relationships. Under nitrite stress, the bZIP_XI subgroup was upregulated, suggesting
the activation of the stress response in the LMB spleen. Cellular pathway analysis revealed enrichment
of pathways related to stress response, DNA repair, apoptosis, and autophagy. Co-expression
network analysis highlighted bZIP_XI members such as msabZIP_49, msabZIP_12, msabZIP_39, and
msabZIP_116 as potential key regulators. These transcription factors likely modulated the expression
of stress-related genes like VCAM1, POLE3, and BMP1. Conserved binding motifs in the promoters
of these genes may support regulation by bZIP_XI. Furthermore, bZIP_XI members correlated with
immune cell infiltration in the spleen, potentially regulating immune-related genes like BCL2L1 and
SELE. Homologs of bZIP_XI in other fish species exhibited similar expression patterns under stress.
Overall, this study implicates the bZIP transcription factor family, notably the bZIP_XI subgroup, in
orchestrating the molecular response of the LMB spleen to nitrite toxicity by regulating stress response
pathways and immune function. These findings provide insights into nitrite stress adaptation in fish.

Keywords: nitrite toxicity; largemouth bass; bZIP transcription factors; stress response pathways;
immune function regulation

Key Contribution: This study elucidates a complex transcriptional network orchestrated by the bZIP
family that enables the largemouth bass spleen to withstand nitrite-induced damage. It highlights
the critical involvement of the bZIP_XI subgroup in regulating stress response and immune function.

1. Introduction

The basic leucine zipper (bZIP) transcription factor family plays crucial roles across a
broad spectrum of biological functions, notably in directing gene expression, dictating cell
proliferation, differentiation, and growth, and mediating stress responses [1]. In aquatic
species, a burgeoning body of evidence indicates the pivotal role of bZIP transcription
factors in responding to environmental stressors such as nitrite exposure [2,3]. The research
on the role of bZIP in immunity has been more focused on C. elegans. Among the immune-
related bZIP transcription factors, some are directly activated or inhibited by upstream
kinases or phosphatases, such as SKN-1, CEBP-1, and ATF-7 [4,5], while some members
participate in innate immune regulation through changes in expression levels, such as ZIP-2
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and ATFS-1 [6,7]. However, our understanding of their specific functions and mechanisms
under nitrite stress within piscine species is, to a great extent, still in its nascent stages and
forms a subject of ongoing inquiry.

Largemouth bass (LMB; Micropterus salmoides), a species of international commercial
significance, has been grappling with escalating challenges attributed to heightened ni-
trite concentrations in their natural habitats [8,9]. Nitrite (NO2−), an integral part of the
nitrogen cycle, can become hazardous to aquatic fauna, including fish, upon reaching high
concentrations [10]. In aquaculture systems in particular, disruptions to the delicate balance
of bacterial nitrification and denitrification, often triggered by high stocking density or
fertilizer use, can spur nitrite accumulation [11].

The ramifications of nitrite toxicity are wide-reaching and detrimental, potentially
impinging on a range of physiological processes and posing a threat to the survival of fish.
Extensive examinations have been undertaken into the physiological impacts and toxicity
mechanisms of nitrite in diverse fish species and cell types. Evidence suggests that nitrite
exposure provokes shifts in physiological and biochemical states, gene expression, and fish
metabolism [12–14]. Hematological alterations, notably the oxidation of hemoglobin into
methemoglobin, can disturb fish oxygen transport and induce hypoxia-like symptoms [15].
The compensatory response typically involves upregulating antioxidant-related genes such
as SOD, CAT, and GPx, potentially implicating bZIP transcription factors in counteracting
oxidative stress [16].

Moreover, nitrite could potentially exert effects on the nervous system, eliciting behav-
ioral shifts and changes in gene expression related to neurotransmitter synthesis and signal
transduction [17,18]. Its reach extends to vital organs like the liver and kidneys, the primary
sites of detoxification and metabolic waste excretion, potentially inciting alterations in
metabolic pathways and gene expression relevant to apoptosis and DNA repair [19].

The spleen, an indispensable component of the circulatory system, plays a critical role
in blood cell formation, blood filtration, and immune response [20,21]. Nitrite exposure
could place a heavier filtration load on the spleen and impair its functionality. Furthermore,
nitrite might induce the immune response within the spleen by altering the expression of
immune-related genes, potentially implicating bZIP transcription factors. However, the
specific mechanisms driving nitrite-induced splenic damage in fish and the contribution
of bZIP transcription factors within this context are still a topic of ongoing investigation.
Therefore, in this study, we sought to identify members of the bZIP transcription factor
family in LMB and nine other fish species and to conduct a comprehensive examination
of their roles and target genes within the spleen. Our objective was to comprehensively
characterize the critical roles played by the bZIP transcription factor family in piscine
stress responses.

2. Materials and Methods
2.1. Animal Experimentation

All experimental procedures involving LMB were conducted in accordance with the
animal care guidelines and were approved by Xichang University and the Key Laboratory
of Application of Ecology and Environmental Protection in the Plateau Wetland of Sichuan.
Approximately 1000 healthy and robust LMB (300 g ± 5 g in weight, similar in length) were
obtained from Xishuangbanna Hongdao Agricultural Technology Co., Ltd. (Sipsongpanna,
China). and acclimated for a two-week period prior to experimentation. The fish were
housed in a circular open-top tank (diameter: 5 m, height: 1.2 m) and acclimated under the
following conditions: a dissolved oxygen level of 10 mg/L, a temperature of 26 ± 2 ◦C, and
a light/dark cycle of 13/11 h during June. The diet consisted of commercial pellets (protein
50%, crude fat 8%; Haid Group, Guangdong, China) administered three times daily. Tank
maintenance included the daily removal of feed debris and feces by suction, with a 20%
water replacement using fresh dechlorinated water at 10 a.m.

Following a 24 h fasting period, acclimated LMB (380 g ± 5 g, similar in length) were
randomly divided into four nitrite-treatment groups. The N1 group served as the control,
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maintained in nitrite-free dechlorinated water. The N2 and N3 groups were exposed to
nitrite concentrations of 400 mg/L and 600 mg/L for 20 min, respectively. The N4 group
underwent initial exposure to 600 mg/L nitrite for 20 min, followed by transfer to nitrite-
free water for 20 min of recovery. We determined through pre-experiments that at 20 min,
the mortality rate of largemouth bass reached half of the total, so the exposure time for
nitrite was set at 20 min. All other rearing conditions, such as temperature and feeding,
were maintained during the acclimation phase. Each group contained 30 fish and was
housed in smaller tanks (diameter: 1 m, height: 1.2 m). The experiment was conducted in
triplicate, using sodium nitrite powder (S818033; Macklin Biochemical Technology Co., Ltd.,
Shanghai, China) to achieve the required nitrite concentrations per the manufacturer’s
instructions. Fish were fasted for 24 h prior to sampling and anesthetized using Eugenol
(1:12,000; Shanghai Experiment Reagent Co., Ltd., Shanghai, China). The spleens were
extracted and preserved in formaldehyde for histological examination, with two replicates
taken from each treatment. Additionally, spleen samples were collected and immediately
stored at −80 ◦C for RNA extraction and transcriptome sequencing, with 3 replicates taken
from each treatment.

