
RESEARCH ARTICLE
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liver following benzo[a]pyrene exposure
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Abstract
Widely distributed western mosquitofish (Gambusia affinis) has been used as a new model species for hazard assessment of
environmental stressors such as polycyclic aromatic hydrocarbons (PAHs). However, most of the PAH studies using G. affinis
rely on targeted biomarker-based analysis, and thus may not adequately address the complexity of the toxic mechanisms of the
stressors. In the present study, the whole transcriptional sequencing of G. affinis liver after exposure to a PAH model,
benzo[a]pyrene (BaP) (100 μg/L), for 20 days was performed by using the HiSeq XTen sequencers. In total, 58,156,233 and
51,825,467 clean nucleotide reads were obtained in the control and BaP-exposed libraries, respectively, with average N50 lengths
of 1419 bp. In addition, afterG. affiniswas exposed for 20 days, 169 genes were upregulated, and 176 genes were downregulated
in liver. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) pathway analyses were applied to all the
genes to determine the genes’ biological functions and processes. The results clearly showed that the differentially expressed
genes were mainly related to immune pathways and metabolic correlation pathways. Interestingly, almost all the pathways related
with the immunity were upregulated, while the metabolism pathways were downregulated. Lastly, quantitative real-time PCR
(qRT-PCR) was performed to measure expressional levels of twelve genes confirmed through the DGE analysis. These results
demonstrate that BaP damages immunity and enhances the consumption of all available energy storage to activate mechanisms of
the detoxification inG. affinis. Up until now, the present study is the first time that a whole transcriptome sequencing analysis in
the liver of G. affinis exposed to BaP has been reported.
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Introduction

Polycyclic aromatic hydrocarbons (PAHs) are notorious and
ubiquitous environmental contaminants with mutagenic and
carcinogenic properties to all living organisms. PAHs are pri-
marily generated from the incomplete combustion of the or-
ganic matter such as the burning of fossil fuels and oil (Fang
et al. 2015; Sushkova et al. 2018). Benzo[a]pyrene (BaP) is
one of the widely distributed and well-studied PAHs (Cui et al.
2019b). Previous studies on the toxicities of BaP have showed
that BaP has deleterious effects on the reproduction systems,
development stages, metabolic pathways, and immunological
responses of human and wildlife (Corrales et al. 2014; Zhan
et al. 2015; Chen et al. 2018; Yanagisawa et al. 2018; Zhang
et al. 2018).

With the advancement of sequencing technology,
transcriptomic sequencing has been widely used in toxicology
research to analyze whole transcriptional changes after the
experimental animals are exposed to toxic compounds.
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Furthermore, the results from transcriptomic sequencing could
serve as a powerful method for developing biomarkers for
environmental contaminants and even reveal the toxico-
logical mechanisms of toxic compounds. So far, the
changes of transcriptome responses when exposed to
BaP have been reported in several species, such as
Danio rerio (Fang et al. 2015; Jayasundara et al. 2015),
Paralichthys olivaceus (Jung et al. 2018), Ruditapes
philippinarum (Wang et al. 2018), Luciola lei (Zhang
et al. 2019), Diaphanosoma celebensis (Kim et al.
2018), Chlamys farreri (Cai et al. 2014), Eriocheir
sinensis (Yu et al. 2018), Gadus morhua (Yadetie et al.
2018), Oreochromis niloticus (Colli-Dula et al. 2018b;
Colli-Dula et al. 2018a), Boreogadus saida (Song et al.
2019), and Perna viridis (Jiang et al. 2016).

The western mosquitofish Gambusia affinis (G. affinis)
(Baird and Girard, 1853) was distributed in the freshwa-
ters in the mid-western parts of the USA and Northeastern
Mexico (Krumholz 1948; Pyke 2008). To be used for
mosquito control, the western mosquitofish is now widely
distributed all over the world (Gao et al. 2017). Similar to
other Cyprinodontiformes fishes including medaka,
guppies, and killifish, the western mosquitofish has been
widely utilized for environmental toxicity studies because
of mosquitofish’s diversity of characteristics in the envi-
ronment, a wide geographic distribution, and adaptability
to live in a wide range of environmental conditions
(Caliani et al. 2009; Wills et al. 2009; Xie et al. 2010;
Kamata et al. 2011; Hou et al. 2017; Bao et al. 2018).
Although the toxicities of BaP have been extensively re-
ported in various species, the effects of BaP toxicities on
the liver of G. affinis are still unclear. Based on the report
that the concentration of benzo[a]pyrene in some polluted
rivers is close to 100 μg/L (Ekere et al. 2019; Mojiri et al.
2019), in our previous study, we chose adult male
G. affinis exposed to BaP (100 μg/L). During the exper-
iment, we found that the movement of the western
mosquitofish has decreased and they began to die after
exposure to BaP (100 μg/L) for 15 days. After exposure
for 20 days, 15% (9/60) of the western mosquitofish died
and three quarters of living western mosquitofish showed
decreased movement. To investigate the molecular mech-
anisms that explain how the western mosquitofish re-
sponds to BaP, the transcriptional sequencing of
G. affinis liver exposed to BaP (100 μg/L) for 20 days
was performed. In this study, the goals are as follows: (1)
to detect the differentially expressed genes involved in the
responses of exposure to BaP; (2) to characterize gene
expression on a larger scale. This will facilitate the de-
tailed characterization on genes regulating the toxicologi-
cal responses to BaP; and (3) to discover the pathway and
networks of genes that are enriched for regulating
G. affinis resistance to PAHs.

