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Abstract: The Yangtze finless porpoise (Neophocaena asiaeorientalis asiaeorientalis, YFP) is a critically
endangered small odontocete species, mainly distributed in the middle and lower reaches of the
Yangtze River, Poyang Lake, and Dongting Lake. Under the influence of human activities, many
factors are threatening the survival and reproduction of YFPs in their natural habitat. Ex situ
conservation is of great significance to strengthen the rescuing conservation of YFPs by providing
suitable alternative habitats and promoting the reproduction and growth of the ex situ population.
To reveal the differences in gene expression of YFPs in natural and ex situ protected waters, and
to investigate the effects of environmental factors on YFPs and their mechanisms, we performed
transcriptome sequencing for blood tissues of YFPs collected from natural waters and ex situ protected
waters. Using RNA-seq we identified 4613 differentially expressed genes (DEGs), of which 4485 were
up-regulated and 128 were down-regulated in the natural population. GO analysis showed that
DEGs were significantly enriched in entries related to binding, catalytic activity, and biological
regulation; KEGG analysis showed that DEGs were enriched mainly in signal transduction, endocrine
system, immune system, and sensory system-related pathways. Further analysis revealed that water
pollution in natural waters may affect the hormone secretion of YFPs by altering the expression
pattern of endocrine genes, thus interfering with normal endocrine activities; noise pollution may
induce oxidative stress and inflammatory responses in YFPs, thus impairing the auditory function of
YFPs. This study provides a new perspective for further research on the effect of habitat conditions on
the YFPs and suggests that improving the habitat environment may help in the conservation of YFPs.

Keywords: Yangtze finless porpoise; blood transcriptome; water pollution; endocrine; noise; hearing

1. Introduction

Along with the accelerated transformation of the natural environment by humans, ex
situ conservation has become one of the important means of rare wildlife conservation [1].
Ex situ conservation refers to the removal of species whose survival and reproduction
are seriously threatened to an appropriate environment for special protection and man-
agement [2]. Ex situ conservation has been widely used as the most fundamental species
protection measure because it is less restricted by natural conditions and can fully improve
the living environment of endangered species and formulate scientific management plans
according to the growth and development law of species [3,4].

The Yangtze finless porpoise (Neophocaena asiaeorientalis asiaeorientalis) is a small odon-
tocete species endemic to China, mainly distributed in the middle and lower reaches of
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the Yangtze River, Dongting Lake and Poyang Lake. The species is the only cetacean left
in the Yangtze River after the baiji (Lipotes vexillifer) was declared functionally extinct in
2007 [5]. In 2013, the Yangtze finless porpoise was listed as a critically endangered species
by the International Union for Conservation of Nature’s Species Survival Commission
(IUCN/SSC) [6], and in 2021, it was listed as a national first-class key protected wild animal.
To prevent the Yangtze finless porpoise from repeating the functional extinction of the
baiji, in recent years, porpoise conservationists have been paying more attention to ex situ
conservation while strengthening in situ conservation of the Yangtze finless porpoise [7].
At present, five Yangtze finless porpoise ex situ populations have been established in China,
which have made positive contributions to strengthening the rescuing conservation of
Yangtze finless porpoise.

Although the conservation of Yangtze finless porpoise has been heavily promoted,
the Yangtze finless porpoise living in the natural waters of the middle and lower reaches
of the Yangtze River still faces severe survival pressure. Research shows that the factors
threatening the survival and reproduction of Yangtze finless porpoise are mainly from the
following four aspects. First, limited food resources: before the “10-year ban on fishing”
policy was formally implemented, long-term overfishing had significantly reduced fish
resources in the Yangtze River basin, making it difficult to meet the demand of Yangtze
finless porpoise for bait [8]. Second, water conservancy and hydropower projects: a large
number of water-related projects have occupied the survival spaces of Yangtze finless
porpoise, cutting off the living passage of fish and shrimp and other bait resources [9].
Third, frequent water traffic: the noise generated by ships and cross-river channels directly
interferes with the hearing system of Yangtze finless porpoise and affects its daily life
activities such as communicating, locating, and feeding [10]. Fourth, water pollution: the
discharge of industrial wastewater and domestic sewage along the river seriously damages
the survival environment of Yangtze finless porpoise [11]. Compared with natural waters,
ex situ protected waters not only retain the natural environment of the original habitat
but also carry out scientific transformation on this basis and strictly eliminate all forms
of human interference. Therefore, the Yangtze finless porpoise living there is almost not
restricted by the above factors.

