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• This study used a native species to
reveal organism's true status under
pollution.

• This study revealed the pollution-
induced biological alterations and
defenses.

• This study revealed distinct responses
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• The pollution could alter ‘DNA repair’
and ‘unfolded protein response’.
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In recent decades, crude recycling of electronicwaste (e-waste) has caused serious pollution and threatenedwild
organisms in certain regions. It is therefore valuable to investigate the pollution-induced toxic effects in situ using
native fish species. Unlike the death or decline observed in other species, Anabas testudineus can better adapt to
severe e-waste pollution. Using it as a model, the true status of this wild organism was revealed. We collected
A. testudineus from two polluted sites (st1 and st2) and conducted transcriptome analyses of the liver, gill, and
kidney. Clear whole-transcriptome differences were found between polluted and clean sites and between differ-
entially polluted sites (st1 and st2). Pathway analysis revealed that long-term e-waste pollutionwould cause sig-
nificant hypoxia, oxidative stress, and potentially apoptosis. Accordingly, several defensive responses were
elicited including ‘oxidation-reduction’ and the ‘unfolded protein response’. Certain biological processes, includ-
ing ‘DNA repair’ and ‘endoplasmic reticulum stress response’, were altered in a tissue- or burden-specific pattern
suggesting transcriptome plasticity in response to distinct burdens. This study revealed the toxic impacts of e-
waste pollution on wild organisms using a native fish species. Additionally, due to its highly adaptive nature,
A. testudineus could be a suitable test species for such severe conditions in the wild or otherwise.
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1. Introduction

In modern society, electronic products (e.g., computers, mobile
phones, etc.) are consumed and discarded at an increasing rate. In de-
veloping countries, electronic waste (e-waste) has generally been
recycled using crude technology (Akortia et al., 2017; Hai et al., 2017),
with recycling byproducts directly poured into the environment. Near
recycling industrial facilities, rivers have become contaminated by
high concentrations of heavy metals and persistent organic pollutants
(POPs) (Leung et al., 2006; Luo et al., 2007). E-waste pollution now
poses great harm to humans (Han et al., 2011; Xu et al., 2017), and its
effects may be greater in aquatic organisms due to long-term and direct
exposure. Presently, a very limitednumber of studies have concentrated
on the toxic effects of this pollution on wild fish species. One reason for
this insufficiency is pollution-induced population decline or even
‘death’ in bodies of water (Huang et al., 2014). Thus, finding a native
species to conduct an in situ toxicology study is now both valuable
and challenging. Fishes living in such a body of water might not only re-
flect the toxic impacts but also reveal potentialmechanisms for their ad-
aptation capability.

Environment contamination has becomewidely accepted as amajor
threat towildfishes (Johnston andRoberts, 2009). Similarly, in e-waste-
polluted environments, survival is difficult for most fishes, with the ex-
ception of the native climbing perch (Anabas testudineus). This fish can
be found widely and has better adapted to e-waste river pollution in
the town of Guiyu, China, which is well known for its e-waste-
dismantling industry and serious contamination beginning in 1995.

The processes bywhich organisms acclimate or adapt to unfavorable
environments are complex (Wirgin et al., 2011; Fabien et al., 2011). Ac-
climations are often reported,while the underlyingmechanisms andfit-
ness costs are still not well understood. A. testudineus, a native
freshwater teleost, was reported as having a higher capability to adapt
to unfavorable environments, such as hypoxia, high salinity, low pH, en-
vironmental ammonia and contaminants (Chew and Ip, 2014;
Davenport and Matin, 1990; Klepper et al., 1992). Thus, researchers
could use A. testudineus in toxicology studies for certain cases
(e.g., industrial pollution (Chatterjee and Bhattacharya, 1984), pesti-
cides (Bakthavathsalam and Reddy, 1982), and nanoparticles (Paital
et al., 2019)) that can be traced back to at least the 1980s. Due to its
adaptive nature, A. testudineuswas used in the current study to investi-
gate the potential toxic effects of e-waste pollution and thedefensive re-
sponses of the organism following long-term e-waste pollution
exposure. Our previous laboratory study partially revealed the genetic
background of A. testudineus and some potential adaptation mecha-
nisms (Zhang et al., 2019). To address this in the field in situ, we used
transcriptomic analysis to explore the biological alterations present in
e-waste-polluted populations.