Materials and methods

Fish collection and maintenance

Western mosquitofish G. affinis for laboratory experiments
were captured from an artificial lake (23° 09′ 48″ N, 113°
21′ 16″ E) which is located at the South China Agricultural
University in Guangzhou City, Guangdong province, China.
The fish were maintained for at least 1 month at 25 ± 1 °C in
two glass tanks of 80 L before the experiment started, with a
light:dark photoperiod of 14 h:10 h. The fish were fed with
fairy shrimp twice daily.

Chemicals and the procedures for exposure

Dimethyl sulfoxide (DMSO) was obtained from Sangon
Biotech (Shanghai, China). BaP (CAS50-32-8; purity >
96%) was purchased from Aladdin (Shanghai, China). Stock
solution of BaP was 10 mg/mL in DMSO. To avoid the effect
of sex on the results (Sun et al. 2020), we decided to use only
adult male fishes in the experiment where the fish were ex-
posed to BaP. In total, 120 healthy adult male fishes were
randomly divided into two groups, with three replicates per
group. The experiment of exposing the fish to BaP was per-
formed in a 1-L glass crystallizing dish. There are six dishes,
with each dish containing 20 healthy fishes and 0.5 L of ex-
posure medium. The treatment groups were exposed to BaP
(100 μg/L) for 20 days, and the control groups were immersed
in filtered water with exactly the same proportion of DMSO as
that in the treatment groups. DMSO, as the co-solvent, used in
each experiment was less than or equal to 0.01% (volume
ratio). All the experiments were performed under the static
condition and the water was replaced daily. During the exper-
imental period, mosquitofish were fed with fairy shrimp twice
daily.

RNA extraction, and library construction
and sequencing

At the designed time points, 10 liver tissues from fish per
replicate from each group were excised and blended into one
sample by pooling an equal amount of liver tissue. To obtain
the liver tissues, fish were first anesthetized with 3-
aminobenzoic acid ethyl ester methane sulfonate (MS222)
(50 mg/L) (Adamas-Beta, Shanghai, China). The combined
10 liver tissues were then snap-frozen in the liquid nitrogen.
Subsequently, the samples were homogenized in RNAiso Plus
(Takara, Dalian, China) and were stored at − 80 °C until RNA
extraction is processed. Total RNA was extracted using the
Total RNA Extractor (Trizol) kit (B511311, Sangon, China)
and was treated with RNase-free DNase I to remove genomic
DNA contamination. The RNA integrity was checked on 1%
agarose gels. The RNA purity was examined using the Nano
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Photometer® spectrophotometer (Implen, CA, USA). The
RNA concentration was measured using Qubit® RNA
Assay Kit in Qubit®2.0 Flurometer (Life Technologies, CA,
USA). The quality and quantity of RNA was assessed using
the RNA Nano 6000 Assay Kit of the Agilent Bioanalyzer
2100 system (Agilent Technologies, CA, USA). The high-
quality RNA samples were subsequently submitted to the
Sangon Biotech (Shanghai) Co., Ltd., for the library prepara-
tion and sequencing. A total amount of 2 μg RNA per sample
was used as input material for the library preparations.
Sequencing libraries were generated using VAHTSTM
mRNA-seq V2 Library Prep Kit for Illumina® following
manufacturer’s recommendations. The library quality was
assessed on the Agilent Bioanalyzer 2100 system and then
was sequenced using the HiSeq XTen sequencers (Illumina,
San Diego, CA).

Transcriptome assembly and gene annotation

The remaining clean reads were de novo assembled into tran-
scripts using Trinity (version 2.0.6) with default settings.
Transcripts with a minimum length of 200 bp were clustered
into minimize redundancy. For each cluster (i.e., that is repre-
sented the transcriptional complexity for the same gene), the
longest sequence was preserved and designated as a unigene.
Unigenes were blasted against NCBI non-redundant protein
database (NCBI Nr), Swiss-Prot, Translated European
Molecular Laboratory (TrEMBL), Conserved Domain
Database (CDD), the protein families (PFAM), and eukaryotic
Orthologous Groups (KOG) databases (E-value < 1e−5).
According to the priority order of the best aligned results of
Nr, Swiss-Prot and TrEMBL were used to determine the
unigene ORF. And then CDS and the corresponding amino
acid sequences were determined according to the codon table.
In the meantime, TransDecoder (version 3.0.1) was used to
predict CDS sequences of the unaligned unigenes. In addition,
Gene Ontology (GO) database was obtained according to the
results of transcript annotation in the Swiss-Prot and TrEMBL
databases. And Kyoto Encyclopedia of Genes and Genomes
(KEGG) Automatic Annotation Server (KAAS, version 2.1)
was used for KEGG annotation.

