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Abstract

The aim of the present study was to investigate the effects of high doses of copper (Cu) and mercury (Hg) on the cecal microbiota
in female mice. Forty-eight Kunming mice were randomly divided into the control group (CCk group), the Cu group (CCu
group), the Hg group (CHg group), and the Cu+ Hg group (CCH group). At the 90th day, cecal tissues were prepared for
histopathological analysis and cecal contents for analysis by 16S rRNA sequencing method. Cecal tissues from treatment groups
had histopathological lesions including increased thickness of inner muscularis and outer muscularis, widened submucosa,
decreased goblet cells, mild to moderate necrosis of enterocytes, blunting of intestinal villi, and severe atrophy of central lacteal.
Furthermore, compared to the CCk group, the abundance of bacteria genera Rikenella, Jeotgailcoccus, and Staphylococcus were
significantly decreased, whereas the bacteria genus Corynebacterium was significantly increased in the CCu group. The abun-
dance of bacteria genera of Sporosarcina, Jeotgailcoccus, and Staphylococcus were significantly decreased in the CHg group and
CCH group. The bacteria genus Anaeroplasma was significantly increased in the CCH group. The results indicated that high
doses of Cu and Hg caused histopathological lesions and changed the diversity of microbiota in the cecum of female mice, which
provide a theoretical basis for more accurate assessment of the risk in intestinal diseases caused by Cu and Hg.

Keywords Copper - Mercury - Cecum - Microbiota - 16S rRNA - Mice

Introduction become a serious threat after continuous production, leaching,

and emission into the environment. Most heavy metals are
With the rapid industrialization and urbanization in China difficultly biodegradable, hazardous, and toxic to the environ-
over the last few decades, pollution of heavy metals has  ment [1, 2]. Previous studies have shown that certain heavy
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metals may lead to diarrhea, gastrointestinal disorders, stoma-
titis, and vomiting [3]. Despite of the toxicity of heavy metals,
humans and animals are at the risk of being exposed to heavy
metals by accidentally consuming contaminated water and
animals. In addition, heavy metals may transfer and accumu-
late in the food chain. Thus, most living organisms in a given
ecosystems are likely or even inevitably to be contaminated
due to contaminated air, water, soil, and food chains.

Copper (Cu) and mercury (Hg) are well recognized as pol-
lutants and toxic to the environment. The effects of Cu and Hg
depend on quantities. What’s more, Cu is the most widely
distributed nonferrous metals in China. Cu in small quantities
is an essential chemical element for hemoglobin synthesis in
the chicken and a necessary component of various metallo-
enzymes [4, 5]. Appropriately, small amounts of Cu can be
regarded as nutritional additives, whereas excessive amounts
of Cu can lead to liver diseases and severe neurological defects
[6]. Furthermore, Cu toxicity can induce damage to intestinal
tissues [7]. Hg is regarded as one of the most toxic heavy
metals, it is emitted and accumulated in the atmosphere during
the gradual process of industrial chemicals or discarded elec-
trical products. All forms of Hg have adverse effects on health
at high doses. Hg can abnormally stimulate the organism to
cause gingivitis, gastrointestinal disorders, and acute hepato-
toxicity [3, 8]. It was reported that inhabitants near the indus-
trial sites of Cu mining and processing areas were exposed to
suspended particulate matters (SPM) in air [9]. Minamata dis-
ease is the result of Hg toxicity caused by the consumption of
Hg-contaminated fish [10]. Cu- and Hg-containing contami-
nating foods or water are ingested by the digestive system,
which inevitably results in direct contact of Hg and Cu with
the microorganisms in the gastrointestinal tract.

Gastrointestinal microbiota in the digestive tract plays a
pivotal role in nutrition and the body’s health by promoting
metabolic functions, preventing pathogen colonization, shap-
ing, and maintaining normal mucosal immunity [11]. Gut bac-
teria are essential modulators impacting homeostasis. Under
normal circumstances, the initial establishment of microbiota
can reduce the risk of developing diseases such as allergic
disorders, chronic immune-mediated inflammatory diseases,
type 1 diabetes, and obesity [12]. On the contrary, deregula-
tion of gut homeostasis by certain bacteria could lead to dis-
eases or even death because of the poisoning of the body
caused by bacterial byproducts when the structure of intestinal
microbiota have changed [13]. The gut microbiota may be a
significant mediator of the bioavailability and toxicity of en-
vironmental pollutants including heavy metals [14]. However,
non-absorbed heavy metal residuals in the gastrointestinal
tract could change the intestinal microbiota, resulting in the
changes in the qualitative and quantitative composition of
bacteriocenosis [15, 16]. Taken together, the gastrointestinal
microbiota and its metabolites could play a key role in the
host’s physiology.