2.2. H&E Staining Procedure

Following 48 h of fixation in formaldehyde, tissues (spleen, gills, intestine, heart,
and liver) from each experimental group were dehydrated and embedded in paraffin.
Subsequently, 5 µm sections were prepared for H&E staining (G1005-100ML; Servicebio
Biotech Technology Co., Ltd., Wuhan, China). The stained tissue sections were examined
using a Leica microscope (DM5000; Leica, Nussloch, Germany).

2.3. RNA Extraction and RNA-seq

Total RNA was extracted from LMB spleen tissue using TRIzol reagent (R0016; Bey-
otime, Shanghai, China) according to the manufacturer’s instructions. The DNase I enzyme
(D7073; Beyotime, Shanghai, China) was applied to eliminate genomic DNA contamination.
Finally, 2 µg of total RNA was used for cDNA synthesis with the TUREscript 1st Stand
cDNA Synthesis Kit (Aidlab, Beijing, China) according to the manufacturer’s instructions.
Reverse transcription was achieved at 42 ◦C for 40 min and 65 ◦C for 10 min. The obtained
cDNA was used for sequencing and subsequent analysis.

2.4. Acquisition of Multi-Species Transcriptome Data for Comparison

The original transcriptome sequencing data of the species Oreochromis aureus (oau),
Oreochromis niloticus (oni), and Larimichthys crocea (lcr) were obtained from publicly available
data in the publications of Zhou et al. [22], Xu et al. [23], and Mu et al. [24], respectively. All
data were downloaded from NCBI (https://www.ncbi.nlm.nih.gov/datasets/genome/)
(accessed on 12 May 2023).

2.5. Mapping Reads to the Reference Genome

We downloaded the reference genome of LMB from NCBI with the accession number
GCF_014851395.1. We also downloaded the reference genomes of Oreochromis aureus (oau),
Oreochromis niloticus (oni), and Larimichthys crocea (lcr) from NCBI, with accession numbers
GCF_013358895.1, GCF_001858045.2, and GCF_000972845.2, respectively. The indexing,
mapping, and quantification of the largemouth bass and the other three species were
conducted using the same software and version. Hisat2 (v2.1.0) [25] was used to create a
reference genome index and to align paired-end clean reads to the reference genome.

2.6. Gene Expression Quantification

Stringtie (2.0.1) [26] was used to count the number of reads that were mapped to
each gene. Gene expression levels were quantified as FPKM (fragments per kilobase of
transcript per million mapped fragments), which was computed based on gene length and
the number of reads mapped to each gene.

https://www.ncbi.nlm.nih.gov/datasets/genome/
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2.7. Differential Expression Analysis

The DESeq package (1.18.0) [27] in R was employed for differential expression analysis
between two LMB treatment groups (two biological replicates per condition). DESeq uses a
negative binomial distribution model to identify differential gene expression. The p-values
obtained were adjusted using the Benjamini and Hochberg approaches for controlling the
false discovery rate.

2.8. Functional Enrichment Analysis

The R package, clusterProfiler (4.8.2) [28], was utilized for Gene Ontology (GO) and
Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses. After inputting
the gene list into clusterProfiler and selecting the target species, we employed the enrichGO
function for GO enrichment analysis. The enrichment level of each GO term was computed
using statistical methods such as the hypergeometric distribution or Fisher’s exact test,
with the Benjamini and Hochberg approach applied for error-rate control. Likewise, the
enrichKEGG function was used for KEGG enrichment analysis, determining the enrichment
level of KEGG pathways, again utilizing the Benjamini and Hochberg approach.

2.9. Single-Sample Gene Set Enrichment Analysis (ssGSEA)

We used the GSEABase (1.58.0) [29] and GSVA (1.44.5) [30] packages in R to perform
ssGSEA on the complete expression dataset with gene sets from KEGG, Reactome, and
GO databases, encompassing various biological pathways and processes. Analysis was
extended to 28 gene sets representative of different immune cell types to further examine
immune cell infiltration in our samples. After ssGSEA, the results were normalized and
assigned enrichment scores, reflecting the upregulated (positive score) or downregulated
(negative score) trends of the gene set in each sample, enabling the identification and
quantification of pathway activities and immune cell infiltration.

2.10. Protein-Protein Interaction Analysis

The online search tools STRING-DB (v11.0, https://string-db.org/) (accessed on
19 June 2023) [31] were used to predict the putative protein-protein interaction networks
with candidate bZIP family proteins in the LMB spleen, using default settings.

2.11. Transcription Factor Family Screening

LMB proteins were subjected to transcription factor prediction on the AnimalTFDB
website [32], identifying 4035 transcription factors. Differentially expressed genes (DEGs)
present in groups N3 and N1 were screened to identify differential transcription factors,
yielding 1437 transcription factors. Further refinement resulted in 177 transcription factors
with p-values of DEGs between N3 and N1 smaller than 0.05. Utilizing the LMB gene
expression profile, we examined the expression of 177 transcription factors, eliminating
those without expression and leaving 120 transcription factors. Using heat maps, we
screened for highly expressed transcription factors with significant differential expression,
focusing on bZIP genes for subsequent analysis.

2.12. Identification of msabZIP Family Genes

We delineated members of the bZIP gene family in the LMB genome. The bZIP protein
sequence was ascertained via InterPro (https://www.ebi.ac.uk/interpro/entry/InterPro/
IPR043321/) (accessed on 22 May 2023). Hidden Markov model (HMM) profiles (PF00170)
were secured through the Pfam database (http://pfam-legacy.xfam.org/) (accessed on
22 May 2023). Using HMMER 3.1, we determined bZIP gene family members within the
genome, setting the Expect (e) cutoff at 0.00001 (http://hmmer.org/) (accessed on 22 May
2023). Further corroboration of the identification results was accomplished with NCBI-
CDD (https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi) (accessed on 22 May
2023). In total, 120 msabZIP gene family members were recognized, and their conserved
domains were authenticated using MEME (https://meme-suite.org/meme/tools/meme)

https://string-db.org/
https://www.ebi.ac.uk/interpro/entry/InterPro/IPR043321/
https://www.ebi.ac.uk/interpro/entry/InterPro/IPR043321/
http://pfam-legacy.xfam.org/
http://hmmer.org/
https://www.ncbi.nlm.nih.gov/Structure/bwrpsb/bwrpsb.cgi
https://meme-suite.org/meme/tools/meme
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(accessed on 31 May 2023). These members were denoted as msabZIP1–msabZIP120.
The physicochemical properties of these members, including molecular formulas and
weights, isoelectric points (pI), instability and aliphatic indices, and grand averages of
hydropathicity (GRAVY), were computed utilizing the ExPASy database (https://web.
expasy.org/protparam/) (accessed on 19 June 2023).