It has been reported that changes in the living environment can lead to changes in the
gene expression profile of animals, such as differential gene expression patterns in killifish
living in heavily polluted and non-polluted waters [12], and transcriptome sequencing can
reflect the gene expression in real time [13]. There are two advantages of using blood for
transcriptome study. First, it is convenient to obtain peripheral blood and less harmful to
experimental animals [14]. Second, blood flows to all parts of the body along the circulation
system, involving a wide range of systems that can be used in many aspects of research,
such as immunity [14], endocrine [15], stress response [16], and so on.

Studies have shown that there are significant differences in blood hormone levels [17],
stress, and immune parameters [18] of the Yangtze finless porpoise between different
habitats, suggesting that the natural habitat of the Yangtze finless porpoise is deteriorating.
In addition, the researchers monitored underwater noise in the Yangtze Basin and found
that noise levels detected at multiple points were sufficient to damage the auditory function
of the Yangtze finless porpoise [19]. The above studies indicate that water pollution and
noise pollution in natural waters are serious threats to the survival and reproduction of
the Yangtze finless porpoise. However, due to the constraints of experimental subjects and
conditions, these studies mostly focused on the population level or individual level and
rarely involved the molecular level. The molecular mechanism of environmental pollution
on the Yangtze finless porpoise remains unclear.

To understand the differences in gene expression of Yangtze finless porpoise in natural
and ex situ protected waters, and to investigate the impact and molecular regulatory mech-
anism of habitat conditions on Yangtze finless porpoise, we used RNA-Seq to sequence and
compare the transcriptomes of Yangtze finless porpoise blood tissues collected in natural
and ex situ protected waters, and to discover the most significant functional pathways and



Fishes 2022, 7, 96 3 of 13

key genes affected by environmental factors. The study will serve as a starting point for
further investigation of the adaptive regulatory mechanisms of Yangtze finless porpoise to
different environments and provides information to help plan conservation of the Yangtze
finless porpoise.

2. Materials and Methods
2.1. Ethics Statement

We followed the national regulations and institutional policies for the care and use
of animals in China, and the medical examinations and related experiments conducted
were approved by the Anqing Fisheries Bureau of China. The research complies with the
Chinese Aquatic Animal Protection Act promulgated in 1993 and amended in 2013.

2.2. Animals and Samples Collection

In November 2017, with the approval of the Yangtze River Basin Fisheries Admin-
istration Office of the Ministry of Agriculture and Rural Affairs of the People’s Republic
of China, the Freshwater Fisheries Research Center of the Chinese Academy of Fishery
Sciences organized and implemented the ex situ protection action of the Yangtze finless
porpoise. During the mission, six healthy Yangtze finless porpoise were selected as ex-
perimental subjects, including three from Anqing Section of Yangtze River (CJ_1, CJ_2,
CJ_3) and three from the Anqing Xijiang Yangtze finless porpoise ex situ protection base
(XJ_1, XJ_2, XJ_3); see Table S1 for specific information. We captured the animals in batches
using the traditional “sound chase and net capture” means [20]. To avoid stressing the
Yangtze finless porpoise, soft spacious fishermen nets were used to form an enclosure, and
the motorboat was turned off to make the animals calm down. The follow-up physical
examination can be carried out only when the animals come out of the water gently, move
freely, and have no obvious stress. Blood samples were extracted from the main tail vein
using a 10 mL disposable syringe, and then transferred to a vacuum collecting vessel
(PAXgeneTM, BD, USA), which was transported back to the laboratory and stored in a
−80 ◦C ultra-low temperature refrigerator for future use.

