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ABSTRACT. The decay of animal corpses may release various nutrients into the surrounding environment and participate in the biogeo-
chemical cycle. However, few studies have involved the sulphur cycle in animal corpse decay. Here, we conducted an indoor control ex-
periment at five different temperature gradients (23, 26, 29, 32 and 35 °C) to explore the change of sulphur cycling microbes and genes
under corpse decay by metagenomic sequencing, metagenomic binning, and 16S rRNA sequencing. Our results showed that total sulphur
content decreased by 41.82% due to decomposition. The dominant phyla of the S-cycle microbes were Proteobacteria, followed by Bacte-
roidetes and Acidobacteria. Corpse decay decreased the pathways involved in assimilatory sulphate reduction, sulfur oxidizing (Sox) sys-
tem, organic sulphur transformation, and sulphur oxidation pathway, but increased the links between inorganic and organic sulphur trans-
formation. The alpha diversity of sulphur cycling genes decreased with increasing temperature and the deterministic process was dominant
in most of temperature gradients. The diversity of microbial community was the main driving factors of sulphur cycling genes, followed
by corpse decay and temperature. We obtained 257 high-quality metagenome assembled genomes (MAGs) containing sulphur cycling genes,
and the results of metagenome-assembled genomes provide evidence for the covariation of sulphur cycling genes, such as sir, cysD, cysH,
and ssuC, which shared the function of assimilatory sulphate reduction. Our research reveals the pathways of microbial sulphur cycling

and contributes to the understanding of the elemental cycle associated with animal corpse decay.

Keywords: carcass decomposition, aquatic environment, temperature rising, sulphur circulation pathway

1. Introduction

Animal corpse decomposition is one of the most wide-
spread natural processes on the Earth. Approximately 5,000 kg
of animal corpses can be generated in the soil per square kilo-
meter annually (Carter et al., 2007). Metabolic products of car-
cass decomposition such as various cadaveric fluids have signif-
icant impacts on soil ecosystems (Szelecz et al., 2018; Risch et
al., 2020). Previous research has found that the process of animal
corpse decay can lead to a unique microhabitat, alias cadaver de-
composition island (CDI) (Carter et al., 2007; Onyejike et al.,
2022). During the process of cadaver decay, many decomposers
including small invertebrates as well as larger vertebrates are at-
tracted by the volatile compounds produced during corpse de-
composition (Park et al., 2021; Sahil et al., 2022; Kientega et al.,
2023). Microbial communities are crucial for corpse decomposi-
tion through their direct association with chemical breakdown of
tissues and cell structures (DeBruyn, 2016; Jessica et al., 2016;
Hilal et al., 2021). Complex organic compounds, including pro-
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teins and lipids, can be converted into substances with typical
‘cadaveric’ odor, such as cadaverine, putrescine, and ammonia
released during the microbial decomposition of dead bodies (Joy
et al., 2020; Zhou et al., 2021). Cadaveric material released dur-
ing carcass decomposition — cause shift in the physicochemical
properties of surrounding soil environment into highly eutrophic
and rich in macro-elements such as carbon, nitrogen, phospho-
rus, sulphur and calcium (Vass et al., 1992; Hopkins et al., 2000;
Cholewa et al., 2022). Previous studies have shown that the mi-
crobiota-dominated whale bone decay process can release sul-
phur-containing substances (Craig et al., 2014) and lead to the
enrichment of sulfophilic bacteria (Treude et al., 2009; Li et al.,
2022). The part of substances utilized by microbiomes will en-
ter the environment and participate in the biogeochemical cy-
cles.

Sulphur cycle is an important geo-biochemical cycle, which
is closely related to other biochemical cycles (in particular car-
bon, nitrogen and phosphorus) (Hagh-Doust et al., 2023; Lai et
al., 2023; Yuan and Ju, 2023) and has a far-reaching impact on
soil ecosystems. Dissolved sulphate, sulphide minerals, and or-
ganic sulphur compounds such as methanethiol or methyl mer-
captan (MeSH) and dimethyl trisulfide (DMTS) in sediments
provide reservoirs of sulphur in freshwater environments (Mu-
yzer and Stams, 2008; Wynn et al., 2009; Iribar and Abalos, 201 1).
Microorganisms play a vital role in the fluctuation of sulphur,
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which determines the sulphur-transformed compounds and their
fate in the environment (Lens and Kuenen, 2001; Ghosh and
Dam, 2009). Specific functional genes in microbial genome en-
code enzymes involved in the sulphur cycle, which are defined
as sulphur cycle genes and encode six pathways: dissimilatory
sulphur reduction, assimilatory sulphate reduction, organic sul-
phur transformation, sulphur oxidation, sulphur disproportion-
ation, and links between inorganic sulphur (IS) and organic sul-
phur (OS) transformation (Yu et al., 2020). These complex chem-
ical pathways are essential for biogeochemical cycle of sulphur
driven by microbes.