2.13. Phylogenetic Analysis and Classification of msabZIP Genes

We selected LMB and nine other fish species (Oreochromis aureus, Oreochromis niloticus,
Larimichthys crocea, Lates calcarifer, Cyprinus carpio, Takifugu rubripes, Cynoglossus semilaevis,
Danio rerio, and Gasterosteus aculeatus) for the construction of phylogenetic trees. Genome
data for LMB were procured from NCBI under project accession number GCF_014851395.1
(https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_014851395.1/) (accessed on 12 May
2023). Genome data for Oreochromis aureus, Oreochromis niloticus, and Larimichthys crocea
were obtained from NCBI (https://www.ncbi.nlm.nih.gov/datasets/genome/) (accessed
on 12 May 2023). The bZIP sequences of the remaining six species were obtained from
the AnimalTFDB v4.0 (http://bioinfo.life.hust.edu.cn/AnimalTFDB4/#/) (accessed on
12 May 2023). A multi-species phylogenetic tree was constructed employing IQ-TREE
(2.1.4-beta, Vienna, Austria) [33], which utilized the maximum likelihood (ML) method
with 1000 bootstraps. A visually interpretable phylogenetic tree of the msabZIP gene
family was generated using the package ggtree (3.8.2) in R (www.r-project.org) (accessed
on 6 June 2023).

2.14. Predicting Cis-Regulatory Elements and Building Regulatory Networks

The Python function Pearson from the stats module was utilized to calculate the
Pearson correlation of gene expression between bZIP genes and essential pathways. Genes
with an absolute correlation greater than 0.7 were visualized using Cytoscape (3.10.0) [34].
The MEME tool, FIMO (5.5.4), was leveraged to predict all bZIP cis-regulatory elements
within 2000 bp upstream of the target genes. We then extracted the predicted binding
sites from the promoter region and conducted a motif enrichment analysis using MEME
(https://meme-suite.org/meme/tools/meme) (accessed on 31 May 2023). The structure
map of the upstream region gene was visualized by the ‘gggenes’ package in R (4.2.0, Mac
OS X GUI, written by Simon Urbanek, Hans-Jörg Bibiko, and Stefano M. Iacus).

3. Results
3.1. Identification and Analysis of the LMB bZIP Gene Family

Initially, from the LMB genome, 4034 transcription factor genes from 79 gene families
were identified, and further transcriptomic analysis revealed that 2013 of these transcription
factors were expressed in the spleen of LMB (Figure S1a). Subsequently, we screened for
the transcription factor family, which exhibited the most drastic changes in the LMB
spleen under nitrite stress. The results indicated that members of the bZIP family might
be key transcription factors involved in the nitrite stress response in the LMB spleen
(Figure S1b). Consequently, we examined the bZIP gene family in LMB and identified
a total of 120 members (msabZIP_1~msabZIP_120). Notably, protein length (103~868),
molecular weight (11.73 kDa~98.16 kDa), isoelectric point (10.32~10.45), and instability
index (40.41~87.18) of the bZIP family members in LMB exhibited significant differences
(Table S1). Identification of the conserved domains of the bZIP gene family led to the
discovery of 10 conserved domains among the 120 proteins, and the number and types of
domains showed apparent disparity among different sequences (Figure S2). Motif-1 and
motif-2 were identified as the typical structural domains of the bZIP gene family in LMB,
where motif-1 contained 23 amino acids and motif-2 contained 32 amino acids (Figure 1).
Based on the number and type of structural domains and the structure of the bZIP family
genes, the 120 bZIP genes were classified into 11 subgroups (bZIP_I~bZIP_XI). Phylogenetic
analysis suggested that bZIP_XI may be the most ancient subgroup in LMB, while bZIP_I
may be the most recent (Figure 2). Interestingly, the bZIP_I subgroup has experienced the

https://web.expasy.org/protparam/
https://web.expasy.org/protparam/
https://www.ncbi.nlm.nih.gov/datasets/genome/GCF_014851395.1/
https://www.ncbi.nlm.nih.gov/datasets/genome/
http://bioinfo.life.hust.edu.cn/AnimalTFDB4/#/
www.r-project.org
https://meme-suite.org/meme/tools/meme
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most differentiation and expansion, indicating its relatively low conservation compared
with other subgroups and that the bZIP_I subgroup has undergone rapid changes in LMB
(Figure 2).

The four subgroups are represented by different colors, and the degree of support is
represented as four levels based on different colors and circles of different sizes. The six
rings outside the phylogenetic tree represent Protein Molecular Weight (PMW), Protein
Isoelectric Point (PIP), Protein Humidity (PH), Protein Aliphatic Index (PAI), Protein
Instability Index (PII), and protein length (PL) from the inside out, respectively.
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3.2. Analysis of the bZIP Subgroup Associated with Nitrite-Induced Spleen Injury

We assessed the impact of nitrite on the LMB spleen. In the N1 (0 mg/L) group, the
spleen tissue exhibited normal structure and cell arrangement, with uniform cell nucleus
staining, regular cytoplasmic intercellular gaps, more blood cells, and fewer lymphocytes,
while red and white pulp presented distinct boundaries (Figure 3a). In the N2 (400 mg/L)
group, the spleen tissue displayed vacuolization in the nuclei, increased intercellular gaps,
cell lysis started to appear, and the number of blood cells decreased (Figure 3a). In the
N3 (600 mg/L) group, a substantial increase in the number of blood cells was observed,
cells started to lyse extensively, and significant tissue structural damage was detected.
This indicates that, with the increase in nitrite concentration, the degree of spleen tissue
damage in LMB significantly increased (Figure 3a). After return to the normal nitrite-free
environment (N4), the spleen exhibited a tissue structure similar to N1, indicating that
nitrite-induced short-term damage to the LMB spleen was reversible to a certain extent
(Figure 3a). In summary, nitrite exposure inflicted the most severe damage on the LMB
spleen of the N3 group.
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when largemouth bass is under nitrite stress. (a). Histological images of largemouth bass spleens
under different nitrite treatments. (b). Heatmap of bZIP subgroup XI expression levels in largemouth
bass under different treatments. (c). PPI interaction network diagram among largemouth bass bzip
family genes. (d). Bar chart of KEGG pathway enrichment results in the network above.