2.3. Total RNA Extraction, mRNA Sequencing and Analysis

Total RNA was extracted from whole blood samples of six Yangtze finless porpoise
according to the instructions of PAXgene Blood RNA Kit (QIAGEN, Hilden, Germany),
and the quality of RNA was checked by Agilent 2100 Bioanalyzer (Agilent, Santa Clara,
CA, USA), and the qualified RNA was used for subsequent library construction. The cDNA
library was constructed using MGIEasy RNA library preparation kit (Huada, Wuhan,
China). After the library was successfully constructed, high-throughput sequencing was
performed based on the MGI-2000 platform (Huada, Wuhan, China).

The raw data generated by sequencing were filtered using SOAPnuke (v1.4.0) soft-
ware [21] to remove reads with sequencing adapter, ‘N’ base ratio over 5%, and low-quality
base ratio over 20% to obtain clean reads. The obtained clean reads were analyzed by
sequence alignment with the Yangtze finless porpoise reference genome using HISAT2
(v1.4.0) software [22], and then the gene expression level of each sample was calculated
using RSEM software (v1.2.8) [23], and the gene expression level was expressed as FPKM
(fragments per kilobase of transcript per million mapped fragments).

2.4. Differentially Expressed Gene Screening and Enrichment Analysis

DEseq2 (v1.4.5) [24] was used for the screening of differentially expressed genes
(DEGs), with the screening criteria |log2foldchange| ≥ 1 and q ≤ 0.001 (adjusted p value).
Functional classification and biological pathway classification of DEGs were performed
based on the GO (Gene Ontology) and KEGG (Kyoto Encyclopedia of Genes and Genomes)
annotation results, while enrichment analysis was performed using phyper function based
on a hypergeometric test. p ≤ 0.05 was considered significantly enriched, p ≤ 0.001 was
considered extremely significantly enriched.
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2.5. Real-Time Quantitative PCR Validation

To verify the accuracy of transcriptome sequencing results, five differentially expressed
genes (PTGS1, prostaglandin-endoperoxide synthase 1; FBXO11, F-box protein 11; SMAD4,
SMAD family member 4; PRDX2, peroxiredoxin 2; GPX2, glutathione peroxidase 2) were
randomly selected for real-time quantitative PCR. GAPDH (glyceraldehyde 3-phosphate
dehydrogenase) was selected as the endogenous control gene. Primer sequences (Table S2)
were designed using Primer Premier 5 (Permier Biosoft 5.0, USA). HiScript III RT SuperMix
for qPCR kit (Vazyme, China) was used for reverse transcription of mRNA. All qRT-PCR
was performed with ChamQ Universal SYBR qPCR Master Mix (Vazyme, China). The
reaction was carried out with a total volume of 20 µL including 10 µL qPCR Mix, 0.8 µL of
primers (10 µM), 2 µL of cDNA (500 ng), and 7.2 µL ddH2O. The following PCR program
was applied in two steps: denaturation at 95 ◦C for 30 s followed by 40 cycles consisting of
95 ◦C for 10 s and 60 ◦C for 30 s. qRT-PCR was performed using a StepOne type fluorescent
quantitative PCR instrument (ABI, Foster, CA, USA), and relative gene expression was
calculated using the 2−∆∆CT method.

2.6. Supporting Information

mRNA clean transcriptome data of XJ_1, XJ_2 and XJ_3 has been uploaded to the
Sequence Read Archive (SRA) under accession number PRJNA789349. mRNA clean
transcriptome data of CJ_1, CJ_2, and CJ_3 has been uploaded to SRA under accession
number PRJNA699632 in another paper [25].