RNA-seq validation by qPCR

Twelve immunity and metabolism-related genes underwent
qPCR analysis which was conducted using the same total
RNA that was used in the RNA-seq analysis. cDNA synthesis
was performed on approximately 1 μg of total RNA in a 20-μl
setup using the PrimeScript™ RT reagent kit with gDNA
Eraser (Perfect Real Time) (Takara, Beijing, China) according
to the manufacturer’s recommendations. qPCR was conduct-
ed utilizing the SYBR Green assay and were performed in a
Bio-Rad CFX Connect™ Real-Time System (Bio-Rad,

USA). The qPCR reactions were carried out in a total volume
of 20 μl consisting of 10 μl Thunderbird™ SYBR® qPCR
mix without ROX dye (Toyobo, Japan), 0.4 μl each of for-
ward and reverse primers (Table 1), and 1 μl of the cDNA
reaction. The PCR conditions were set up as 95 °C for 1 min,
followed by 40 cycles of 95 °C for 15 s, 60 °C for 30 s, and
72 °C for 45 s. Each run included blank controls and cDNA
controls. Each sample was assayed in triplicate. The data were
analyzed according to the 2−ΔΔCT method (Livak and
Schmittgen 2001). The β-actin was used as the internal
control.

Histologic assessment

The whole fish were harvested and fixed in 4% paraformalde-
hyde (PFA) for at least 24 h. The fixed fish were immersed in
the decalcifying solution (Servicebio, China) for 20 days. The
samples were then fixed using optimal cutting temperature
(OCT) compounds for embedding tissues and subsequently
frozen sections. The samples were cut directly in 3–4-μm
sections and stained with Oil Red O (ORO).

Data analysis

The relative expression levels of the selected genes analyzed
by qPCRwere presented as the fold increase or decrease of the
fish that are exposed the BaP comparedwith that of the control

Table 1 Primers used in this study

Primer Primer sequences (5′-3′)

NFKBIA-RT-F ACACACTCCCTTCCACCTCACCT
NFKBIA-RT-R TGTCGTCGTACATTCCCTCTTCG
RELB-RT-F GGGTTGAAGCCGACCACACAGAT
RELB-RT-R CAAGACGCAGCCCACCATAGAGA
C6-RT-F GAATCAGAGAGAACAAAACACACGA
C6-RT-R TGAAGGAAACGAAGGAAAGGCAG
CFP-RT-F CAACTATTGGTCGTCAGGGGGAAC
CFP-RT-R TGCAGGGAGGGACATTAAGGCAG
PERP-RT-F GCCTCATCGTCCTTATCGTTGCTT
PERP-RT-R AGGTGTATTCGTATTCGCCCTCGTA
ITIH4-RT-F ATTTCTTTTGACTGATTCATACGGTT

GG
ITIH4-RT-R CTCGTTGGGTTTCTGCTGGCTTT
FADS2-RT-F AGAAGATCAAACACATGCCCTACA
FADS2-RT-R ACCAGTGACTCTCCAAAAACCTAAC
ELOVL6-RT-F TCTACAAGAATATGAATTTGAGAGGCA
ELOVL6-RT-R AAAGATACTGAACACAGCGAGGGT
FASN-RT-F GCCTGGACTCCTTGATGGGTGTT
FASN-RT-R TTTGGTCTGGTTGCATTCGTTTG
CYP1A-RT-F GTCTGTCGTGGGCAGTGATGTA
CYP1A-RT-R GGTATGAGGAATGACGGAAGAGC
CELA2A-RT-F TTGGCAAGCAACACAATCAACTA
CELA2A-RT-R TGCAACTACAACAAAAAGCCCTCT
TRY1-RT-F CTGACTCCTTGATGATGAAAAATGTT
TRY1-RT-R TTCCTGGGGCTATGGATGTGCTG
β-Actin-RT-F GATCTGGCATCACACCTTCTACAA
β-Actin-RT-R CGTACATGGCAGGAGTGTTGAA
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fish. Student’s t test was used to evaluate statistical differences
between the exposed, experimental, and non-exposed control
fish by IBM SPSS Statistics 20. A probability level of 0.05 is
considered statistically significant. The minimum acceptable
fold change was set at least 2-fold change.