To explore the molecular mechanism of spleen damage, the expression patterns of
all bZIP subgroups were screened. The results indicated that the genes of the bZIP_XI
subgroup were almost all upregulated in N3, which might suggest their significant function
in LMB spleen damage (Figure S3 and Figure 3b). To preliminarily assess the potential
functions of bZIP family genes in the LMB spleen, we built an interaction network be-
tween LMB bZIP proteins and other proteins based on the STRING database. The results
suggested that bZIP had close interactions with many signaling pathways and functional
proteins. We identified msabZIP72, msabZIP73, and msabZIP59 as key transcription factors
in the interaction network, while uba52, mapk3, rps3a, etc., might be key functional genes
(Figure 3c). Further functional analysis of the genes in the interaction network indicated
that the functions of these genes were related to the ribosome, MAPK signaling pathway,
apoptosis, mitophagy, and autophagy pathways (Figure 3d). In summary, these results
provide important suggestions for further in-depth analysis.
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3.3. Phylogenetic and Functional Analysis of the bZIP Subgroup across Species

The aforementioned analyses indicate that the genes of the bZIP family may play
a certain role in the nitrite-induced damage to the spleen in LMB. We further examined
the phylogeny of the bZIP family genes of LMB (M. salmoides: Msa) and nine other fish
species (O. aureus: Oau; O. niloticus: Oni; L. crocea: Lcr; L. calcarifer: Lca; C. carpio: Cca;
T. rubripes: Tru; C. semilaevis: Cse; D. rerio: Dre; G. aculeatus: Gac), classifying all Bzip
gene families from these species into 11 subgroups (I~XI) according to the subtypes of
LMB. The results exhibited high conservation in Bzip_XI across species, implying that
they may originate from orthologous genes shared by these species (Figure 4a). However,
the phylogenetic relationships among subgroups like Bzip_I, Bzip_II, and Bzip_IX were
relatively complex across species, possibly a result of paralogous family expansion within
the respective species (Figure 4a). Further, an inter-species phylogenetic tree of the Bzip_XI
subgroup was constructed based on the previous analyses (Figure 4b), revealing a highly
mixed evolutionary pattern across species. High similarities were observed in protein
length, molecular weight, and properties among different species (Figure 4b). Among
these, msabZIP_118 and msabZIP_119 were found to be closely related to trbZIP_34 and
lcrbZIP_70 in phylogeny, whereas msabZIP_38, msabZIP_39, and msabZIP_40 were closely
related to lcrbZIP_53 (Figure 4b). Other msabZIP genes displayed similar trends, whose
association with respective orthologous genes in L. crocea hinted at a close relationship
between L. crocea and LMB and may suggest the conservation of Bzip_XI in phylogeny.

Next, we analyzed the conserved structural domains of the Bzip_XI subgroup genes
and found that the Bzip_XI subgroup includes four of the ten motifs from the Bzip family.
All Bzip_XI members contained motif-7, motif-1, and motif-2, with motif-1 and motif-2
being typical Bzip family structural domains. Motif-7 was highly conserved in Bzip_XI,
with no variations in 19 of the 30 amino acid residues (Figure S3). Apart from msabZIP_39,
all other members of Bzip_XI contain motif-6 (Figure 5a). We then performed sequence
alignment of the motifs of inter-species Bzip_XI members on the same sub-branch as
msabZIP_118 and msabZIP_119 (Figure 5b). The results showed that motif-1 and motif-
2 were highly conserved across eight species, with variations observed in trbZIP_34,
ccbZIP_34, and ccbZIP_43 in motif-2. Furthermore, we verified the expression levels
of Bzip_XI genes across species (Figure 5c–e). The results showed that both msabZIP_118
and msabZIP_119 were significantly upregulated in the N2 and N3 groups of LMB, whereas
oaubZIP_24 was upregulated in O. aureus under high-salt stress. Also, onibZIP_47 was
upregulated in O. niloticus under high-salt stress, and lcrbZIP_70 was upregulated in
L. crocea under hypoxic stress. In conclusion, these results suggest that the members of
the Bzip_XI subgroup may participate extensively in the spleen damage response across
different species. Functional analysis of related genes of the Bzip_XI subgroup in different
species suggested that they might be associated with functions such as response to DNA
damage, response to redox state, and nucleotide excision repair (Figure 5f), implying their
close relationships with cellular cycles and cell damage.
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Figure 4. Interspecies Bzip phylogenetic tree and Bzip_XI phylogenetic tree. (a). Bzip phylogenetic
tree of 10 fish species, with Subgroup XI highlighted in red. Species abbreviations: msa: Micropterus
salmoides; oau: Oreochromis aureus; oni: Oreochromis niloticus; lcr: Larimichthys crocea; lca: Lates
calcarifer; cca: Cyprinus carpio: tru: Takifugu rubripes; cse: Cynoglossus semilaevis; dre: Danio rerio; gac:
Gasterosteus aculeatus. (b). Phylogenetic tree of Bzip Subgroup XI among 10 fish species. Subgroup XI
is highlighted in red.
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Figure 5. Analysis of the Bzip_XI subgroup in largemouth bass and other species. Species abbrevia-
tions: msa: Micropterus salmoides; oau: Oreochromis aureus; oni: Oreochromis niloticus; lcr: Larimichthys
crocea; lca: Lates calcarifer; cca: Cyprinus carpio: tru: Takifugu rubripes; cse: Cynoglossus semilaevis; dre:
Danio rerio; gac: Gasterosteus aculeatus. (a). Diagram of conserved structural domains of largemouth
bass Bzip subgroup XI. (b). A multi-sequence alignment diagram of the subgroup of bzip in 10 fish
species. The sequence logo below the multiple sequence alignment diagram is a graphical display of
a multiple sequence alignment consisting of color-coded stacks of letters representing amino acids at
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successive positions. The total height of a logo position depends on the degree of conservation in the
corresponding multiple sequence alignment column. The height of each letter in a logo position is
proportional to the observed frequency of the corresponding amino acid in the alignment column.
(c). Bar chart of gene expression levels in the subgroup of largemouth bass in (b) for treatments N1
to N4. * and ** represent p < 0.05, p < 0.01, respectively. (d). Bar chart of gene expression levels in
the subgroup of O. niloticus (oni) in (b) for treatments C1 and C2. The horizontal coordinates C1 and
C2 represent two salt concentration treatment groups: 0‰ and 16‰, respectively. The sampling
site is the spleen. (e). Bar chart of gene expression levels in the subgroup of L. crocea (lcr) in (b) for
treatments S1 to S4. The horizontal coordinates S1–S4 represent the four sampling stages of the spleen
after the hypoxic exposure experiment by bubbling nitrogen gas: 0, 6, 24, and 48 h, respectively.
(f). GO pathway diagram enriched by largemouth bass Subgroup XI (results for other species were
highly similar and therefore not shown).