3. Results
3.1. Sequencing Data and Alignment Analysis

The transcriptome libraries of the sample of Yangtze finless porpoise were constructed
using MGI-2000 platform, and a total of 455,560,000 raw reads were obtained. After
removing low-quality reads, reads containing the sequencing adapter, and reads with
excessive unknown base ‘N’ content, a total of 444,820,000 clean reads were obtained.
The average size of each sample was 7.42 Gb and six samples had base quality values of
Q20 ≥ 97% and Q30 ≥ 93%. The sequence alignment of the clean reads of each sample was
compared with the reference genome, and the average alignment rate was 79.85%. The
average alignment rate of uniquely mapped reads was 46.46% (Table 1). The transcriptome
sequencing quality was satisfactory, meaning the constructed libraries could be used for
subsequent gene expression analysis.

Table 1. Sequencing and mapping statistics of blood samples for the Yangtze finless porpoise.

Sample Total Raw
Reads (M)

Total Clean
Reads (M)

Total Clean
Bases (Gb)

Clean Reads
Q20 (%)

Clean Reads
Q30 (%)

Total Mapping
(%)

Uniquely Mapping
(%)

CJ_1 59.93 58.21 5.82 98.02 94.36 78.56 41.76
CJ_2 72.27 70.90 7.09 97.98 94.28 83.50 53.97
CJ_3 101.56 100.27 10.03 98.03 94.43 87.75 63.36
XJ_1 66.32 64.62 6.46 98.02 94.09 77.62 41.93
XJ_2 69.75 67.55 6.76 98.09 94.28 73.90 34.36
XJ_3 85.73 83.27 8.33 98.09 94.28 77.75 43.38

3.2. Analysis and Functional Annotation of Differentially Expressed Genes

Differential expression analysis of the above qualified transcriptome data showed
that a total of 4613 DEGs were identified in the CJ and XJ groups, of which 4485 were
significantly up-regulated in the CJ group and 128 were significantly down-regulated in
the CJ group (Table S3). To further understand the physiological functions regulated by
DEGs, functional annotation of DEGs was performed using GO and KEGG databases. The
results showed that a total of 3259 DEGs were annotated to the GO database, including
“biological process” (1875), “cellular component” (2024), and “molecular function” (2605).
The function entry with the highest number of annotated genes was related to binding and
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belonged to “molecular function” (Figure S1). A total of 2176 DEGs were annotated to the
KEGG database, including five functional categories: “environmental information process-
ing” (808), “genetic information processing” (470), “cellular processes” (721), “organismal
systems” (960), and “metabolism” (532). The functional pathway with the highest number
of annotated genes is related to signal transduction, which belongs to “environmental
information processing” (Figure S2).

3.3. Enrichment Analysis of Differentially Expressed Genes

GO enrichment analysis of DEGs showed that 4613 DEGs were significantly enriched
to 345 GO terms and 58 GO terms were extremely significantly enriched (Figure S3),
belonging to binding (24), catalytic activity (15), biological regulation (6), molecular function
regulator (4), organelle part (4), metabolic process (2), protein-containing complex (1),
cellular process (1), and cell (1). Figure 1A showed the top 10 GO terms with the most
significant enrichment degree. The GO enrichment results indicate that DEGs are involved
in a wide range of regulatory functions.
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Figure 1. Top 10 GO terms and KEGG pathways of DEGs. (A) Top 10 GO terms of DEGs. The
numbers marked on green and orange part in each term were the number of downregulated and
upregulated DEGs in the XJ group. The numbers in parentheses represent p value of each term. There
are two categories: H, Catalytic Activity; F, Binding. (B) Top 10 KEGG pathways of DEGs. There
are five categories: E, Environmental Information Processing; G, Genetic Information Processing; C,
Cellular Processes; O, Organismal Systems; M, Metabolism. The meaning of the remaining parts can
refer to (A).

KEGG enrichment analysis of DEGs showed that 4613 DEGs were significantly en-
riched to 43 KEGG pathways (Figure 2A), including 6 endocrine pathways, 5 immune
pathways, 1 sensory pathway, etc. (Table 2), of which Figure 1B shows the top 10 KEGG
pathways with the most significant enrichment degree. Considering the special environmen-
tal conditions of natural waters (water pollution, noise pollution), the changes of the above
pathways and corresponding genes were most likely caused by environmental factors.
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significantly enriched. (B) The heatmap of key genes. Red means up-regulating, blue means down-
regulating, the shade of color means degree of regulating.