Results

Sequencing, de novo assembly, and functional
annotation

Two parallel samples were used for RNA-seq (two control
groups and two experimental groups). We pooled equal quan-
tities of total RNA from the three replicates of the two groups
to reduce the errors associated with individual differences.
The libraries of BaP-exposed and control groups were ana-
lyzed via the Illumina HiSeq XTen sequencing in an average
read length 150-nt run which generated, on average, a total of
58,156,233 and 51,825,467 raw nucleotide reads, respective-
ly. After removal of the samples with low-quality reads, the
total number of clean reads was 55,084,497 (94.72%) and
48,829,956 (94.22%), respectively. The Q20 percentages
were 98.52% and 98.39%, respectively, and the GC percent-
ages of clean reads were 51.11% and 51.42%, respectively.
The average number of transcripts assembled from reads was
126,408. The average number of unigenes assembled from
these transcripts was 76,876, with the average N50 lengths
of 1419 bp. The quality of the assembled transcriptomes of
G. affinis was good. A total of 76,876 unigenes were aligned
to the CDD, KOG, COG, NR, NT, PFAM, Swiss-Prot,
TrEMBL, KEGG, and GO databases. For the Nr database,
the distribution analysis showed that 35.93% of unigenes
had a strong similarity to the sequences of Xiphophorus
maculatus, followed by Poecilia reticulata (14.68%),
Poecilia Formosa (12.31%), Poecilia mexicana (11.56%),
and Poecilia latipinna (10.88%) (Fig. 1).

Differentially expressed genes

To investigate the significance of the gene expression patterns
observed in response to BaP exposure, the DESeq2 (version
1.12.4) was used to determine differentially expressed genes
(DEGs) between the treatment and control groups. Genes
were considered significant differentially expressed if q-value
was less than 0.001 and the absolute value of fold change
larger than 2. In total, 345 of the 76,876 (0.45%) unigenes
showed significant differential expression. Among the 345
differentially expressed genes, a total of 169 (49.0%) unigenes
were upregulated while 176 (51.0%) unigenes were downreg-
ulated when the western mosquitofish were exposed to BaP
(Fig. 2).

Functional analysis of differentially expressed genes

To identify which DEGs were significantly enriched in GO
terms or metabolic pathways, the functional enrichment anal-
yses namely GO and KEGG were performed. According to
the GO database, the potential functions of DEGs were dis-
tributed into three categories, namely biological process, mo-
lecular function, and cellular component which was further
classified into 50 subcategories (Fig. 3). The biological pro-
cesses of DEGs were clustered into 22 subcategories. Among
them, the most enriched components were “cellular process”
(182 unigenes), “metabolic process” (156 unigenes), and “bi-
ological regulation” (132 unigenes). In contrast, the cellular
components of DEGs were distributed into 16 subcategories.
Among them, the major part was in the subcategories of “cell”
(185 unigenes), “cell part” (180 unigenes), and “organelle”
(136 unigenes). And the molecular functions of DEGs were
assigned to 12 subcategories. The most enriched subcate-
gories were “binding” (156 unigenes) and “catalytic activity”
(110 unigenes).

The top 30 most significantly enriched up- and downregu-
lated GO categories were presented in Fig. 4 a and b, and
Table S1–2. Interestingly, according to the GO functional en-
richment analysis results, the GO categories that are upregu-
lated DEGs were mainly enriched in the immune-related path-
way (Fig. 4a) and the GO categories that are downregulated
DEGs were enriched in the metabolic correlation pathway
(Fig. 4b). The 20 immune-related GO categories that are up-
regulated DEGs included immune system process, defense
response, immune response, complement activation, humoral
immune response mediated by circulating immunoglobulin,
and so on. In addition, the 20 metabolic-related GO categories
that are downregulated DEGs were mainly enriched in small
molecule metabolic process, response to oxygen-containing
compound, lipid metabolic process, carbohydrate metabolic
process, and metabolism of fats, sugars, and proteins.

For the KEGG pathway assignment, all the annotated path-
ways were grouped into five major categories: cellular pro-
cesses (4 pathways), environmental information processing (3
pathways), genetic information processing (4 pathways), me-
tabolism (12 pathways), and organismal systems (10 path-
ways). The KEGG pathway analysis of G. affinis transcripts
showed that a total of 208 significant DEGs were assigned to
these KEGG pathways. The highest number of unigenes was
in signal transduction, which contained 27 unigenes. The
second- and third-to-the highest were endocrine system (23
unigenes) and lipid metabolism (19 unigenes) (Fig. 5). Similar
to the GO enrichment results, the results of functional enrich-
ment analysis of KEGG have showed that the upregulated
DEGs were enriched in immune-related pathways (Fig. 6a
and Table S3) and the downregulated DEGs were enriched
in metabolic-related pathways (Fig. 6b and Table S4). The
most significantly upregulated KEGG pathway included toll-
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like receptor signaling pathway (5 genes) and NF-kappa B sig-
naling pathway (5 genes) (Table S3). In contrast, the most sig-
nificantly downregulated KEGG pathway included “pancreatic
secretion” (10 genes), “protein digestion and absorption” (7
genes), and “fat digestion and absorption” (5 genes) (Table S4).
Furthermore, the major significant DEGs involved in immune
and metabolic pathways were listed in Tables 2 and 3.