3.4. Key Pathway Screening and Regulatory Network Analysis between the bZIP Subgroup and
Nitrite-Induced Splenic Damage

We calculated the ssGSEA pathway score of each sample in LMB based on the
KEGG/reactome pathway gene sets of humans and zebrafish. Similarly, pathway scores
were also calculated for O. niloticus (oni), O. aureus (oau), and L. crocea (lcr) (Figure 6).
Firstly, we screened target genes with multiple bZIP binding sites and then identified the
pathway with the highest number of target genes. Finally, by calculating the correlation
between these pathways and subgroup genes, we identified the pathway with the highest
correlation. Ultimately, five pathways related to nitrite stress and our previous analysis
were identified in LMB: cell cycle, assembly of collagen fibrils and other multimeric struc-
tures, TGF beta signaling pathway, purine metabolism, and cell adhesion molecules (CAMs)
(Figure 6). The changes in these pathways exhibit diverse trends in other species. For
example, in O. aureus, the cell cycle, TGF beta signaling pathway, and purine metabolism
pathway showed a similar trend of upregulation in both C2 and C4 treatments compared to
C1, while in the C3 treatment, only a small upregulation was observed. The cell adhesion
molecules (CAMs) and assembly of collagen fibrils and other multimeric structures were
opposite, with significant downregulation in the C2 and C4 treatments compared to C1,
while no significant changes were observed in the C3 treatment. The response of these
pathways in O. aureus to different concentrations of salt stress was non-linear. In O. niloticu
and L. crocea, the assembly of collagen fibrils and other multimeric structures, the TGF
beta signaling pathway, and the cell adhesion molecules (CAMs) pathway both showed
an increase in expression under stress, consistent with the trend of changes in largemouth
bass, while the cell cycle pathway showed an opposite trend (Figure 6).

Overall, we identified these five pathways as key pathways involved in splenic injury
in LMB and believed they might play analogous roles in other species. Next, we selected
the key genes with differential expression in the N2 and N3 groups of LMB in the aforemen-
tioned pathways. Consequently, we constructed a co-expression network between members
of the bZIP_XI subgroup and these DEGs. The network analysis indicated that msabZIP_49,
msabZIP_12, msabZIP_39, and msabZIP_116 could be key transcription factors involved
in regulating the aforementioned pathways (Figure 7a), with GADD45B, SMC1A, CDC16,
SMAD1, POLD2, and others being potential key genes involved in splenic injury. To further
validate potential regulatory relationships between bZIP_XI transcription factors and these
DEGs, we predicted binding sites of the bZIP gene family within the 2 kb region upstream
of these genes. The results indicated that 21 genes had numerous bZIP family binding sites,
with the highest number of binding sites found in POLD2, POLE3, CD34, SMC1A, and
RFC4 (Figure 7b). Further binding analyses revealed that these genes all contained typical
bZIP transcription factor binding motifs, such as AGAGAG and GGAGCT (Figure 7c).
Further analyses of the expression levels of these key genes revealed that VCAM1, POLE3,
PDE6H, CD34, FARSB, BMP1, etc. were upregulated in treatment N3 of LMB, whereas
the remaining genes were downregulated in N3 (Figure 7d). Combining gene expression
changes and the number of binding sites in promoter regions, we further screened the inter-
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action network between bZIP_XI and key genes and revealed the most critical regulatory
transcription factors and potential downstream genes (Figure 7e). Overall, these results
suggested that transcription factors in LMB such as msabZIP_49, msabZIP_12, msabZIP_39,
and msabZIP_116 could influence the spleen response of LMB to nitrite stress by affecting
pathways such as cell cycle, purine metabolism, and the TGF-beta signaling pathway.
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Figure 6. Bar chart of Single-Sample Gene Set Enrichment Analysis (ssGSEA) pathway scores for four
species with transcriptome data, where the second column pathway is the Reactome pathway and
the remaining pathways are the KEGG metabolic pathway. Species abbreviations: msa: Micropterus
salmoides; oau: Oreochromis aureus; oni: Oreochromis niloticus; lcr: Larimichthys crocea. The horizontal
coordinates C1–C4 in the second row of figures represent four salt concentration treatment groups:
0, 3, 7, and 11 ppt, respectively. The horizontal coordinates C1 and C2 in the third row of figures
represent two salt concentration treatment groups: 0‰ and 16‰, respectively. The sampling site is
the spleen. The horizontal coordinates S1–S4 in the fourth row of figures represent the four sampling
stages of the spleen after a hypoxic exposure experiment by bubbling nitrogen gas: 0, 6, 24, and
48 h, respectively.
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Figure 7. Interaction analysis of bZIP_XI genes and other genes in largemouth bass. (a). Network
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ways; only genes with |corr| > 0.7 are shown. The size and color intensity of the nodes represent the
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3.5. Analysis of the Regulatory Networks of the bZIP Subgroup in Other Species

To confirm whether the bZIP family plays a similar role in splenic injury in other
species, we selected DEGs from the following pathways: cell adhesion molecules (CAMs),
cell cycle, purine metabolism, TGF beta signaling pathway, assembly of collagen fibrils
and other multimeric structures, and autophagy. A co-expression network between these
DEGs and bZIP members was constructed, followed by the selection of binding sites for
bZIP in these critical DEGs. Results showed that oaubZIP_66, oaubZIP_20, oaubZIP_116,
oaubZIP_67, and oaubZIP_25 were key transcription factors in the splenic response of O.
aureus to high salt stress (Figure 8a). CDC16, STAG1, SMC1A, AKT3, PDE3B, PDE7A, STAG2,
and PDE8A were identified as the key DEGs regulated by the aforementioned transcription
factors (Figure 8b). Further validation of the expression patterns of these genes found
that they were upregulated in O. aureus under high salt stress, indicating that these genes
could be key genes causing spleen injury. Similarly, onibZIP_38, onibZIP_47, onibZIP_52,
onibZIP_1, and onibZIP_31 were found to be the key transcription factors in the splenic
response of O. niloticus to high salt stress (Figure 8c). ROCK1, ROCK2, SMC3, AKT2, AKT3,
CDK6, SMAD9, and CCND2 were defined as key DEGs regulated by these transcription
factors (Figure 8d). Most of these genes were found to be upregulated in O. niloticus under
high salt stress, suggesting these genes could be crucial to spleen injury. Lastly, lcrbZIP_41,
lcrbZIP_70, lcrbZIP_53, lcrbZIP_23, and lcrbZIP_36 were key transcription factors in the
splenic response of L. crocea to hypoxia (Figure 8e). AIFM1, ABL1, INHBB, STAG2, AKT3,
SMAD4, PDE3B, and PDE4B were identified as key DEGs regulated by these transcription
factors (Figure 8f). The majority of these genes were found to be upregulated in L. crocea
under high salt stress, suggesting that these genes might be key to spleen injury (Figure 8f).
In summary, these results suggest that bZIP may play a significant role in spleen injury
response in different species, illustrating its functional diversity and conservation.