Table 2. The enrichment results of several key KEGG pathways.

Category Pathway ID Pathway Name Genes Included
(Up/Down) p Value

Endocrine system

ko04914 Progesterone-mediated oocyte maturation 46/1 0.0005081
ko04910 Insulin signaling pathway 66/0 0.0094483
ko04919 Thyroid hormone signaling pathway 49/2 0.0277375

ko04928 Parathyroid hormone synthesis, secretion
and action 51/0 0.0277375

ko04912 GnRH signaling pathway 43/1 0.0298513
ko04922 Glucagon signaling pathway 42/0 0.0490603

Immune system

ko04664 Fc epsilon RI signaling pathway 34/2 0.0034951
ko04624 Toll and Imd signaling pathway 21/1 0.0223963
ko04657 IL-17 signaling pathway 63/3 0.0279501
ko04662 B cell receptor signaling pathway 32/1 0.0402123
ko04650 Natural killer cell mediated cytotoxicity 41/1 0.0442341

Sensory system ko04750 Inflammatory mediator regulation of TRP
channels 42/3 0.0101365

In addition, seven pathways were extremely significantly enriched, namely FOXO
signaling pathway (ko04068), ubiquitin-mediated proteolysis (ko04120), apoptosis-fly
(ko04214), phosphatidylinositol signaling system (ko04070), cellular senescence (ko04218),
progesterone-mediated oocyte maturation (ko04914), and inositol phosphate metabolism
(ko00562). These seven pathways are mainly involved in the regulation of important physi-
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ological processes such as intracellular signal transduction, endocrine system, substance
metabolism, and cell growth and death.

3.4. Analysis of Key Genes

In this study, through enrichment analysis of DEGs and literature reading, candidate
genes greatly affected by environmental factors were screened out, mainly genes related to
endocrine system and noise-induced hearing loss. As shown in Figure 2B, most of these
genes were up-regulated in the CJ group, suggesting that there may be stimulators inducing
the expression of these genes in natural waters. The specific information of candidate genes
is shown in Table 3.

Table 3. Expression of key DEGs in the Yangtze finless porpoise.

Category Gene Name Gene Description log2 (XJ/CJ) p Value

Genes related to
endocrine system

GNRH1 gonadotropin releasing hormone 1 −2.1928 7.83 × 10−12

ITPR1 inositol 1,4,5-trisphosphate receptor
type 1 −1.1483 2.95 × 10−132

PLCB1 phospholipase C beta 1 −1.1312 5.16 × 10−11

PRKCB protein kinase C beta −1.2728 0

CAMK2A calcium/calmodulin dependent
protein kinase II alpha −1.3253 2.46 × 10−49

CAMK2B calcium/calmodulin dependent
protein kinase II beta −1.0355 6.43 × 10−4

CAMK2D calcium/calmodulin dependent
protein kinase II delta −1.2762 5.04 × 10−106

FOXO1 forkhead box O1 −1.0255 4.15 × 10−114

CPT1B carnitine palmitoyltransferase 1B −1.0995 2.12 × 10−186

MAPK1 mitogen-activated protein kinase 1 −1.2105 0
MAPK7 mitogen-activated protein kinase 7 −1.1761 2.09 × 10−46