qPCR validation of differentially expressed genes

qPCR analysis of selected immune- andmetabolism-related gene
expression in the liver of G. affinis corresponds to RNA-seq
results. As shown in Fig. 7 of the selected genes, seven genes
encoding NF-kappa-B inhibitor alpha (NFKBIA), v-rel avian
reticuloendotheliosis viral oncogene homolog B (RELB),

Fig. 1 BLAST analysis of the
counts of unigenes that were
represented in the liver
transcriptome of western
mosquitofish (Gambusia affinis)

Fig. 2 Volcano plot of differently
expressed genes (DEGs) from the
liver of G. affinis exposed to BaP
at 100 μg/L concentration for
20 days. The horizontal and ver-
tical dotted lines show the adjust-
ed p value equal to 0.05 and the
minimum acceptable fold change,
respectively. The value of
log2FoldChange for all genes was
analyzed as log2 (exposed/con-
trol). Tl means the exposed group
and Cl means the control group
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complement component C6-like (C6), complement factor pro-
perdin (CFP), p53 apoptosis effector related to PMP-22 (PERP),
inter-alpha-trypsin inhibitor heavy chain H3-like (ITIH4), and
cytochrome P450 1A (CYP1A) were significantly upregulated,

whereas the other five genes were significantly downregulated.
The results from qPCR analyses were consistent with RNA-seq
results except ITIH4 gene, which was found to be upregulated
but downregulated in the RNA-seq result.

Fig. 3 GO annotation of DEGs from the liver of G. affinis exposed to BaP at 100 μg/L concentration for 20 days. DEGs are allocated to three major
categories, molecular function, cellular function, and biological process, which are further subdivided into subcategories
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Fig. 4 Overview of the significantly upregulated and downregulated
pathways obtained from GO analysis. The x-axis indicates the
enrichment ratio, while the y-axis indicated the specific pathways. The
size of the color dots indicates the number of DEGs involved in each

pathway. And the color of the dots indicates the value of false
discovery rate. a and b showed that the upregulated and downregulated
DEGs were enriched in the top 30 most highly enriched GO categories,
respectively
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Lipid metabolism disorder induced by BaP

To determine whether the lipid metabolism of G. affinis was
disordered or not by BaP, the ORO staining for total lipid
content of the livers and the muscle in the control and the
treatment groups was performed. Indeed, the histological data
revealed that BaP induced a significant decrease in hepatocyte
and myocyte lipid droplet contents (Fig. 8).

Discussion

The western mosquitofish, G. affinis, an abundant and widely
distributed small fish species, has been used as a new model
fish for environmental studies (Hou et al. 2018). A 598.7-Mb

high-quality reference genome forG. affinis has been reported
last year (Hoffberg et al. 2018). So far, there have been only
two reports on the transcriptome of G. affinis: One success-
fully used the RNA-seq results to characterize a sex-specific
marker in G. affinis, while the other revealed the mechanisms
underlying female masculinization in G. affinis exposed to
progestin (Lamatsch et al. 2015; Hou et al. 2019). To date,

Fig. 5 KEGG classification of DEGs from the liver of G. affinis exposed to BaP at 100 μg/L concentration for 20 days

�Fig. 6 Overview of the significantly upregulated or downregulated
pathways obtained from KEGG analysis. The x-axis indicates the
enrichment ratio, while the y-axis indicated the specific pathways. The
size of the color dots indicates the number of DEGs involved in each
pathway. And the color of the dots indicates the value of false
discovery rate. a and b showed that the upregulated and downregulated
DEGs were enriched in the top 30 most highly enriched KEGG
categories, respectively
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the transcriptome of G. affinis exposed to BaP has not yet de-
scribed. BaP is a ubiquitous organic pollutant that is listed as a
group 1 genotoxic carcinogen by International Agency for
Research onCancer (IARC2017) (Cai et al. 2019). In the present
study, we successfully obtained high-quality transcriptome data
when G. affinis was exposed to BaP, which was supposed to
induce stress to G. affinis. In summary, we found that exposure
to BaP for 20 days caused changes in the expression of a variety
of genes in the liver ofG. affinis. Interestingly, comparedwith the
unexposed group, opposite effects of immune and metabolic
responses were observed in the treatment group.

Immunological responses in the liver of G. affinis
exposed to BaP

Previous studies have found that BaP is known to cause func-
tional disorder of fish immune responses (Hur et al. 2013). In
the present study, we observed an abundance of upregulated
genes which are enriched in immune-related KEGG pathways
including toll-like signaling, nuclear factor-kappa B (NF-κB),
complement and coagulation cascades, osteoclast differentia-
tion, nucleotide oligomerization domain (NOD)-like receptor