However, there is little research on high doses of Cu and
Hg causing diseases by changing the gastrointestinal microbi-
ota. Hence, we investigated the effects of high doses of Cu and
Hg on the cecal microbiota in mice and analyzed the differ-
ences of intestinal microbiota using high-throughput 16S
rRNA gene sequencing technology, in order to provide a the-
oretical basis for more accurate assessment of the risk in in-
testinal diseases caused by Cu and Hg.

Materials and Methods
Animals and Sample Collection

All animals used in this experiment were approved by the
Committee of Animal Welfare. Animal studies and experi-
ments were approved and carried out according to
Institutional Animal Care and Use Committee guidelines at
College of Animal Science and Technology, Jiangxi
Agricultural University.

For the experiments, the treatment of mice were measured
by reference to Mitra et al. and Wildemann et al., respectively
[17, 18]. After a 7-day adaptation period, 48 Kunming female
mice (8-week old) were weighed and randomly divided into
four groups: the control group (CCk group, average weight =
27.66 g, 0 mg/kg-bw Cu, 0 mg/kg-bw Hg), the dietary of the
Cu group (CCu group, average weight =27.71 g, 5 mg/kg-bw
Cu), the dietary of the Hg group (CHg group, average weight
=27.22 g, 2 mg/kg-bw Hg), and the dietary of the Cu+ Hg
group (CCH group, average weight =27.00 g, 2.5 mg/kg-bw
Cu, 1 mg/kg-bw Hg). Briefly, mice were housed in cages of
n=12 animals with free access to sunlight and basal diet,
purified water with different doses of Cu or/and Hg. Copper
chloride (CuCl,) and mercuric chloride (HgCl,) were used as
the sources of Cu and Hg in this experiment respectively.

At the 90th day, six mice randomly selected from each
group were weighed and euthanized by cervical dislocation
after anesthesia. Cecal contents were obtained out of a sterile
conditions to 1.5 ml EP tube and stored at — 80 °C for further
analysis. Meanwhile, cecal tissues were collected and fixed in
4% paraformaldehyde for histological observation.

Histopathological Examination

Cecal tissues were dissected, rinsed with saline, and then fixed
in 4% paraformaldehyde. The tissues were then dehydrated in
an ascending gradient of ethanol (70-100%) for dehydration
and were made transparent by dipping in xylene three times
(for 4 min, 2 min, and 30 s). The paraformaldehyde-fixed
samples were embedded in paraffin, and stained with hema-
toxylin and eosin (H&E). The ultrathin-stained sections were
observed using an optical microscope and photographs were
taken to evaluate pathology.
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Microbial DNA Extraction

Total microbial genomic DNA samples of the intestinal con-
tents of mice was extracted using the DNA extraction kit
(Agilent, China) according to the manufacturer’s protocol,
and stored at —20 °C prior to further analysis. The quantity
of extracted DNAs were measured using a NanoDrop ND-
1000 spectrophotometer (Thermo Fisher Scientific,
Waltham, MA,USA) and quality were examined by electro-
phoresis on 1% agarose and visualized by the GelDoc XR
System (Bio-Rad, USA) respectively.