MAPK8 mitogen-activated protein kinase 8 −1.3110 1.74 × 10−31

MAPK9 mitogen-activated protein kinase 9 −1.1895 9.52 × 10−42

MAPK11 mitogen-activated protein kinase 11 −1.1115 1.46 × 10−149

MAPK13 mitogen-activated protein kinase 13 1.2805 1.24 × 10−64

Genes associated
with noise-induced

hearing loss

FOXO4 forkhead box O4 −1.0029 1.75 × 10−148

FOXO6 forkhead box O6 2.1451 2.92 × 10−3

Catalase RasGEF domain family member 1A −1.2289 8.25 × 10−187

ATM ATM serine/threonine kinase −1.2877 3.19 × 10−81

GPX2 glutathione peroxidase 2 1.2800 1.60 × 10−149

PTGS1 prostaglandin-endoperoxide
synthase 1 −1.7015 0

PRDX2 peroxiredoxin 2 1.2595 0
TLR2 toll like receptor 2 −1.0665 1.46 × 10−182

TLR4 toll like receptor 4 −1.3451 1.02 × 10−204

TNF tumor necrosis factor −1.4458 4.19 × 10−17

TNFAIP3 TNF alpha induced protein 3 −1.0094 5.16 × 10−186

TNFSF10 TNF superfamily member 10 −1.0813 9.92 × 10−127

TRPC1 transient receptor potential cation
channel subfamily C member 1 −1.4755 1.36 × 10−9

TRPC3 transient receptor potential cation
channel subfamily C member 3 −1.4399 1.28 × 10−3

TRPC4AP
transient receptor potential cation

channel subfamily C member 4
associated protein

−1.0109 0

3.5. Validation of RNA-Seq Results by qRT-PCR

The results of qRT-PCR validation of five randomly selected differentially expressed
genes are shown in Figure 3. PTGS1, FBXO11, and SMAD4 genes were up-regulated in
the CJ group, while PRDX2 and GPX2 were down-regulated in the CJ group compared
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with the XJ group. The differential gene expression verified by qRT-PCR was generally
consistent with the transcriptome sequencing results, indicating that the transcriptome
sequencing results were reliable in this study.
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4. Discussion
4.1. Water Pollution May Interfere with the Endocrine Activity of Yangtze Finless Porpoise

In mammals, the endocrine system is another important regulatory system besides the
nervous system, mainly through the gonads, thyroid, and other endocrine glands to secrete
hormones, thus regulating the metabolism, growth, and development of the organism,
and maintaining the internal environmental homeostasis [26]. In the present study, DEGs
were significantly enriched in endocrine-related KEGG pathways, such as GnRH signaling
pathway (ko04912), insulin signaling pathway (ko04910), and thyroid hormone signaling
pathway (ko04919), suggesting that the endocrine system of Yangtze finless porpoise is
significantly different between natural and ex situ protected waters. Since the Yangtze
finless porpoises in this study were of similar age and same sex, and none of them were in
special periods such as pregnancy and lactation, the influence of their physiological factors
on the endocrine system could be roughly excluded. In addition, we also calculated the
body mass index (BMI) of the two groups of Yangtze finless porpoise, and using the BMI
obesity standard for Yangtze finless porpoise established by Dai et al. [27] we found that all
six Yangtze finless porpoise in this study were in the normal physiological range (Table S1)
and there was no lean type or overweight, so the influence of nutritional status on the
endocrine system was excluded.

Studies have shown that chemicals such as pesticides and fungicides, which are widely
available in the environment, can seriously interfere with the endocrine activities of or-
ganisms; such substances are known as endocrine disruptors [28]. Typically, endocrine
disruptors act on hormone receptors and their downstream signaling pathways to inter-
fere with the synthesis, secretion, and action of hormones [29]. Huang et al. [30] found
that azole fungicides could disrupt several endocrine-related signaling pathways, includ-
ing progesterone-mediated oocyte maturation (ko04914) and insulin signaling pathway
(ko04910). Ade et al. [31] inferred from acute toxicology experiments and transcriptomic
studies that direct discharge of drugs such as fluoxetine into the water can lead to endocrine
disorders in aquatic animals. Through 15 years of monitoring and analysis, Barra et al. [32]
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found that endocrine disruptors still exist in the wastewater discharged by pulp and paper
mills into freshwater ecosystems after modern sewage treatment, and that fish affected by
the pollution had a twofold increase in plasma vitellogenin content and a threefold increase
in gonadosomatic indices.