signaling, retinoic acid-inducible gene I (RIG-I)-like receptor
signaling, tumor necrosis factor (TNF) signaling, and T cell
receptor (TCR) signaling. Toll-like receptors (TLRs), RIG-I-
like receptors (RLRs), and NOD-like receptors (NLRs) are
three out of four families of pattern recognition receptors
(PRRs) to recognize danger-associated molecular pattern
(DAMP) and pathogen-associated molecular pattern (PAMP)
for the initiation of innate immune responses (Shaw et al.
2010; Meng et al. 2012; Zhou et al. 2018). On the other hand,
TCRs are crucial components in the adaptive immune system.
And TCRs are responsible for the recognition and presenta-
tion of foreign antigens (Yu et al. 2019). Moreover, TNF and
NF-κB are associated with cell inflammation and cell survival
(Hacker et al. 2011). In our experiment, NFKBIA, C-X-C mo-
tif chemokine 2-like (CXCL2), C-X-C motif chemokine 8-like
(CXCL8), mitogen-activated protein kinase kinase kinase 8
(MAP3K8), nuclear factor of kappa light polypeptide gene
enhancer in B-cells 2 (NFKB2), and RelB are involved in these
six pathways. These six genes were significantly upregulated
following BaP exposure in the liver when G. affinis was ex-
posed to BaP. However, whether BaP exposure promotes or
inhibits these immune-related pathways is controversial. For

Table 2 Representative immune-
related genes that were differen-
tially expressed after exposed to
BaP at 100 μg/L concentration for
20 days

Gene name Description Fold Change

NFKBIA NF-kappa-B inhibitor alpha 1.43 Up
CXCL8 C-X-C motif chemokine 8-like 2.67 Up
MAP3K8 Mitogen-activated protein kinase kinase kinase 8 2.12 Up
NFKB2 Nuclear factor of kappa light polypeptide gene enhancer in B-cells 2 1.75 Up
RELB v-rel avian reticuloendotheliosis viral oncogene homolog B 2.53 Up
C8b Complement component 8, beta polypeptide 1.01 Up
C6 Complement component C6-like 2.08 Up
CFI Complement factor I 1.00 Up
C1qa Complement C1q subcomponent subunit C-like 2.43 Up
RRM2 Ribonucleoside-diphosphate reductase subunit M2 2.14 Up
PERP p53 apoptosis effector related to PMP-22 1.11 Up
Chia Acidic mammalian chitinase-like 9.47 Up
Ccl20 C-C motif chemokine 20-like 3.81 Up
IRF1 Interferon regulatory factor 1-like 1.84 Up
CFP Complement factor properdin 1.49 Up
CD74 HLA class II histocompatibility antigen gamma chain 1.19 Up
C5 Complement component 5 1.19 Up
Slc26a6 Solute carrier family 26 member 6 3.01 Up
CLEC4M C-Type lectin domain family 4 member D-like 2.90 Up
CXCL2 C-X-C motif chemokine 2-like 1.79 Up

H-2 class II histocompatibility antigen gamma chain-like 1.46 Up
CXCL6 C-X-C motif chemokine 6 2.70 Up
C7 Complement component C7-like 1.90 Up
HPR Haptoglobin-like 2.28 Up
BNIP3L BCL2/Adenovirus E1B 19-kDa interacting protein 3 1.19 Up
MTSS1 Metastasis suppressor protein 1-like isoform X11 1.08 Up
INHBA Inhibin beta A chain-like 1.67 Up
Tnrc6c Trinucleotide repeat-containing gene 6C protein-like isoform X2 1.35 Up
SFXN1 Sideroflexin-1-like 4.55 Up
TIPARP TCDD-Inducible poly [ADP-ribose] polymerase 1.38 Up
A2M Alpha-2-macroglobulin-like protein 1 − 1.94 Down
ITIH4 Inter-alpha-trypsin inhibitor heavy chain H3-like − 1.35 Down
A2ML3 Alpha-2-macroglobulin-like isoform X3 − 3.02 Down
A2ML4 Alpha-2-macroglobulin-like isoform X4 − 1.80 Down
A2ML Alpha-2-macroglobulin-like − 1.57 Down
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example, similar to our results, BaP treatment has increased
the protein expression of NF-κB in colons of mice (Ajayi et al.
2016). In contrast, some studies showed that BaP exposure
inhibits the immune-related pathway in Oryzias melastigma
(Cui et al. 2019a), Apostichopus japonicas (Li et al. 2016),
and Tegillarca granosa (Su et al. 2017).

The complement components, the first line of defense in
the innate immune system, play an important role in anti-
bacterial defenses and have a significant effect on pathogenic
microorganism invasions (Dang et al. 2016). In this study, the

genes that encode the immune factors such as complement
component 4 (C4), C6, complement component C7-like
(C7), complement component 8, beta polypeptide (C8β),
complement factor I (CFI), and complement C1q subcompo-
nent subunit C-like (C1qa) of the classical complement path-
ways were all upregulated. Similar to our findings, the com-
plement and coagulation cascade pathway was significantly
affected by the BaP exposure in Hippocampus erectus (Jiang
et al. 2019), Paralichthys olivaceus (Jung et al. 2018),
Chlamys farreri (Cai et al. 2014), Cyprinus carpio (Qiu

Table 3 Representative
metabolism-related genes that
were differentially expressed after
exposure to BaP at 100 μg/L
concentration for 20 days