PCR Amplification, Qualification, and Purification

Paired-end sequencing was used to annotate the specific bac-
terial taxonomic position, since the sequences of the V4 re-
gions of the bacterial 16S rRNA genes include a unique char-
acter of a bacterial species. The V4 region flanked by the
evolutionary conserved regions were used to design polymer-
ase chain reaction (PCR) primer and it was then amplified
using PCR with the primers. The bacterial 16S rRNA univer-
sal prime sequences synthesized at Shanghai Personal
Biotechnology Co., Ltd. (Shanghai, China) are 563F5’
AYTGGGYDTAAAGNG3' (forward primer) and 802R5’
TACNVGGGTATCTAATCC3' (reverse primer). The PCR
components contained 5 pl of Q5 reaction buffer (5 x), 5 ul
of Q5 High-Fidelity GC buffer (5 x), 0.25 ul of Q5 High-
Fidelity DNA Polymerase (5 U/ul), 2 ul (2.5 mM) of
dNTPs, 1 ul (10 uM) of each forward and reverse primer,
2 ul of DNA template, and 8.75 ul of ddH20. The PCR
amplification condition was as the follows: initial denaturation
at 98 °C for 30 s; denaturation at 98 °C for 15 s, annealing at
50 °C for 30 s, extension at 72 °C for 30 s; final extension
72 °C for 5 min; preservation at 4 °C for 30 min. PCR prod-
ucts were purified with Agencourt AMPure Beads (Beckman
Coulter, Indianapolis, IN) and quantified using the PicoGreen
dsDNA Assay Kit (Invitrogen, Carlsbad, CA, USA). After the
individual quantification step, amplicons were pooled in equal
amounts, and paired-end 2 x 300 bp sequencing was per-
formed using the Illlumina MiSeq platform with MiSeq
Reagent Kit v3 at Shanghai Personal Biotechnology Co.,
Ltd. (Shanghai, China).

Sequencing

After the construction of metagenomic libraries follow-
ing the manufacturer’s instruction (Illumina, USA), we
performed mate-pair sequencing on 2 x 300 base pairs
(bp) with MiSeq Reagent Kit v3(600-cycles-PE)
(Illumina, MS-102-3003) for the libraric on Miseq.
The library with fixed adaptors is denatured to single
strands and grafted to the flowcell, followed by bridge
amplification to form clusters which contain clonal

@ Springer

DNA fragments. Before sequencing, the library splices
into single strands with the help of linearization en-
zyme, and then four kinds of nucleotides (ddATP,
ddGTP, ddCTP, ddTTP) which contain different cleav-
able fluorescent dye and a removable blocking group
would complement the template one base at a time,
and the signal could be captured by a (charge-coupled
device) CCD. MiSeq uses two lasers and four filters to
detect four types of nucleotide (A, T, G, and C). MiSeq
control system (MCS v2.4.1) and real-time analyzer
(RTA) is in charge of picture background normalization,
signal location correction, cross-talk correction, signals
conversion, and sequencing data generation.

Sequence Analysis

Raw sequencing reads with exact matches to the barcodes
were assigned to respective samples and identified as val-
id sequences. Through quality control using Quantitative
Insights Into Microbial Ecology (QIIME, v1.8.0) [19].
Briefly, raw sequencing reads with exact matches to the
barcodes were assigned to respective samples and identi-
fied as valid sequences. The low-quality sequences were
filtered through the following criteria [20, 21]: sequences
that had a length of < 150 bp, sequences that had average
Phred scores of < 20, sequences that contained ambiguous
bases, and sequences that contained mononucleotide re-
peats of >8 bp. Paired-end reads were assembled using
FLASH [22]. After chimera detection, sequences of
amplicons of the bacterial 16S rRNA V4 region obtained
by high-throughput sequencing were clustered into oper-
ational taxonomic units (OTUs) at 97% sequence identity
by UCLUST [23]. A representative sequence was selected
from each OTU using default parameters [24]. An OTU
table was further generated to record the abundance of
each OTU in each sample and the taxonomy of these
OTUs. OTUs containing less than 0.001% of total se-
quences across all samples were discarded. To minimize
the difference of sequencing depth across samples, an av-
eraged and rounded rarefied OTU table was generated by
averaging 100 evenly resampled OTU subsets under the
90% of the minimum sequencing depth for further analy-
sis. Then according to the number of sequence containing
each OTU in each sample, the matrix file of OTUs in each
sample was constructed. OTUs were labeled with taxo-
nomic information by using the 16S rRNA gene sequence
data bank. The sequences were labeled with taxonomic
phylum, class, order, family, genus, species, and unclassi-
fied [25]. The relative abundance of each bacterial species
in the sample were also determined by R software.
Additionally, Venn diagrams were plotted to show the
shared and unique OTUs in each specified group using
the R software (Version 2.11.1) [26].
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Bioinformatics and Statistical Analysis

We conducted alpha diversity analysis to estimate whether the
identified 16S rRNA sequences could include all the bacteria
in the samples. The alpha diversity was analyzed through
following programs. Shannon curves were plotted by the
QIIME software. Shannon index increases as the number of
identified sequences increases in a sample, which indicates
that unique bacterial species are increasingly identified in a
sample. Saturation of the Shannon curves shows that the num-
ber of unique bacterial species does not increase as the number
of identified sequences increases, which suggests that the
identified 16S rRNA sequences may contain all the bacteria
in the samples.