In this study, populations from three distinct sampling sites were
collected and included two polluted (st1 and st2) and one clean (hn)
site. These two polluted sites differed in the degree of contamination,
based on a previous investigation on the distance from the discharge
source. Using RNA-seq data, transcriptomic comparisons were con-
ducted using Gene Ontology (GO) enrichment analysis to identify the
significantly altered biological processes. Moreover, gene coexpression
network analysis further revealed the site-specific transcriptomic
responses.

2. Material and methods

2.1. Fish collection

Mature female A. testudineus individuals (89.24 ± 13.3 g, 16.54 ±
1.02 cm) were sampled from two polluted sites (st1 and st2) along
with river sediments from each during September 2016 in the town of
Guiyu. Fish were immediately sacrificed to excise gill, liver and kidney
tissues. A slice (200 mg) of each tissue was immersed in RNAlater
(ThermoFisher Scientific, Rockford, IL, USA) for storage and later extrac-
tion of RNA. As the control, individual fish without environmental con-
tamination were bought from a commercial distributor in Hainan (hn),
China.
2.2. Transcriptome analysis

To perform mRNA quantification, the liver, gill and kidney RNA
was first isolated using a total RNA purification kit (Tiangen Biotech,
Beijing, China). The mRNA expression profiles (n=3–5) were deter-
mined by RNA-Seq on a BGISEQ500 platform. A previously assem-
bled and published reference transcriptome dataset was used for
gene quantification (using the same method described therein)
(Zhang et al., 2019). Differently expressed genes (DEGs) were char-
acterized using a threshold of|log2FC| N 1 and FDR b 0.01. The PCA
analysis was performed using ClustVis (Tauno and Jaak, 2015). To
conduct GO enrichment analysis in DAVID v6.8, A. testudineus homo-
logs were identified through a BLAST annotation against Homo sapi-
ens GRCh37 RefSeq transcripts. Using the liver mRNA expression
profile, weighted gene coexpression network analysis (WGCNA
v1.49) was performed according to the protocol supplied with the
software (Langfelder and Horvath, 2008). Clean RNA-Seq data were
deposited at the SRA of NCBI, and the accession numbers are listed
in the Supplementary materials.
2.3. RT-qPCR

Those RNA samples used for RNA-seqwere also used to conduct RT-
qPCR validation. Using a cDNA synthesis kit (Thermo Fisher Scientific,
Rockford, IL, USA), total RNAwas reverse-transcribed. RT-qPCR primers
specified in Table S1were designed by Primer3. Using theGoTaq®qPCR
Master Mix (Promega, Madison, WI, USA), the PCR was performed
under the conditions of 95 °C, 1 min; 45 cycles of 95 °C, 5 s and 60 °C,
1 min; and melting curve analysis.
2.4. Pollutant determination

At each sampling site, sediments and 10 individual fish were col-
lected. After dissection, all samples were frozen immediately and
shipped to the laboratory. Similar amounts of the liver and muscle
tissues from each individual were pooled and homogenized. After
freeze-drying, those samples were transferred to a Teflon-lined
capped glass jar, and then stored at −20 °C until analysis. For
heavy metal determination, samples were prepared according to
the EPA 3050B method with minor modification, and the quantifica-
tion was performed by inductively coupled plasma mass spectrome-
try (ICP-MS). For POPs determination, 10 g of sediment were
extracted using an accelerated solvent extraction system (Dionex
ASE-300, Sunnyvale, CA) with a hexane/DCM, (1:1 v/v) mixture, at
100 °C, 1500 psi, 90% flush volume and three static cycles. Homoge-
nized fish samples (~5 g) were extracted by shaking for 12 h in a cy-
clohexane/isopropanol (1:1 v/v) mixture three times. After a
cleanup procedure using a multilayer silica gel column, the concen-
trated extracts were analyzed using a gas chromatography-mass
spectrometer (GC–MS/MS).
2.5. Data analysis