3.6. Relationship and Regulatory Network Analysis between the bZIP Subgroup and Splenic
Immune Infiltration

The spleen is a vital immune organ in animals, and spleen injury can impact immune
function, accompanied by changes in immune cell infiltration. To further analyze the rela-
tionship between bZIP and immune cell infiltration in LMB, we calculated the correlation
between bZIP_XI members and the infiltration of 28 types of immune cells (Figure 9a).
We found that msabZIP_115 may affect the infiltration of activated CD8 T cells, while
infiltration of Type 17 T helper cells, Type 2 T helper cells, regulatory T cells, CD56dim
natural killer cells, plasmacytoid dendritic cells, mast cells and other immune cells were
positively correlated with the expression of most bZIP_XI genes. In contrast, amma delta T
cells, activated CD4 T cells, immature dendritic cells, and other immune cell infiltrations
were negatively correlated with the expression of most bZIP_XI genes. We then identified
binding sites of bZIP transcription factors in these key immune cell subgroup marker
genes, revealing that TBX21, SELE, RGS16, IGFBP5, CDKN3, and CCNB1 may be key genes
regulated by bZIP (Figure 9b). A network was then constructed between bZIP_XI genes and
these key genes, suggesting that msabZIP_116, msabZIP_115, msabZIP_49, msabZIP_118,
msabZIP_38, and others could be key transcription factors involved in immune regulation
(Figure 9c). Expression analysis revealed FSTL1, IGFBP5, BCL2L1, DARS, FYN, ABAT,
RGS16, SELE, ZEB2, RBMS3, and NCOA4 to be upregulated in the N3 treatment for LMB,
indicating that they might be key genes involved in immune regulation alongside bZIP_XI
genes. In conclusion, these findings suggest that bZIP_XI may be involved in regulating
the change in spleen immune cell proportions in LMB under nitrite stress.



Fishes 2023, 8, 540 16 of 24Fishes 2023, 8, x FOR PEER REVIEW 17 of 25 
 

 

 
Figure 8. bZIP binding sites and expression levels in largemouth bass. Species abbreviations: msa: 
Micropterus salmoides; oau: Oreochromis aureus; oni: Oreochromis niloticus; lcr: Larimichthys crocea. 
(a,c,e): Network diagrams of the correlation between the bZIP Subgroup XI and genes in five key 
pathways in four species (msa, oni, oau, lcr) with transcriptome data. Only genes with |corr| > 0.7 
and ≥3 binding sites are shown. The size and color depth of the nodes represent the number of gene 
binding sites, and the thickness and color depth of the lines represent the strength of the correlation. 
Blue indicates a negative correlation, and red indicates a positive correlation. (b,d,f): Bar charts of 
expression levels of key genes in four species (msa, oni, oau, lcr) with transcriptome data. 

3.6. Relationship and Regulatory Network Analysis between the bZIP Subgroup and Splenic 
Immune Infiltration 

The spleen is a vital immune organ in animals, and spleen injury can impact immune 
function, accompanied by changes in immune cell infiltration. To further analyze the 
relationship between bZIP and immune cell infiltration in LMB, we calculated the 
correlation between bZIP_XI members and the infiltration of 28 types of immune cells 
(Figure 9a). We found that msabZIP_115 may affect the infiltration of activated CD8 T 
cells, while infiltration of Type 17 T helper cells, Type 2 T helper cells, regulatory T cells, 