Bacterial relative abundance was determined to identify the
most dominant bacterial species, which represented the bacte-
rial profile in the samples. Uparse software package
(v7.0.1001) and QIIME software were used to analyze bacte-
rial abundance. LEfSe analysis was used to compare the dif-
ference in bacterial abundance between different groups [27].
The complete dataset was submitted to the National Center for
Biotechnology Information (NCBI) Short Read Archive data-
base with the accession number PRINA418396.

Results
Body Weight and Histopathology of Cecal Tissues

At the 90th day, the weights of mice were analyzed by one-
way ANOVA. Data were presented in the format of mean +

Fig. 1 Histologic analysis in
cecal tissues (HE. 200 x). The
four groups are the control group
(CCk group), the Cu group (CCu
group), the Hg group (CHg
group), and the Cu + Hg group
(CCH group). The numbers in the
figures indicated (1) inner
muscularis, (2) outer muscularis,
(3) submucosa, (4) goblet cells,
and (5) intestinal villi and central
lacteal

SE. Compared to control group (31.49+£0.64 g), the weights
of mice in the CCu group (29.25+0.87 g), the CHg group
(26.13+0.59 g), and the CCH group (27.43 £0.40 g) were
significantly decreased (P <0.05). As shown in Fig. 1, com-
pared to the CCk group, cecal tissues in the three treatment
groups (CCu group, CHg group, and CCH group) had histo-
pathological lesions including increased thickness of inner
muscularis and outer muscularis, widened submucosa, a de-
creased in the number of goblet cells, mild to moderate necro-
sis of enterocytes, blunting of intestinal villi and severe atro-
phy of central lacteal.

Sequence Data and OTUs

There were 21 DNA samples with the concentration above
20 ng/uL out of totally 24 samples, which met the test require-
ments. The three samples unqualified were removed. A total
0f 825,808 bacterial 16S rRNA gene sequences were obtained
from 21 samples. Six hundred eighty-one thousand and six
hundred seventy-three sequences passed the quality control
filtering and were regarded as high quality. The 681,673 reads
were used for abundance analysis, diversity analysis, and tax-
onomic comparison; summary information of the sequencing
data was presented in Table 1. Additionally, 2912 unique
OTUs were constructed by the QIIME software, and on aver-
age, there were 2250 unique OTUs in each sample. As shown
in Fig. 2a, the OTUs were annotated at the levels of phylum,
class, order, family, genus, species, and unclassified by the
RDP classifier and the 16S rRNA sequence database, and
the GreenGene database. The annotations of all the 2912 were
presented in the Venn diagrams Fig. 2b. It showed that four
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Table 1 Effective sequence and high-quality sequence Bioinformatics and Statistical Analysis
Sample ID  Effective sequence  High-quality sequence  Ratio (%)

Shannon curve was used to assess species abundance. It al-
CCK 1 28,977 24,509 84.58 lows the calculation of species richness for a given number of
CCK 2 24,773 22,281 89.94 samples based on the construction of rarefaction curves. The
CCK 3 27,010 22,932 84.90 Shannon curves (Fig. 3a) of observed species reached a pla-
CCK 4 23,754 21,142 89.00 teau as the number of identified sequences increased, suggest-
CCK 5 28,417 23,986 84.41 ing that the identified sequences could sufficiently cover the
CCul 28,690 23,800 82.96 bacteria in the samples. The rank abundance curves (Fig. 3b)
CCu?2 26,899 20,693 76.93 also became stable, indicating that the species distribution was
CCu 3 27,231 22,461 82.48 uniform. This result showed that the 21 samples contained a
CCu 4 51,202 42,793 83.58 relatively low proportion of highly abundant bacteria because
CCus 65,754 53,327 81.10 the end of the curves represented a majority of the reads which
CHg 1 28,412 22,823 80.33 belonged to the rare bacteria in different groups.
CHg2 49,744 42,487 85.41
CHg 3 48,870 40,404 82.68 L . .
CHg 4 49,551 39.634 7999 Microbial Community Structure Analysis
CHg 5 46,780 37,579 80.33 .
CCH 1 48,959 40.963 83.67 At the phylum level, although the major phyla among the four
CCH 2 49.851 40,406 81,05 groups were almost uniform, their relative abundances were
CCH 3 46,520 39.815 85.59 different. As shown in Fig. 4a, the total of 1dent1ﬁed phyla for
CCH 4 48,547 39,516 4140 samples were 11. In the CCk group, the community .was.maln-
CCH 5 44,586 36,006 20,76 ly composed of Bactef’ozdetes (45.36%), I'J’Irmzcute's
p— 31081 24116 77,09 (30.12%), Proteobacteria (21.52%), and Actinobacteria