The middle and lower reaches of the Yangtze River basin, one of the most econom-
ically developed regions in China, have been heavily polluted in recent years. The re-
searchers measured levels of four types of organic micropollutants in the Yangtze River
basin, including polycyclic aromatic hydrocarbons (PAHs), polychlorinated biphenyls
(PCBs), organochlorine pesticides, medicines, and personal care products. They found that
the main pollutants in the middle and lower reaches of the Yangtze River were PAHs and
organochlorine pesticides, and the levels of the mixed pollutants were sufficient to cause
great harm to aquatic organisms [33]. In addition, according to the historical data of heavy
metal detection in the Yangtze River basin since the 1980s, the concentrations of Cu, Cd,
Zn and Pb in the sediments of the middle and lower reaches of the Yangtze River have
exceeded the critical effect value, and the concentrations of Cd and Hg have an increasing
trend [34]. This suggests that the endocrine function of the Yangtze finless porpoise living
in the natural waters of the middle and lower reaches of the Yangtze River is likely to
change from the normal level due to frequent exposure to environmental pollutants such
as pesticides and heavy metals.

Previous studies have proved that pollutants in the environment can induce up-
regulated expression of important endocrine-related genes such as ITPR1 and GnRH, which
is consistent with our findings. ITPR1 is an important blood glucose regulatory gene
encoding the 1,4,5-inositol triphosphate receptor, which is mainly expressed in islet B cells.
Wong et al. [35] found that Cd in the environment could induce overexpression of ITPR1
in the islets of mice, resulting in changes in blood glucose homeostasis (Figure 4). GNRH
encodes gonadotropin releasing hormone, which can activate MAPK pathway by binding
with receptors on the cell membrane and play a role in promoting gonadotropin secretion
(Figure 4). Xi et al. [36] found that GNRH was up-regulated at the hypothalamic-pituitary
level in both male and female pups exposed to bisphenol A (BPA) pollution, thus interfering
with the synthesis and release of sex hormones.
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Figure 4. Functional significance of differentially expressed key genes in two groups of Yangtze
finless porpoise. Red represents upregulation in CJ group and green represents downregulation. Solid
arrows indicate activation processes, dashed arrows indicate indirect activation processes. (A) The
relationship between water pollution and endocrine gene expression. GNRH, gonadotropin releasing
hormone; GNRHR, gonadotropin releasing hormone receptor; ITPR1, inositol 1,4,5-trisphosphate
receptor type 1; CAMK2, calcium/calmodulin dependent protein kinase II; FOXO, forkhead box O;
CPT1B, carnitine palmitoyltransferase 1B; PLCB, phospholipase C beta; PRKCB, protein kinase C
beta; JNK (MAPK8/9), mitogen-activated protein kinase 8/9; c-Jun, transcription factor AP-1. (B) The
relationship between noise stimulation and gene expression in FOXO pathway. Catalase (RASGEF1A),
RasGEF domain family member 1A; ATM, ATM serine/threonine kinase.
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4.2. Noise Pollution May Interfere with the Hearing Function of Yangtze Finless Porpoise

In this study, we found that several auditory-related genes, such as transient receptor
potential (TRP) channel protein, were significantly differentially expressed between the
natural water group and the ex situ protected water group. TRP channels are a kind of ion
channel widely distributed in mammals, which are mainly responsible for sensory signal
transmission and play an important role in the formation of hearing [37]. Some studies
have suggested that this family of channel proteins can be expressed in immune cells and
trigger cochlear inflammation when activated by stimulants such as noise [38], but this
claim has not been proved.

In fact, for the Yangtze finless porpoise living in the natural waters of the middle
and lower reaches of the Yangtze River, noise disturbance caused by human activities
has seriously impaired its auditory function. Popov et al. [39] found that high-intensity,
prolonged noise exposure caused temporary auditory threshold shift (TTS) in Yangtze
finless porpoise, and the longer the noise exposure, the greater the increase in auditory
threshold and the longer the recovery time to normal auditory ability. Tao et al. [40] found
that riprap noise can be perceived by Yangtze finless porpoise and may affect its auditory
function in a survey of riprap construction in the lower Yangtze River. Wang et al. [10]
conducted noise monitoring at 25 sites in the middle and lower reaches of the Yangtze
River and found that the noise detected at 8% of the sites caused direct permanent auditory
threshold shift (PTS) damage to the Yangtze finless porpoise.