SMC1A

MCM7

PCNA

CDC16

CCNB2

PDE3B

MCM6

AMPD3

HDAC2

ORC4

CCNB1

CDC20

CCNE1

HDAC1

ATR

ADCY2

PDE7BoaubZIP_8

XDH

STAG1

TFDP1
CASP7

RBL1

CCNH

MCM2

ADCY6

E2F3 PDE7A

SMAD5

E2F4

PRPS2

AIFM1

ORC5 AKT3

ID4

MYC

DCK

CCND1

MCM5

oaubZIP_71

MCM3

oaubZIP_25

SMC3

CD151

ADCY9

oaubZIP_116
GSK3B

oaubZIP_67

oaubZIP_24

BMP1

CCND2
oaubZIP_66

STAG2

AKT1

PDE8A

oaubZIP_20

NT5M

CUL1

PDE3B

AKT2

ITPA

ROCK1

onibZIP_31

ADCY6
CCND2 onibZIP_38

ATR

PRPS2

CCNHAMPD3

AKT3

TGFB3

ID4
SMC3

TRADD

BUB3

onibZIP_47

BMP2

STAG2

SMAD9

PDE8A

ID2

SMAD5
CDK6

SMAD6

PDE1B onibZIP_1

onibZIP_52

ABL1

SMAD4

ROCK2

STAG1

AKT2

lcrbZIP_53

AKT3

AKT1

lcrbZIP_70

MYD88

ADCY2

PDE4B

SMAD4

BMP2

STAG2

INHBB
SKP1

ROCK1lcrbZIP_36

ADCY6
ADCY5

PDE7A

PDE3B

SMAD5

AIFM1

GDF5
ADK

ABL1 SMAD1

lcrbZIP_23

MMP9

lcrbZIP_41

BMP1

CDC16

C1 C2 C3 C4
0
4
8

12
16

SMC1A

0
30
60
90

PDE3B

0
20
40
60

STAG2

0
10
20
30

AKT3

0
1
2
3
4
5

STAG1

0
10
20
30
40
50

PDE8A

0
20
40
60

PDE7A

0
5

10
15
20

ROCK2

C2 C1
0

10
20
30
40

ROCK1

C2 C1
0

50

100

SMC3

C2 C1
0

50
100

AKT3

C2 C1
0.0
2.5
5.0
7.5

10.0
12.5

AKT2

C2 C1
0

10
20
30

CDK6

C2 C1
0

10
20
30
40

SMAD9

C2 C1
0
3
6
9

CCND2

C2 C1
0

50
100
150

AIFM1

S1 S2 S3 S4
0
5

10
15
20

ABL1

0.0
2.5
5.0
7.5

10.0
INHBB

0.0
2.5
5.0
7.5

STAG2

0
10
20
30
40

AKT3

0
5

10
15
20
25

SMAD4

0
4
8

12

PDE4B

0
5

10
15
20

PDE3B

0
25
50
75

a b

c d

e f

C1 C2 C3 C4 C1 C2 C3 C4 C1 C2 C3 C4

C1 C2 C3 C4 C1 C2 C3 C4 C1 C2 C3 C4 C1 C2 C3 C4

S1 S2 S3 S4 S1 S2 S3 S4 S1 S2 S3 S4

S1 S2 S3 S4 S1 S2 S3 S4 S1 S2 S3 S4 S1 S2 S3 S4

oau

oni

lcr

Figure 8. bZIP binding sites and expression levels in largemouth bass. Species abbreviations: msa:
Micropterus salmoides; oau: Oreochromis aureus; oni: Oreochromis niloticus; lcr: Larimichthys crocea.
(a,c,e): Network diagrams of the correlation between the bZIP Subgroup XI and genes in five key
pathways in four species (msa, oni, oau, lcr) with transcriptome data. Only genes with |corr| > 0.7
and ≥3 binding sites are shown. The size and color depth of the nodes represent the number of gene
binding sites, and the thickness and color depth of the lines represent the strength of the correlation.
Blue indicates a negative correlation, and red indicates a positive correlation. (b,d,f): Bar charts of
expression levels of key genes in four species (msa, oni, oau, lcr) with transcriptome data.
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Figure 9. Analysing the interaction of bZIP_XI genes and immune-related genes in largemouth bass.
(a). Heat map of the correlation between LMB bZIP Subgroup XI and immune cell infiltration scores,
where red indicates positive correlation and blue indicates negative correlation. The size of the circle
represents the strength of the correlation. (b). A base sequence diagram of the binding sites of some
immune-related key genes in LMB. Genes with nmotif ≥ 3, |corr| ≥ 0.7 are shown. (c). Network
diagram of the correlation between LMB bZIP Subgroup XI and immune-related key genes. Genes
with |corr| > 0.7 and ≥2 binding sites are shown. The size and color depth of the nodes represent the
number of gene binding sites, and the thickness and color depth of the lines represent the strength
of the correlation. Blue indicates a negative correlation, and red indicates a positive correlation.
(d). Heat map of the expression levels of immune-related key genes in LMB. Genes with |corr| > 0.7
and ≥2 binding sites are shown.
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4. Discussion

Under high levels of nitrite exposure, LMB exhibited a significant enrichment in the
expression of key cellular pathways such as the ribosome, MAPK signaling pathway, apop-
tosis, mitophagy, and autophagy. This result indicates an intricate system of responses
to nitrite toxicity. The enrichment of the ribosome pathway, which is responsible for pro-
tein synthesis, suggests an upsurge in the synthesis of new proteins. This could be a
defensive response to repair the damage induced by nitrite stress by synthesizing stress-
response proteins or facilitating cellular turnover [35,36]. The MAPK signaling pathway
plays an instrumental role in mediating cellular responses to diverse external signals and
stresses [37,38] and is associated with regulating the activity of hypoxia-inducible factors
(HIF) [39]. Its upregulation under nitrite stress implies the initiation of a signaling cascade
that potentially activates a set of stress-related genes to manage cellular responses to nitrite
toxicity. Ossum et al. characterized the role of mitogen-activated protein kinase p44 ERK
activity during hypoxia/recovery in rainbow trout (Oncorhynchus mykiss) subcutaneous
fibroblasts, providing evidence of MAPK involvement in fish hypoxia adaptation [40].
Moreover, a significant rise in apoptosis may indicate that nitrite stress inflicts severe
cellular damage [41,42]. Liu et al. found that exposure to bisphenol A can induce oxidative
stress and induce apoptosis of common carp (Cyprinus carpio) spleen lymphocytes through
the mitochondrial pathway [43]. This process of programmed cell death is a protective
mechanism against dysfunctional cells, and its upregulation suggests that the body is
actively working to remove cells damaged by nitrite stress [44,45]. Finally, the upregulation
of mitophagy and autophagy, which are responsible for the degradation of cellular compo-
nents, highlights an escalated need to eliminate damaged cellular components and recycle
their constituents. This may be a direct consequence of the cellular damage inflicted by
nitrite toxicity. Chen et al. reported that oxidative stress induced by atrazine (ATR) and/or
chlorpyrifos (CPF) leads to autophagy disorders in the head kidney and spleen of common
carp (Cyprinus carpio) [46]. A study found that RAPA treatment significantly improved
the hatching and survival rates of zebrafish (Danio rerio) larvae after activating autophagy.
In contrast, the combination therapy of the toxic substance TDCIPP and the autophagy
inhibitor CQ can lead to the deterioration of neurodevelopmental toxicity [47]. Therefore,
autophagy can serve as a protective mechanism to reduce the damage of toxic substances
to fish cells. Overall, these results suggest that high nitrite concentrations may trigger an
extensive, multifaceted stress response in LMB, affecting several vital cellular pathways.
This intricate interplay of responses is geared towards combating the harmful effects of
nitrite toxicity. These findings offer promising directions for future exploration, including
the specific role of bZIP transcription factors in these pathways and in the overall nitrite
stress response.

Notably, we discovered that the bZIP_XI subgroup, which includes msabZIP_49,
msabZIP_12, msabZIP_39, and msabZIP_116, is characterized by highly conserved se-
quences and motif structures. This structural conservation underlines the potentially
significant biological roles that these proteins might play within the organism. Interest-
ingly, we found that most genes of the bZIP_XI subgroup were upregulated under severe
nitrite stress conditions (as in treatment N3), suggesting a potential correlation with nitrite-
induced spleen injury in LMB. Previous studies have linked the bZIP family to a variety of
environmental stress responses in diverse organisms [2,48]. Considering these findings,
it is plausible that the bZIP_XI subgroup in LMB, particularly msabZIP_49, msabZIP_12,
msabZIP_39, and msabZIP_116, may play key roles in orchestrating responses to nitrite
stress in the fish. This subgroup could potentially regulate the transcription of various
stress-response and repair-related genes, helping the organism survive under adverse
conditions. Therefore, the observed upregulation of these bZIP_XI genes in the N3 treat-
ment group could be indicative of the activation of mechanisms countering nitrite-induced
oxidative stress and tissue damage in the spleen. The NF-E2 p45-related factor 2NFE2 (Nrf2)
belonging to the CNC-bZIP family subfamily is crucial for the development of red blood
cells and platelets [49], and there is a close relationship between the Nrf2 signaling pathway



Fishes 2023, 8, 540 19 of 24

and heavy metal-induced oxidative stress [50]. Studies have shown that cadmium-induced
oxidative stress can lead to sustained nuclear translocation of Nrf2 in spleen cells, indicating
that Nrf2 plays a core role in cell defense against oxidative stress and is closely related to
cell apoptosis and autophagy [51]. There are also studies indicating that the activation of
Nrf2 can protect animals from ethanol-induced damage, including fetal alcohol spectrum
disorders [52,53]. These studies on the relationship between bZIP family members and cel-
lular defense against oxidative stress suggest that they may play a certain role in protecting
the spleen from damage.