groups shared 1194 OTUs, accounting for 41.0% of the total
OTUs. The unique OTUs respectively accounted for 0.76%,
0.93%, 0.96%, and 3.09% in each of the four groups. This
procedure showed the uniqueness, similarity, and overlap of
the OTUs composition of the samples.

6000 -

The Number of OTUs

2000~

TggIBLIYI3ISpI0EeEIREee

OCOO0OO00O0OO0OO0OOOILT LTI IITJJO0OOOV

QOO O0OO0OO0OO0LOLOLOOLOOLOOLOOOOOOOo
Sample

Fig. 2 a Statistical results of OTUs identification and classification. The
OTU number of phylum, class, order, family, genus, and species. The
number of OTUs that could not be classified into any known group were
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4000~ I Phylum
Class
M Order
M Family
M Genus
[ species
1 Unclassified

(2.22%). In the CCu group, the community was mainly com-
posed of Firmicutes (48.08%), Bacteroidetes (34.52%),
Actinobacteria (8.70%), Proteobacteria (6.71%), and
Spirochaetes (1.20%). In the CHg group, the community
was mainly composed of Firmicutes (48.73%),
Bacteroidetes (25.00%), Proteobacteria (13.17%),
Spirochaetes (6.43%), and Actinobacteria (4.83%). In the
CCH group, the community was mainly composed of

CCH

90

designated as “unclassified.” b Venn diagram showing the unique and
shared OTUs in the different groups



High Doses of Copper and Mercury Changed Cecal Microbiota in Female Mice

139

a

shannon: SamplelD

4 Wcenm
[ cc2
& ccn3
W ccua
W ccus
| [Occne
[ cexi
[ cckz
B ccx3
[l ccxa
B ccks
1 Eccu
& ccuz
& ccus
[ ccus
& ccus
4 Ecngt
[ cug2
[ cHgs
W chgs
& chgs

Rarefaction Measure: shannon

15000 20000 25000 30000 35000

Sequences Per Sample

0 ) 1
0 5000 10000

Fig. 3 a Shannon curve. The Shannon curves reached a plateau as the
number of identified sequences increased, suggesting that the identified
sequences could sufficiently cover the bacteria in samples. b Rank

Firmicutes (60.13%), Bacteroidetes (21.69%), Proteobacteria
(6.97%), Actinobacteria (4.83%), and Spirochaetes (4.97%).
The classification was further analyzed and discovered at
the genus level. Each group had a variety of diversity at the
genus level and the samples showed differences. In addition, a
small number of bacteria were not identified. As shown in Fig.
4b, the total of identified genera for the samples were 57. The
dominant genera in the CCK group were Acinetobacter
(18.94%), Staphylococcus (3.51%), Lactobacillus (3.33%),
Odoribacter (2.82%), and Bacteroides (1.79%). The commu-
nity in the CCu group was mainly represented by Allobaculum
(22.94%), Bifidobacterium (4.49%), Oscillospira (4.23%),
Bacteroides (4.09%), and Ruminococcus (1.77%). The com-
munity in the CHg group was mainly composed of
Lactobacillus (6.12%), Treponema (6.43%), Oscillospira

3 )
S 3 - 5
o S o o

Samples

a 100 4

8

3

M Firmicutes

6 M Bacteroidetes

3

I Proteobacteria
M Spirochaetes
M Actinobacteria
M Tenericutes

B Verrucomicrobia
W T™7
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W Cyanobacteria
M Acidobacteria

40 o

Relative abundance (%)

2

S

b

OTU Abundance(log2)

Rank Abundance Curve

— CCH1 — cCut
— CCH2 — CCu2
— CCH3 — CCu3
— CCH4 — CCud
— CCH5 — CCus
— CCH6 — CHg1
— CCK1 — CHg2

— CCK2 — CHg3
~— CCK3 — CHg4
~— CCK4 — CHgs
— CCKs

o

O

500 1000

OTU Rank

abundance curves. Each curves represents OTU distribution in one
sample. The smoother the broken line, the higher the evenness of the
community

(6.19%), Desulfovibrio (6.78%), and Odoribacter (4.18%).
The community in the CCH group was mainly composed of
Lactobacillus (10.05%), Treponema (4.97%), Bacteroides
(4.09%), Oscillospira (3.40%), Allobaculum (3.30%), and
Bifidobacterium (2.79%). The dominant genera had obviously
different abundances among the four groups.