Changes in temperature have a profound impact on the rate
of ecological process (Zhang et al., 2023), which further causes
a change in species composition (Pecl et al., 2017) and change
of community structure (Bellard et al., 2012). Species sensitive
to altered temperature will change their abundance according to
their ability to adapt new temperature (Richard and Terence, 2003;
Robetal., 2011), and may even become extinct in certain range
(Bellard et al., 2012), which will lead to devastating consequence
on biodiversity in the region (Nunez et al., 2019). Therefore,
the resilience and resistance of the ecological environment will
decline and become more fragile (Ren et al., 2022). Global cli-
mate warming exerts a selective effect on microbiomes (Wil-
liams et al., 2023). The microbiome associated sulphur genes
were also influenced by temperature. Recent studies mainly fo-
cus on inorganic sulphur transformation in extreme environ-
ments such as deep-sea hydrothermal vent plumes (Zhou et al.,
2023a) and polar ice-capped lake (Vigneron et al., 2021). How-
ever, the role of freshwater microbiome and its functional genes
associated with the S-cycle on the transformation of organic sul-
phur remain unknown.

To fill this research gap, we conducted an incubation ex-
periment with mesocosms containing fresh water from the Yel-
low River and dead fish carcasses incubated at different tem-
peratures (23, 26, 29, 32 and 35 °C). The Yellow River, the sec-
ond longest river in China, provides water resources for the 9
coastal provinces and is closely impacted by anthropogenic ac-
tivities (Li et al., 2021), such as aquaculture and emission of in-
dustrial wastewater. In conclusion, it is necessary to investigate
the effect of temperature and corpse decomposition on the sul-
phur cycle microbiomes in the Yellow River. Characterization
of sulphur cycle genes and sulphur metabolism is important to
understand the sulphur cycle process in the environment. In this
research, we chose fish (Cyprinus carpio haematopterus) as the
model of decomposition because of the large number, wide dis-
tribution, short life span and easy to die on a large scale (Bho-
sale et al., 2006) when the disease breaks out. Previous research
had reported that the abundance variation of sulphur bacteria
with temperature gradients (Nakagawa and Fukui, 2002; Tatsu-
nori and Manabu, 2003), and further results on sulfur cycle
genes showed that sulfate/sulfite reduction (especially assim-
ilatory sulphate reduction) (Ma et al., 2021) and sulfur oxidiz-
ing (Sox) pathways (Konrad et al., 2023) could only maintain
high activity at lower temperature. On the basis of these results,
the hypothesis was put forward that increasing temperature and
corpse decay can exert a negative effect on sulphur cycle mi-
crobiomes and related genes. Compared to the previous study,
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we adopted 16S rRNA gene sequencing and metagenomic se-
quencing in order to elaborate the microbial community and func-
tional genes. To testify to this hypothesis, we put forward three
scientific problems: (1) Whether corpse decay affects sulphur
cycling genes and corresponding microorganisms? (2) Whether
stochastic or deterministic processes dominate the assembly pro-
cess of sulphur cycling genes? (3) What is the characteristic of
the metagenome assembled genome of sulphur cycling microbes?

2. Material and Methods

2.1. Experiment Design and Sample Collection

The experiment in laboratory was conducted in Lanzhou,
Gansu Province, China (36.03°N, 103.40°E) in April, 2021. We
chose Cyprinus carpio haematopterus as a decomposing carcass
model. Totally 20 fish individuals (body weight ranges from
94.52 to 125.52 g) obtained from local wet-market were killed
by narcotic (MS222, LOT: X21M9Y 56602, Hunan Tiancheng
polymer material Co., Changsha, China) and randomly put into
20 plastic boxes. Then 40 L of water collected from the Lan-
zhou section of the Yellow River (36.07°N, 103.86°E) using
sterile plastic bucket was transferred to each box, respectively.
The other 20 boxes contained the same volume of Yellow River
water without corpses as blank control. All boxes were the same
model (0.58 m x 0.45 m x 0.30 m). Before use, the boxes were
rinsed thoroughly with sterile water and medical alcohol, and
after all operations were finished, the boxes were sealed with
plastic film to isolate pollution.