Statistical analysis was performed using GraphPad 7 (GraphPad
Software, Inc., San Diego, CA, USA). Differences between two groups
were determined by Student's t-test. Statistical differencewas indicated
by *p b 0.05.
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3. Results and discussion

3.1. Contamination level and body burden

During e-waste recycling, the major contaminants released into the
river are heavy metals and halogenated flame retardants. Here, we
found significantly higher pollution burdens in the e-waste-polluted
sites (st1 and st2 in Guiyu) than the control (hn). In the sediments,
Cd, Pb and Cu concentrations at st1 (7.01 μg/g, 1.01 mg/g and
7.17 mg/g, respectively) were much higher than the Grade III marine
sediment quality standard of China (GB18668-2002), while the Cd and
Pb concentrations of st2 (2.3 μg/g and 0.1 mg/g, respectively) were
below the Grade III standard (Guo et al., 2009). The concentrations of
nearly all of the examinedmetal elements were higher in st1 sediments
than those of st2. Similarly, in the tissue,fish fromboth polluted sites ac-
cumulated more contaminants than the control (hn) (Table 1). Mean-
while, the body burden of most elements was higher at st1 than at
st2. In st1 livers, the highly toxic elements (Cr, Cu, Cd, and Pb) reached
1.51 μg/g, 102.31 μg/g, 5.19 μg/g and 6.83 μg/g, respectively. Cd and Pb
concentrations from st1 were 14.03 and 3.56 times higher than those
from st2, respectively, and 3.45 and 32.48 times higher than those in
hn, respectively. Additionally, the pollution pattern of POPs was rather
similar to that of the metals. Polybrominated diphenyl ethers (PBDEs)
and polychlorinated biphenyls (PCBs) are two major classes of haloge-
nated flame retardants. They were nearly undetectable in hn control in-
dividuals (Table 2). Total PBDEs in st1 sediments (17,618.27 ng/g dry
weight) were 13.71 times higher than in st2 sediments (1284.79 ng/g
dry weight). The st1 PBDE concentration was similar to a heavily pol-
luted area (Huang et al., 2018). The st2 PBDE concentrationwas compa-
rable to some residential areas and coastal sediment (Moon et al., 2007;
Wang et al., 2015). Total PCB concentrations of st1 and st2 sediments
were 30.78 ng/g and 4.93 ng/g dry weight, respectively (Table S2).
Both environmental and tissue results indicate a higher contamination
level in polluted sites (st1 and st2) than the control (hn). Even between
the polluted sites, st1 shows a higher contamination level than st2.
These distinct pollution burdens in hn, st1, and st2 individuals would
thus be expected to induce differential biological alterations in resident
A. testudineus.
3.2. Transcriptome overview

Principal component analysis (PCA) analysis indicated that hn, st1
and st2 populations have different transcriptomes in gill (Fig. 1A),
liver (Fig. 1B) and kidney (Fig. S1) tissue. Polluted individuals (st1 and
st2) were more different than the control (hn). The number of differ-
ently expressed genes (DEGs) in Fig. 1C further confirms this larger var-
iance between the polluted and control sites, sincemore DEGs appeared
in the hn vs. st1 and hn vs. st2 comparisons. Therewere also clear differ-
ences between the polluted sites as indicated by the separately clus-
tered st1 and st2 points. It can be concluded that e-waste pollution
may significantly induce transcriptomic alterations. Meanwhile, distinct
Table 1
Heavy metal contamination levels in tissues and sediments, concentrations are expressed in n

Elements hn muscle st1 muscle st2 muscle hn live

Cr (μg/g) 5.31 6.02 3.79 3.18
Mn (μg/g) 6.63 3.17 2.00 2.32
Co (ng/g) 177.90 139.12 92.80 683.50
Ni (μg/g) 3.90 1.50 1.19 0.26
Cu (μg/g) 2.76 1.87 1.34 83.99
Zn (μg/g) 51.28 33.66 27.79 179.57
As (μg/g) 52.94 28.10 13.97 42.00
Ag (ng/g) 23.83 16.30 92.57 283.09
Cd (ng/g) 1.28 17.30 17.26 1505.5
Pb (μg/g) 0.22 0.74 0.55 0.21
site-specific pollution burden can also lead to differential transcriptomic
responses.