Analysis of Intestinal Microbiota Among the Different
Groups

To explore the composition of intestinal microbiota in differ-
ent groups, the differences in the relative abundance of the
microbiota in samples were detected using LEfSe analysis.
As shown in Fig. 5, compared to the CCk group at the phylum
level, there was no significant difference in the CCu group, or

X 3 > I
Q I
3 3 5 3

Samples

b 100 o

I Acinetobacter
I Allobaculum

I Lactobacillus
M Treponema

M Desulfovibrio
M Staphylococcus
W Odoribacter

M Oscillospira

M Bacteroides

M Bifidobacterium
M Corynebacterium
W Coprococcus
M Ruminococcus
M Adlercreutzia
M Anaeroplasma
M Sutterella

I Rikenella

Il Dehalobacterium
M Dorea

M Clostridium

M Other (37)

80 o

60 o

40 4

Relative abundance (%)

20

04

Fig. 4 a Relative abundances at the phylum level. b Relative abundances under the bacterial genus level
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Fig.5 Cladogram of significant difference between groups, including the
comparison between the control group and the CCu group (a), between
the control group and the CHg group (b), and between the control group
and the CCH group (¢). The cladogram shows OTUs of the sample from
the phylum to the genus (from the inner to the outer ring in the figures) the
hierarchical relations. The average relative abundance of the OUTs was
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represented by the node size. The yellow node represents no significant
difference between the groups (P> 0.05), but other colors (such as green
and red) showed that these OTUs showed a significant difference
between the groups (P <0.05). The LDA scores represent differently
abundant taxa after treating with Cu or/and Hg (only taxa meeting LDA
>2.5 are shown)
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in the CHg group (P > 0.05) but Tenericutes were significantly
increased in the CCH group (P < 0.05). Compared to the CCk
group at the genus level, Corynebacterium were significantly
increased whereas Rikenella, Odoribacter, Jeotgailcoccus,
and Staphylococcus were significantly decreased in the CCu
group (P <0.05). Butyricimonas, Dehalobacterium,
Coprococcus, Oscillospira, and Bilophila were significantly
increased whereas Sporosarcina, Jeotgailcoccus,
Staphylococcus, and Acinetobacter were significantly de-
creased in the CHg group (P <0.05). Dehalobacterium,
Coprococcus, and Anaeroplasma were significantly increased
whereas Sporosarcina, Jeotgailcoccus, Staphylococcus, and
Acinetobacter were significantly decreased in the CCH group
(P<0.05).

Discussion

Cu at small amounts is an essential nutrient for all animals
whereas excessive amounts of Cu may lead to some symp-
toms including anorexia, vomiting, lethargy, and gastrointes-
tinal bleeding [6]. Hg has strong toxicity to animals and
humans in biochemistry and physiology. Inorganic forms
of Hg may cause gastrointestinal disorders, such as corrosive
esophagitis and hematochezia [3]. Damaged gastrointestinal
tract affects the digestion and absorption of nutrient sub-
stance, leading to weight loss in animals. In our experiment,
we also found that the weight of mice in the Cu group and
Hg group decreased significantly compared with the control
group. When exposed to excessive Cu, the dysfunction of
bile excretion of Cu could lead to the retention of Cu in
tissues, individual enterocyte necrosis with enterocytes in
the lumen and blunt of the villi [7, 28]. Hg in the form of
its water-soluble salts is a highly potent poison, and could
lead to extensive corrosive damage to the gastrointestinal
tract [29]. Histopathology of the cecum in the Cu group
and Hg group showed mild to moderate necrosis of
enterocytes, blunt of intestinal villi, and severe atrophy of
central lacteal. Hence, the digestion and absorption of sub-
stances could be affected by these damaged intestinal tis-
sues. As a result, the weight decreased in the mice. These
evidences suggested that the mice were affected by Cu and
Hg.