Gene name Description Fold Change

CELA2A Chymotrypsin-like elastase family member 2A − 4.56 Down

CTRL Chymotrypsin-like protease CTRL-1 − 4.93 Down

TRY3 Trypsin-3 − 4.25 Down

TRY1 Trypsin-1 − 4.04 Down

TRY2 Trypsin-2 − 3.77 Down

CPB1 Carboxypeptidase B − 5.04 Down

CEL Bile salt-activated lipase-like − 4.76 Down

PLA2G1B Phospholipase A2-like − 6.32 Down

DGAT2 Diacylglycerol O-acyltransferase 2 − 1.30 Down

APOB Apolipoprotein B-100-like − 1.71 Down

PRKAG3 5′-AMP-activated protein kinase subunit gamma-1-like − 1.08 Down

PDHA1 Pyruvate dehydrogenase E1 component subunit alpha, mitochondrial-like − 1.25 Down

SLC2A2 Solute carrier family 2, facilitated glucose transporter member 2 − 1.51 Down

GCK Glucokinase − 2.92 Down

PPARA Peroxisome proliferator-activated receptor alpha-like − 1.23 Down

FASN Fatty acid synthase − 1.12 Down

SREBF1 Sterol regulatory element-binding protein 1 − 1.05 Down

INS Insulin isoform X1 − 1.14 Down

ADIPOR2 Adiponectin receptor protein 2-like − 1.54 Down

ACSL1 Long-chain-fatty-acid-CoA ligase 1-like − 1.13 Down

ELOVL6 Elongation of very long chain fatty acid protein 6 − 2.30 Down

ELOVL 5 Elongation of very long chain fatty acid protein 5 − 1.61 Down

FADS2 Fatty acid desaturase 2 − 1.23 Down

GPD1 Glycerol-3-phosphate dehydrogenase 1 − 1.16 Down

PIP5K1C Phosphatidylinositol 4-phosphate 5-kinase type-1 − 1.74 Down

GPD1L Glycerol-3-phosphate dehydrogenase 1-like − 2.01 Down

GPAT3 Glycerol-3-phosphate acyltransferase 3 − 1.28 Down

PNPLA2 Patatin-like phospholipase domain-containing protein 2 − 1.22 Down

DGAT2 Diacylglycerol O-acyltransferase 2 − 1.30 Down

CYP27C1 Cytochrome P450 27C1 − 1.21 Down

PRKAG3 5′-AMP-activated protein kinase subunit gamma-1-like − 1.08 Down

Adipor2 Adiponectin receptor protein 2-like − 1.54 Down

GAPDH-2 Glyceraldehyde-3-phosphate dehydrogenase 1.08 Up

PGAM1 Phosphoglycerate mutase 1 1.42 Up

ACSS1 Acetyl-coenzyme A synthetase 2-like 2.09 Up

ALDOC Fructose-bisphosphate aldolase C 1.68 Up

CYP1A1 Cytochrome P450 1A1-like 1.69 Up
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et al. 2016), and Perna viridis (Jiang et al. 2016). However,
some of the results showed that the genes involved in the
complement system were suppressed, such as the Chlamys
farreri, Paralichthys olivaceus, and Perna viridis, while those
inHippocampus erectus were upregulated when the organism
was exposed to BaP. Nevertheless, the doses, exposure dura-
tions, and exposed organisms were all different across these
studies. We speculate that from these reports and our experi-
mental results, the effects on gene expression of the immune
system can be affected by any of these factors. For example, in
the exposure durations of our experiment, there was no sig-
nificant difference in fish’s activity and status between the
treatment group and the control group at the early stage of
the experiment (< 10 days); however, the activity of fish in
the treatment group decreased significantly and began to die at
the end of the experiment (> 10 days). It has been reported that
host resistance against bacterial infection decreased at 200 g/g
BW for up to 7 days in Japanese medaka (Carlson et al. 2002).
We speculate that BaP inhibits theG. affinis’s immune system
at the early exposure time (< 10 days), thus making it vulner-
able to infection by external pathogens, which in turn activates
immune-related genes at the prolonged exposure time (>
10 days). In a word, our study shows evidence that BaP causes
disorder in the immunity of G. affinis.

Metabolism responses in the liver of G. affinis
exposed to BaP

The liver, which is known to be one of the major organs for
digestion of proteins, carbohydrates, and lipids, and an impor-
tant detoxifying organ, is related to the metabolism disorders
when the animals are exposed to BaP. In the current study, we