3.3. Pollution-induced biological alterations (pollution-clean comparison)

The intersections of the pollution-induced, upregulated DEGs were
obtained from distinct tissues (Fig. 2A). Specifically, 488 (gill), 763
(liver) and 187 (kidney) genes were upregulated in both hn vs. st1
and hn vs. st2 comparisons. These genes were then used for another
round of intersection (Fig. 2A). Finally, the genes that overlapped in at
least two tissueswere considered constitutively altered under pollution
conditions (Fig. 2A; 173 upregulated). The downregulated genes were
analyzed in the same manner (235 downregulated). GO enrichment
analysis indicated that these genes mediate some crucial biological pro-
cesses. Those upregulated genes (Fig. 2B) are known to mediate ‘oxida-
tion-reduction’, ‘apoptotic process’, ‘hypoxia responses’ and some
‘endoplasmic reticulum (ER) stress-related processes’. Those downreg-
ulated genes (Fig. 2C) mediate ‘oxidation-reduction’, ‘hypoxia re-
sponses’ and some ‘transcription- or translation-related processes’.
The data clearly indicate that e-waste pollution can cause oxidative
stress and elicit the reduction process in all tissues examined, including
the liver, kidney, and gill. Meanwhile, oxidative stress can further in-
duce ER stress, with defensive responses (e.g., unfolded protein re-
sponses (UPR)) elicited to help reduce ER stress. Despite these
defensive responses, apoptotic processes were enriched.

3.4. Differential burden-induced biological alterations (st1-st2
comparison)

In addition to the pollution-clean site differences, clear differences
were observed between the two polluted sites (st1 and st2). St1 and
st2 were demonstrated to possess differential pollution burdens. The
distinct burdens thus caused some burden-specific responses. For in-
stance, in the liver transcriptome, there were 763 commonly upregu-
lated genes, 1286 st1-specifically upregulated genes and 1094 st2-
specifically upregulated genes (Fig. 2A). There were more site-specific
upregulated genes (75.74%) than commonly upregulated genes
(24.26%), suggesting the impacts of the differential pollution burdens.
Meanwhile, we noticed that certain biological processes (e.g., ‘DNA re-
pair’ and ‘unfolded protein response’) were also different between st1
and st2 livers (Fig. 3). These data suggest that st1 exposure invokes
less intensive DNA repair capacity and UPR. Accordantly, the upregula-
tion of someDNAdamage biomarkers (DDIT4 andGADD45) in st1 livers
also confirms a more serious DNA damage state at st1 than st2, which
may result from both the higher pollution burden and decreased DNA
repair capability (Fig. 5A).

Beyond determining the number of DEGs, we used the weighted
gene coexpression network analysis (WGCNA) to further interpret
which of those identified DEGs mediate certain biological processes
and how. WGCNA is a method to investigate the relationships between
phenotypes and genes. As the liver is amainmetabolic center that accu-
mulates contaminants, the liver data was studied to elucidate burden-
g/g or μg/g dry weight.

r st1 liver st2 liver st1 sediment st2 sediment

1.51 1.30 25.39 21.07
12.19 6.70 352.76 170.13
876.95 557.84 16,080.74 12,424.71
0.64 0.71 140.59 215.63
102.31 104.38 7166.53 1324.14
203.94 209.36 1193.06 552.64
6.43 24.72 1.30 ND
421.85 422.58 13,236.24 6764.30

7 5191.65 373.07 7010.55 2296.33
6.82 1.92 1007.67 99.04



Table 2
Concentrations of PBDEs in tissues (ng/g lipid weight) and sediments (ng/g dry weight).