To better understand the composition of the microbial com-
munity and diversity of the samples at the phylum and genus
level in cecal tissues of female mice, we conducted high-
throughput sequencing of the bacterial 16S rRNA. We found
that Cu and Hg pollution could induce significant changes in
the composition of the gastrointestinal microbiota at both the
phylum level and the genus level. LEfSe analysis was used to
evaluate the differences in bacterial abundance among differ-
ent groups.

The Effects of Cu on Intestinal Microbial Community

At the phylum level, we found that there were no significant
changes. At the genus level, compared to the CCk group,
Corynebacterium were significantly increased whereas
Rikenella, Odoribacter, Jeotgailcoccus, and Staphylococcus
were significantly decreased in the CCu group (P <0.05).
Corynebacterium glutamicum is the Corynebacterium-
Mycobacterium-Nocardia group of actinomycetes.
Interestingly, it has been reported that CopRS (previously
named as cgtRS9) is a significant regulatory system in
Corynebacterium glutamicum for the extracytoplasmic sens-
ing of elevated Cu ion concentrations and for the induction of
a set of genes capable of Cu efflux [30]. Therefore, in the Cu-
contaminated environment, Corynebacterium can endure Cu
damage due to the anti-copper regulatory system CopRS. The
number of Corynebacterium goes up relatively than other
genera which have no anti-copper regulatory system. It indi-
cated that Corynebacterium can tolerate relatively high levels
of Cu and grow in the environment with Cu pollution.

In contrast, Rikenella, Jeotgailcoccus, and Staphylococcus
were significantly decreased in the Cu group (P < 0.05) in our
study. Up to date, all cultured members of the family
Rikenellaceae are described as strictly anaerobic [31].
Nevertheless, copper- and zinc-containing superoxide dismut-
ase (Cu/ZnSOD) is one of the anti-oxidant enzymes found in
the periplasm of Gram-negative bacteria [32, 33]. Exposed to
excess metal ion, the coordination mode of the Cu (II) ion
could mimic the binding of the metal ion in the active center
of the CuZnSOD enzyme [34]. Previous studies have demon-
strated that the enzyme catalyzed the dismutation of superox-
ide radicals (O,¢ ) to molecular oxygen (O,) and hydrogen
peroxide (H,O,). The first step reaction (reaction 1) begins
with the O,* substrate binding to Cu (II), and subsequently,
Cu (IT) is reduced to Cu (I), and O, is oxidized to molecular
oxygen O, (reaction 2). The Cu center is cyclically reduced
and oxidized by superoxide [35].

Cu"Zn"SOD + 0, —0, + Cu'Zn"SOD (1)

Cu'Zn"'SOD + 0, + 2H'"—H,0, 4+ Cu"Zn"'SOD  (2)

Cu exposure promotes the activities of Cu/ZnSOD antiox-
idant enzymes [36]. Furthermore, this reaction can produce
oxygen which can inhibit the growth of the strictly anaerobic
bacteria Rikenella. Hence, abundance of this bacteria would
decrease in the environment with Cu contamination.
Additionally, Jeotgailcoccus and Staphylococcus belong to
the family Staphylococcaceae which are Gram-positive coc-
cus bacterium. Few studies have reported that Gram-positive
cocci could have been affected in the Cu-contaminated envi-
ronments. Similar studies reported that Gram-positive
Enterococcus hirae is dependent on the activity of two
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ATPases (CopA and CopB), which are regulated in their ex-
pression by the Cu concentration. CopA is probably respon-
sible for Cu uptake and nutrition and CopB (35% similar to
CopA) is probably responsible for diminishing Cu stress and
detoxification [37]. However, Solioz et al. [38] showed by
genetic analysis that wild-type E. hirae can only tolerate up
to 8 mM Cu in the media. Hence, excessive Cu is still toxic to
E. hirae and do not induce the Cop-operon expression. In our
study, Jeotgailcoccus and Staphylococcus could also be
inhibited by the presence of high concentrations of Cu.