The discovery of a potential correlation between the bZIP_XI subgroup members
msabZIP_49, msabZIP_12, msabZIP_39, and msabZIP_116 and the upregulation of genes
VCAM1, POLE3, PDE6H, CD34, FARSB, and BMP1 under severe nitrite stress (N3) in the
LMB spleen provides an intriguing avenue for understanding the nitrite stress response.
These genes are involved in diverse biological processes that could relate to stress responses
and tissue repair mechanisms. VCAM1, a cell adhesion molecule, plays a role in leukocyte-
endothelial cell adhesion, which can be crucial in inflammatory responses. Its upregulation
may signal an increased inflammatory response due to nitrite stress [54]. According to
reports, the immune neutralization of VCAM-1 eliminated white blood cell adhesion in the
small veins of the colon, and long-term treatment with anti VCAM-1 monoclonal antibodies
significantly reduced colon injury [55]. In another study, in a mouse model of lung inflam-
mation induced by ovalbumin (OVA), the recruitment of mast cell precursors in VCAM-1
knockout mice was significantly lower than in wild-type mice [56]. POLE3, a subunit of
DNA polymerase epsilon, is involved in DNA replication and repair. Its upregulation
may indicate an increase in DNA damage and repair processes under nitrite stress [57].
Studies have observed the interaction between POLE3 and KU80 in CPT-induced cells; this
interaction is enhanced after DNA breakage, suggesting that CHRAC complexes containing
POLE3 may promote DNA repair [58]. PDE6H, involved in the phototransduction path-
way [59], has weaker connections to nitrite stress. Still, its dysregulation could influence
intracellular signaling, potentially affecting the overall stress response. CD34, a well-known
marker of hematopoietic stem cells, might suggest an increased effort to replenish damaged
blood cells from nitrite-induced oxidative stress [60]. FARSB, involved in protein synthesis,
may be related to the increased demand for protein turnover under stress conditions, where
damaged proteins need to be replaced [61]. Finally, BMP1 is involved in extracellular matrix
organization, and its upregulation could hint at tissue remodeling after nitrite-induced
injury [62]. Zhuang et al.’s study also found that BMP1 increases in damaged intestinal
mucosal tissue, and overexpression of BMP1 can alleviate intestinal mucosal damage [63].
Together, these upregulated genes suggest that nitrite stress in the LMB spleen generates
complex responses, including increased inflammation, DNA repair, intracellular signal-
ing modification, hematopoietic activity, protein synthesis, and tissue remodeling. The
role of the bZIP_XI subgroup, particularly msabZIP_49, msabZIP_12, msabZIP_39, and
msabZIP_116, in potentially regulating these genes points to a complex transcriptional
regulation mechanism. This mechanism may help the organism cope with nitrite stress.
These findings provide important insights into the molecular response to nitrite stress in
LMB and suggest targets for future research.

Members of the bZIP_XI subgroup in the LMB spleen, including msabZIP_116,
msabZIP_115, msabZIP_49, msabZIP_118, and msabZIP_38, might regulate a series of
immune-related genes. These genes exhibited upregulated expression in the N3 group un-
der nitrite stress. They comprise the signaling proteins DARS and FYN, the anti-apoptotic
protein BCL2L1, as well as FSTL1 and IGFBP5, which influence immune cell activation
and inflammatory responses. We speculate that these genes may modulate the immune
response and resistance of the LMB spleen to nitrite stress through the same expression
changes and mitigate spleen damage by preventing further cell apoptosis. A study on
Takifugu rubripes showed that nitrite stress treatment alters the expression patterns of
apoptosis-related genes such as Bcl-2 and p53. Nitrite induces cell apoptosis in takifugu
rubripes through mitochondrial-mediated caspase-dependent pathways and p53 Bax Bcl-2



Fishes 2023, 8, 540 20 of 24

pathways, and nitrite stress activates the antioxidant and immune defense systems to pro-
tect cells from oxidative stress and apoptosis [64]. Moreover, bZIP_XI could also influence
the expression of cell adhesion molecules (like SELE) and metabolic enzymes (like ABAT),
further regulating immune cell migration and cellular oxidative stress responses [65]. The
expression of transcription factors ZEB2, RBMS3, and NCOA4 were also affected, which
might impact immune cell development and differentiation [66–68]. In summary, these
genes collectively constitute a complex network. Through interactions with bZIP_XI genes,
they might influence the reaction of the LMB spleen to and recovery from nitrite stress.

5. Conclusions

In conclusion, this study provides novel insights into the molecular mechanisms un-
derlying the response to nitrite toxicity in largemouth bass spleen. Through bioinformatics
analysis, we identified 120 bZIP transcription factor genes in the largemouth bass genome
and found the bZIP_XI subgroup to be upregulated under nitrite stress. Phylogenetic
analysis revealed strong conservation of this subgroup across fish species. Further anal-
ysis suggested that bZIP_XI members, like msabZIP_49, msabZIP_12, msabZIP_39, and
msabZIP_116, may act as key regulators in the spleen’s nitrite stress response by modu-
lating the expression of genes involved in cell cycle, DNA repair, apoptosis, and immune
function. The upregulation of target genes like VCAM1, POLE3, and BMP1 implies acti-
vation of inflammation, DNA repair, and tissue remodeling. Our findings also indicate
potential roles for bZIP_XI in regulating immune cell infiltration and the expression of
immune genes like BCL2L1 and SELE. Overall, this study elucidates a complex transcrip-
tional network orchestrated by the bZIP family that enables the largemouth bass spleen to
withstand nitrite-induced damage. It highlights the critical involvement of the bZIP_XI
subgroup in regulating stress response and immune function. These findings advance our
understanding of nitrite toxicity adaptation in fish and provide a foundation for further
explorations into the specific mechanisms governing this intricate molecular response.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/fishes8110540/s1, Figure S1: Expression levels of all transcription
factors and bZIP transcription factors (a). Heatmap of the expression levels of multi-gene families
in LMB, with the bZIP family highlighted in red; (b). Heatmap of bZIP family expression levels;
Figure S2: Diagram of the conserved structural domains of the bZIP family; Figure S3: Sequence
logos of the conserved domains of the bZIP gene family; Table S1: Physicochemical properties of the
bZIP family in largemouth bass (LMB).
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