Congeners hn liver st1 liver st2 liver hn muscle st1 muscle st2 muscle st1 sediment st2 sediment

BDE28 ND 39.01 14.33 ND 73.60 19.54 1.60 5.00
BDE47 ND 335.91 136.56 4.04 710.21 199.38 55.39 36.00
BDE99 ND 51.00 11.90 ND 67.15 12.97 67.47 41.47
BDE100 ND 51.14 12.94 0.98 133.62 18.10 8.64 5.24
BDE153 ND 146.93 28.82 ND 252.99 32.26 39.36 12.75
BDE154 ND 200.28 44.04 9.51 432.85 49.40 11.29 4.06
BDE183 ND 134.67 24.33 ND 111.95 22.58 94.46 21.08
BDE209 ND 2629.91 164.31 ND 703.28 43.94 17,340.07 1159.20
Σ 8 PBDEs ND 3588.84 437.24 14.53 2485.65 398.17 17,618.27 1284.79
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specific biological alterations. In Fig. 4A, 19 coexpression modules were
constructed from 6437 transcripts. The coexpression patterns of hn, st1
and st2were significantly different fromeach other. This vividly showed
Fig. 1. PCA analysis of gill (A) and liver (B) transcriptomes. C. Differentially expressed
genes using the threshold of|log2FC| N 1 and FDR b 0.01.
the potential plasticity of the whole gene expression profile in response
to e-waste pollution. The red, black and brownmodules were positively
coexpressed in st1. GO enrichment analysis indicates that the st1 red
module was strongly involved in ‘proteolysis’, ‘oxidation-reduction’
Fig. 2.A. St1 and st2 specifically or commonly upregulated genes comparedwith hn in the
liver, gill, and kidney. B. GO enrichment of upregulated genes in at least two tissues. C. GO
enrichment of downregulated genes in at least two tissues.



Fig. 3. Differentially expressed genes involved in ‘DNA repair’ and ‘unfolded protein
response’.
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and ‘cellular response to hypoxia’ (Fig. 4D). As the ‘DNA repair’ biologi-
cal process differed between st1 and st2 (st1 was thought to be de-
creased, Fig. 3), the st1 brown module further confirmed this
Fig. 4. A.WGCNA analysis of hn, st1, and st2 liver transcriptomes. Functional genes mediating c
involved in brown and turquoise coexpressed modules shown in (B) and (C). D. GO enrichme
phenomenon by showing the occurrence and coexpression of some
core genes that mediate DNA damage responses (e.g., DDIT3, DDIT4,
GADD45, etc.; Fig. 4B). Among the st1 negatively coexpressed genes
(the pink module), the most significantly enriched biological processes
were ‘gene transcription’, ‘cell cycle’ and ‘cell division’. This resembles
the downregulation of some ‘transcription and translation related pro-
cesses’ (Fig. 2C). This negative coexpression is unique in st1, and most
of those genes were mainly located in the nucleus (36%) and nucleo-
plasm (36.8%). Comparing st1 with st2, some transcription-related
genes such as POLR2G, POLR2H, and POLR3C were downregulated
(Fig. 3). As there is a close relationship between gene transcription
and DNA repair, this downregulation of RNA polymerase II might fur-
ther contribute to the decreased DNA repair capacity in st1 (Chiou
et al., 2018).

In st2 tissues, the turquoise module was the most positively
coexpressed site-specific transcriptomic alteration. Its biological mean-
ingwas elucidated byGO analysis and is shown in Fig. 4D to include ‘ret-
rograde vesicle-mediated transport’, ‘ER to Golgi vesicle-mediated
transport’, ‘protein catabolic process’, and others. In agreement with
the ‘pollution-induced alterations’ (Fig. 2B), the st2 turquoise module
confirms the coexpression of UPR-associated genes (Fig. 4C), where
themost significantly enriched biological processeswere closely related
to the UPR, such as ‘protein translocation between ER and Golgi’ and
ertain biological processes (e.g., DNA damage, UPR related, metabolism, etc.) were majorly
nt of the core genes from red, turquoise or brown module.
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‘protein degradation’. The major locations of those coexpressed genes
were in the ER, ER membrane and Golgi membrane, which comprised
31.4%, 23.8% and 16.2% of the enriched genes, respectively. For instance,
among the UPR genes, the DNAJ family would play a key role in correct
protein folding during protein synthesis and in times of cellular stresses.
As members of the DNAJ family, DNAJC3, DNAJC7, DNAJC11 and
DNAJC25 (Fig. 4C) were found positively coexpressed in st2.