The damage caused by noise to hearing is largely caused by inflammation [41]. After
noise exposure, a variety of inflammatory cells in the cochlea activate and secrete a large
number of inflammatory factors, which on the one hand promote cell apoptosis and
tissue damage, and on the other hand induce more inflammatory cells to mobilize and
produce more inflammatory factors, aggravating tissue damage [42,43]. We found that the
expression of inflammatory and immune-related genes, including TNF-α, TLR2, and TLR4,
was significantly increased in the blood of Yangtze finless porpoise under environmental
noise stimulation.

TNF-α is the most widely studied cellular inflammatory factor. Previous studies have
shown that noise exposure increases TNF-α expression in the cochlea, while spiral artery
vasoconstriction reduces blood and oxygen supply to the inner ear, leading to hair cell
damage or death, which can be treated with TNF-α inhibitors [44]. TLR2 and TLR4 are
both members of the toll-like receptor family. They bind to molecular signals released
by damaged cells after noise exposure, activating the intrinsic cochlear immune system
and inducing inflammatory cell infiltration and inflammatory factor synthesis, resulting in
hearing damage [45,46].

In addition, strong noise or prolonged noise exposure can cause redox imbalance in
the cochlea and generate large amounts of Reactive Oxygen Species (ROS) [47]. These
oxygen radicals not only directly damage cellular DNA, proteins, and cell membranes,
causing necrosis of cochlear hair cells and nerve cells [48], but also can act as intracellular
messengers to activate a series of signal transduction pathways, indirectly leading to
apoptosis of inner ear hair cells, hearing loss or even complete hearing loss [49]. Therefore,
noise-stimulated Yangtze finless porpoise may enhance the expression of antioxidant genes
under stress. We noted that in this study, several antioxidation-related genes, such as
Catalase, ATM, GPX2, PRDX2, and PTGS1, were up-regulated in the natural water group
of the Yangtze finless porpoise. Moreover, KEGG enrichment analysis showed that the
FOXO signaling pathway (ko04068) was the most significant. This pathway is involved
in biological regulation such as cellular anti-oxidative stress and promoting DNA repair
and is of great significance to the stress response of cells [50]. In the FOXO pathway, the
gene JNK is susceptible to ROS and other stimuli, leading to the phosphorylation of FOXO.
The activated FOXO can further promote the expression of antioxidant genes in cells, thus
reducing the level of ROS (Figure 4).
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5. Conclusions

In this study, transcriptomic analysis of blood tissues collected from natural and ex
situ protected populations of Yangtze finless porpoise was performed using RNA-Seq
technology. 4613 DEGs were detected, which were mainly involved in signal transduction,
endocrine system, immune system, and sensory system. Further analysis revealed that wa-
ter pollution in natural waters may affect the hormone secretion of Yangtze finless porpoise
by altering the expression pattern of endocrine genes, thus interfering with normal en-
docrine activities; noise pollution may induce oxidative stress and inflammatory responses
in Yangtze finless porpoise, thus impairing the auditory function of Yangtze finless porpoise.
This study reveals the differences in blood transcriptome expression profiles of Yangtze
finless porpoise in different habitats and explains the multiple effects and mechanisms
of environmental factors on Yangtze finless porpoise, providing an important theoretical
reference for further strengthening the habitat conservation of Yangtze finless porpoise.

Particularly, because the species is highly endangered, the number of samples used to
conduct the experiments is relatively limited, and the influence of chance factors other than
habitat on the experimental results cannot be ruled out yet. However, the bias caused by
chance factors was controlled within a reasonable range by improving the experimental
and analytical protocols, such as shortening the time of physical examination as much as
possible and strictly selecting the experimental animals to ensure that the influence of dis-
turbing factors was minimized; the above conditions ensured that the experimental results
obtained in this study were scientifically reasonable. However, since further validation
experiments have not been conducted, a more in-depth and comprehensive study would
therefore be valuable, if possible, in the future.
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