observed an abundance of downregulated genes in the liver of
G. affinis in the enriched KEGG pathways of pancreatic se-
cretion (10 genes), protein digestion and absorption (7 genes),
fat digestion and absorption (5 genes), glucagon signaling (5
genes), insulin signaling (5 genes), AMPK signaling (5
genes), PPAR signaling (4 genes), and metabolism of fatty
acid (5genes), glycerophospholipid (5 genes), glycerolipid (4
genes), arachidonic acid (3 genes), alpha-linolenic acid (3
genes), and linoleic acid (2 genes). In addition to these down-
regulated genes, several upregulated genes were enriched in
the metabolism related to KEGG pathways. These genes are
related to glycolysis/gluconeogenesis (4 genes) and methane
metabolism (3 genes). Among these genes, chymotrypsin-like
elastase 2A (CELA2A), chymotrypsin-like protease (CTRL),
carboxyl ester lipase (CEL), phospholipase A2 group IB
(PLA2G1B), carboxypeptidase B1 (CPB1), trypsin1 (TRY1),
TRY2, and TRY3 are downregulated and mainly involved in
the digestion and absorption of proteins and lipids. Because
trypsin is the main digestive enzyme in the hepatopancreas
(Shao et al. 2018), low trypsin activity can inhibit the diges-
tion and absorption of protein. In the current experiment, the
trypsin was significantly downregulated after G. affinis was
exposed to 100 μg/L of BaP for 20 days. Similar to this result,
the trypsin-1 showed 6.7-fold significant downregulation
when rainbow trout was exposed to 10 parts per billion of
tetrachlorodibenzo-p-dioxin (TCDD) at 28 days compared
with the control group where rainbow trout was not exposed
to TCDD (Liu et al. 2013). Additionally, the result in this
study also showed that BaP can disrupt the carbohydrate me-
tabolism. Glucokinase (GCK) is a flux-controlling enzyme for
the glycogen synthesis and glycolysis in the liver. It is well-
known that hyperglycemia induces insulin secretion, which

Fig. 7 Validation of RNA-seq analysis by comparing RNA-seq data with
qPCR analysis on the 12 selected genes in G. affinis. Among the 12
selected genes, 11 genes had the same trend between RNA-seq analysis
and qPCR analysis. Only inter-alpha-trypsin inhibitor heavy chain H3-
like (ITIH4) gene showed the opposite trend. NFKBIA, NF-κB inhibitor
alpha.RELB, v-rel avian reticuloendotheliosis viral oncogene homologB.

C6, complement component C6-like.CFP, complement factor properdin.
PERP, p53 apoptosis effector related to PMP-22. FADS2, fatty acid
desaturase 2. ELOVL6, elongation of very long chain fatty acid protein
6. FASN, fatty acid synthase. CYP1A, cytochrome P450 1A. CELA2A,
chymotrypsin-like elastase family member 2A. TRY1, trypsin-1
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results in the transcription of sterol regulatory element-
binding transcription factor 1c (SREBP1c) and GCK
(Hansmannel et al. 2006). In this experiment, SREBF1 and
GCK were significantly downregulated. This may indicate
that the glycogen storage could have been mobilized after a
long exposure (> 10 days).

Moreover, the lipid metabolism was also affected by the
BaP exposure. Seven pathways that have been reported to
having changes were related to the lipid metabolism. And all
the differently expressed genes involved in these seven path-
ways were downregulated, indicating impairment of lipid me-
tabolism. This observation was consistent with that in the
literature. For example, some studies showed that BaP inhibits

numerous ER-related genes that affect fat digestion and ab-
sorption in Mugilogobius chulae (Cai et al. 2019). And BaP
disturbed the lipid metabolism in C57BL/6 mice (Li et al.
2019). Also in Xenopus tropicalis, the lipid metabolism was
impaired when BaP was exposed toXenopus tropicalis, which
leads to hepatotoxicity (Regnault et al. 2014). In addition, in
our experiment, the BaP exposure induced a significant de-
crease in hepatocyte and myocyte lipid droplet contents. This
may indicate that the energy could be consumed. In the liter-
ature, it has been reported that all the available energy storage
could be mobilized to activate their detoxification mecha-
nisms in an organism affected by BaP exposure in tilapia
(Colli-Dula et al. 2018b). However, the other results in wild-

Fig. 8 Lipid metabolism disorders induced by exposure to BaP at 100 μg/L concentration for 20 days. Oil Red O (ORO) stains for total lipid content
measured in the livers (a) and muscle (b) of the control group and the experiment group. Lipid content was indicated by red staining
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type female mice showed that BaP can increase visceral adi-
posity and cause hepatic steatosis (Ortiz et al. 2013). Our
results indicate that BaP exposed to the male G. affinis could
induce metabolic disorders and the energy storage in the liver
may be consumed with a prolonged exposure time (> 10 days).

Conclusions

In this study, we have demonstrated that BaP exposure at a
relatively high dose (100 μg/L) over a relatively long period
of time (> 10 days) exhibited opposite effects on the adult
male G. affinis. Using RNA-seq analysis in the liver, we have
described a list of molecular changes caused when G. affinis
was exposed to BaP. Interestingly, the most salient gene ex-
pression alterations were found in immunological and meta-
bolic signaling pathways, which may have an important role
in damaging immunity and promoting metabolic disorders in
the male G. affinis. Overall, these data add to the increasing
evidence on the opposite effects of gene expression when fish
was exposed to BaP. And these data provide new insights on
the mechanisms that mediate such effects.
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