These results provide insight into the transcriptomic plasticity that
can result from e-waste pollution exposure, as well as the composition
and function of the differential transcriptomes. As awhole, e-waste pol-
lution could induce significant alterations by altering functional gene
clusters that are dependent on the specific contamination burden.

3.5. Damage and defense—DNA repair

In this study, DNA repair and ER stresswere two biological processes
altered bydistinct e-waste pollution burdens. Long-termpollution accli-
mation can enhance DNA repair capability in Dreissena polymorpha
(Thomas et al., 2014). Similarly, st2 tissues show upregulation of
genes involved in ‘DNA repair’ vs. those from st1. In st1 liver tissue, 10
genes involved in DNA repair were downregulated vs. liver tissue
from both st2 and hn. These genes included POLA2, PCNA, GTF3C5,
RFC4, POLR3C, FEN1, DGCR8, CANT1, XPC (Fig. 5A) and ERCC4
(Fig. 5A). Contaminants including PBDEs can induce DNA repair-
related gene expression, while heavy metals such as lead and cadmium
can perturb the DNA repair process through inhibiting enzyme activity
or decreasing gene expression (Morales et al., 2016; Hartwig, 1994;
Gao et al., 2009). Thus, we deduce that the extremely elevated lead
Fig. 5. Damage and defense-related gene expression in the liver. A. DNA damage- (DDIT4
and GADD45) and repair-related genes (XPC and ERCC4). B. ER stress- and apoptosis-
related genes. Each bar represents the mean ± SD (*p b 0.05).
and cadmium burdens in st1 may partly account for the decreased
DNA repair gene expression (Fig. 3) and higher DNA damage markers
(Fig. 5A) (Hartwig, 1994). It could be suggested that the distinct e-
waste pollution burden can alter the DNA repair function of
A. testudineus in even the opposite direction. In another respect, as illus-
trated in other research, the transcription of detoxification genes in-
creases linearly but only at low pollution exposure levels below a
certain threshold and in healthy individuals (Pujolar et al., 2013).

It is well known that genotoxic agents induce DNA damage mainly
through excessively produced reactive oxygen species (ROS) (Jomova
and Valko, 2011), which then could be considered an integrated param-
eter to evaluate the oxidation potential of a contaminant. Although the
concentrations of certain elements in the control site were higher than
those frompolluted sites (e.g., Cr and As in the liver), the eventual effect
of each complex pollution profile could bewell reflected by induction of
the ‘oxidation-reduction’ system. As in Fig. 6B, st1 and st2 both showed
upregulated ‘oxidation-reduction’ compared to hn, hinting at a heavier
contamination burden and more ROS under polluted conditions. Addi-
tionally, whether the Cr and As were at effective concentrations in
A. testudineus presently needs further investigation. By comparing the
liver burden of these with that of the muscle, less bioaccumulative
was observed in the liver than other highly toxic metals (e.g., Pb and
Cd) in A. testudineus.

As the embryonic and developmental stages of an organism are
when it is most sensitive and vulnerable to toxicants, these stages
might serve as a ‘bottleneck’ before survival (Svetec et al., 2016;
Kienzler et al., 2013). DNA damage at the embryo stage may decrease
hatching rate, increase mortality rate, and increase morphological de-
formities (Praveen Kumar et al., 2017; Pereira et al., 2011). If DNA dam-
age does constitute selective pressure under e-waste pollution,
A. testudineuswould likely have a stronger capability to buffer, manage,
or repair DNA damage. As a trade-off, their offspring would carry more
DNA damage-induced mutations, which are one source of
microevolution.