The Effects of Hg on Intestinal Microbial Community

At the phylum level, we found that the changes in the abun-
dance of predominant bacteria were uniform as well as the
CCu group compared with the CCk group, but the changes
in the CHg group were significant different at the genus level.
Gram-negative bacteria Butyricimonas, Dehalobacterium,
Oscillospira, and Bilophila were significantly increased
(P <0.05), whereas Gram-positive bacteria Sporosarcina,
Jeotgailcoccus, and Staphylococcus were significantly de-
creased in the CHg group (P < 0.05). There are specific uptake
systems about inorganic Hg on periplasmic proteins in Gram-
negative bacteria. In other words, resistance to inorganic Hg is
encoded by the genes of the mer operon and can be located on
transposons, plasmids, and the bacterial chromosome [39].
Protein MerP probably delivers the toxic cation to the Hg
transporter MerT for transport into the cytoplasm to prevent
toxic effects in Gram-negative bacteria [37, 40]. This show the
effect of Hg contamination on the growth of Gram-negative
bacteria was smaller than that of Gram-positive bacteria.
Therefore, the abundance of Gram-negative bacteria would
increase relatively, while that of Gram-positive bacteria would
decrease. These correspond with our experimental results. On
the other hand, it is considered that Sporosarcina,
Jeotgailcoccus, Staphylococcus, and Acinetobacter were sig-
nificantly decreased in the CHg group (P < 0.05). It is consid-
ered that Sporosarcina and Acinetobacter is aerobic bacteria,
Jeotgailcoccus and Staphylococcus are obligate aerobes (0x-
ygen reliant), or facultative anaerobes (having the ability to be
aerobic or anaerobic), which are both associated with oxygen.
Furthermore, Hg intoxication could lead to disturbed cellular
function or biochemical damage which includes induction of
free radical formation, and inhibition of activity glutathione
peroxidase enzyme (GSH-Px) [41]. Therefore, the presence of
Hg reduces oxygen production to a certain extent by inhibiting
glutathione peroxidase activity, which may decrease the abun-
dance of aerobic bacteria in our study, such as Sporosarcina,
Acinetobacter, Sporosarcina, and Jeotgailcoccus. On the con-
trary, Coprococcus species are Gram-stain-positive and obli-
gately anaerobic. Hence, the decrease in oxygen contributes to
the growth of anaerobic Coprococcus, which may partially
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explain the increase in abundance of Coprococcus in the
CHg group in our study.

We found that there were significant differences in the type
and abundance of bacteria between the CCk group and each of
the three treatment groups (CCu group, CHg group, CCH
group). At the genus level, compared to the CCk group, the
changes of intestinal microflora in the CHg group were greater
than the changes in the CCu group, which indicated that Hg
could have greater effect on the gut microbiota than Cu. In
other words, Hg is more toxic than Cu.

The Effects of Cu and Hg on Intestinal Microbial
Community

The microbial community structure composition showed that
the changes in the abundance of predominant bacteria in the
CCH group were similar to the CCu group and CHg group at
the phylum level. Furthermore, the abundance of Tenericutes
were significantly increased (P < 0.05).

At the genus level, the predominant genus bacteria in the
CCH group were consistent with CHg group. In addition, the
changes in abundance of Dehalobacterium and Coprococcus
in the CCH group were consistent with the changes in the
CHg group. Interestingly, the increase was even more pro-
nounced, which may indicate that Hg has a greater effect on
these two bacteria than Cu because these two bacteria may
have a strong regulatory system to resist Hg damage. In addi-
tion, it suggested that the element Cu could have a synergistic
relationship with Hg. The abundance of Anaeroplasma were
significantly increased (P < 0.05). Anaeroplasma belongs to
Gram-positive and is obligately anaerobic. The characteristics
of these bacteria are similar to Coprococcus. In this study, the
change in abundance of Anaeroplasma was similar to the
change in abundance of Coprococcus.

The changes in the abundance of Sporosarcina,
Jeotgailcoccus, Staphylococcus, and Acinetobacter in the
CCH group were strictly identical with the CHg group.
Similarly, it was more suggested that Hg plays a major role
in the CCH group.

Conclusion

Taken together, we found that high doses of Cu and Hg might
decrease the mice’s body weight and cause histopathological
lesions including increased thickness of inner muscularis and
outer muscularis, widened submucosa, decreased in the num-
ber of goblet cells, mild to moderate necrosis of enterocytes,
blunting of intestinal villi, and severe atrophy of central lacte-
al. Furthermore, high doses of Cu and Hg changed the diver-
sity of microbiota in the cecum of female mice and there may
be a synergistic relationship between Cu and Hg.
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