3.6. Damage and defense—ER stress response

Environmental contaminants and stressors may increase oxidative
radical production leading to ER stress (Chandel and Budinger, 2007;
Andersson et al., 2009). We evaluated the expression pattern of
eigengenes from the WGCNA red and brown modules of st1 and st2
(Fig. 4D). The eigengene expression patterns of st1 and st2 (Fig. 6B) in-
dicate an increase in the oxidation-reduction process compared with
the control (hn), while the st1 was more potent than st2. The UPR
could serve as a protective mechanism against ER stress. Two routes
Fig. 6. Violin plots showing the median and interquartile range of the fold-change in
expression of the eigengenes from selected modules that mediate the stress response. A.
The fold-change (st1 and st2 vs. control) of UPR-related eigengenes (n = 42 genes)
retrieved from the turquoise module (in Fig. 4). B. The fold-change (st1 and st2 vs.
control) of oxidation-reduction related eigengenes (n = 25 genes) retrieved from the
red and brown modules (in Fig. 4).
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are implemented in ER stress-induced UPR response. One route is the
activation of UPR pathways to facilitate protein folding and degradation
of misfolded protein. Another route is apoptosis caused by unresolved
UPR (Walter and Ron, 2011).

The intersection of st1 vs. hn and st2 vs. hn upregulated genes in the
liver revealed 763 genes that may represent a common response under
e-waste pollution (Fig. 2A). The most significant biological processes
enriched within the GO database are listed in Table S3. First is the
‘IRE1-mediated UPR’. This indicates that both st1 and st2 individuals
elicited this response under ER stress (accordant with Fig. 2B), while
93% of the genes of this process in st2 individuals have even higher ex-
pression levels than those in st1. Furthermore, the UPR-relatedWGCNA
expression of eigengenes (turquoisemodule) in both st1 and st2 tissues
(Fig. 6A) were increased compared to the control (hn), with the st2
levels greater than st1. These data resemble the results of wild yellow
perch populations, where the expression of most genes was negatively
correlated with the pollution burden under chronic heavy metal expo-
sure (Fabien et al., 2011). This phenomenon was considered to be
largely caused by energy reallocation from protein synthesis and epige-
netic mechanisms such as gene silencing (Pujolar et al., 2013). In addi-
tion to ‘IRE1-mediated UPR’, some related biological processes such as
‘protein folding’, ‘intracellular protein transport’ and ‘retrograde
vesicle-mediated transport, Golgi to ER’ were enriched using st1 and
st2 commonly upregulated genes (Table S3). Upregulated UPR was
found in both polluted sites (Fig. 2B), while most of those genes in st2
were upregulated to a greater extent than st1 (Table S3). Among the
key genes in UPR, EIF2A is upregulated in st1 livers and may attenuate
global mRNA translation to reduce ER stress (Fig. 5B). This attenuation
agreeswith the st1 negatively coexpressed pinkmodule thatwas prom-
inently involved in gene transcription (Fig. 4A). Although these defen-
sive responses were elicited, some apoptosis potentials were still
observed, such as the upregulated ATF3 in st1, which plays a key role
in mediating unresolved ER stress and apoptosis (Fig. 5B) (Dai et al.,
2017). As awhole, st2 individuals aremore likely to elicit UPR to resolve
ER stress, including upregulation of protein folding and degradation,
compared to st1 individuals (Table S3). In contrast, st1 samples more
likely exhibited ER stress-induced apoptosis with upregulation of the
mediators ATF3 and CASPASE3 (Fig. 5B).

In this research, we evaluated the transcriptome of a well-adapted
species, A. testudineus, and revealed significant transcriptomic alter-
ations in distinct tissues. The result proved the applicability of this tech-
nique in conducting in situ toxicology studies on awild species. E-waste
pollution elevated apoptosis, hypoxia, xenobiotic metabolism, and
other responses compared to the control population. However, nonlin-
ear alterationswere found in the ‘DNA repair’ and UPR processes, which
were decreased at themore polluted site. These results hint at eventual
damage after acclimation to an extremehabitat even though defense re-
sponses were elicited. Additionally, the defense responses may not al-
ways be linear and may even be in the opposite direction in wild
organisms. This research gives clues to explain the damage and adapta-
tion responses of well-adapted A. testudineus. However, as this study is
based on observations on the transcriptional level, more work on pro-
tein, enzymatic, and phenotypic levels should be performed to validate
and enhance our understanding of the toxic effects. Further research
should also be conducted to study epigenetic effects, offspring adapta-
tion heredity, and genetic variation in the adapted population.
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