Each box was equipped with a sterile underwater heater
(CN-008-200W, Chuang Ning, China) to control the tempera-
ture at five gradients of 23, 26, 29, 32 and 35 °C, respectively,
with four replicates at each temperature. The control group (CG)
included T23, T26, T29, T32 and T35. The experimental group
(EG) included E23, E26, E29, E32 and E35. Each treatment and
control consisted of four replicates per each temperature. The av-
erage indoor temperature was 18 °C and the relative humidity
was 10%. The experiment lasted for 30 days until the whole de-
composition process was completed. At the end stage of decay,
all muscles and connective tissues had been completely degrad-
ed except the nondegradable bones. Our previous study showed
the photographs of the decomposition under different tempera-
tures (Yang et al., 2022).

After 30 days of incubation, we collected 2.5 L water sam-
ples from each box. To remove large particles of impurities and
collect microbiomes, the water samples were filtrated with 5 and
0.22 um cellulose membranes (Merck Millipore, USA). These
0.22 um membranes were immediately sealed in sterile plastic
tubes and frozen in a refrigerator at —40 °C. In order to fully ex-
tract microorganisms, the filter membranes were cut with sterile
scissors before DNA extraction. Then DNeasy® Power Soil®
Kit (QIAGEN, Germany) was used to extract DNA solutions,
and Nanodrop 2000 Spectrophotometer (Thermo Scientific, IL,
Waltham, USA) was used to determine the DNA concentration.

2.2. Determination of Physicochemical Properties

120 mL water sample was collected for the measurement
of physicochemical properties per box, and the indicators we
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measured included nitrate nitrogen (NO3-N), total carbon (TC),
total nitrogen (TN), ammonium nitrogen (NH4-N), inorganic
phosphorus (IP), organic phosphor (OP), total sulphur (TS), pH,
total dissolved solids (TDS), conductivity (CON), oxidation re-
duction potential (ORP) salinity, and dissolved oxygen (DO).
The quantity of TS was completed by UV spectrophotometry
(Rajesh etal., 2011). More details of physicochemical properties
were expounded in our previous research (Yang et al., 2022).

2.3.16S rRNA Sequencing

The extracted DNA solution was used for further polymer-
ase chain reaction (PCR) amplification and 16S rRNA sequenc-
ing. The detailed process of PCR could be found in our prior
study (Yang et al., 2021) and Supplementary Material.

2.4. Metagenomic Analysis and Binning Analysis

Then the extracted DNA was used for metagenomic sequenc-
ing. More details of whole metagenomic methods and binning
analysis was shown in our prior research (Yang et al., 2022) and
Supplementary Material.

2.5. The Null Model

The null model was used to investigate the assembly pro-
cess of sulphur cycling genes (Gotelli and Graves, 1996; Hou et
al., 2021). When the ratio of deterministic processes occupied
more than 50%, the assembly process can be considered that was
dominated by deterministic processes. It means that environ-
mental factors can influence sulphur cycling genes and then as-
sembly process can be regulated artificially (Hou et al., 2021).
Vice versa indicated the dominant position of stochastic process.

2.6. Statistical Analysis

The details of statistical analysis were shown in Supple-
mentary Material.

3. Results

3.1. The Change of Sulphur-Cycling Microbes

Figure S1 shows the change trend of concentration of total
sulphur. Temperature did not impact the concentration of TS, but
the concentration of TS in the control groups was higher than
that in experimental groups (one-way ANOVA, P < 0.05). The
identified microbes carrying sulphur-cycling genes comprised
the following: bacteria, viruses, eukaryota, archaea and unclas-
sified microbes (Figure S2a). The average ratio of bacteria in
control groups was 53.92% while it in experimental groups was
80.29%, reflecting that bacteria were the dominant hosts carry-
ing sulphur cycling genes (Figure S2a). The result of linear fitt-
ing (Figure S2b) shows the correlation between temperature
and the proportion of bacteria in the control (y = 2.18x — 9.41,
F =10.648, P < 0.05) and experimental groups (y = —0.02x +
80.89, F'=0.004, P > 0.05). In the control groups, the propor-
tion of bacteria was positively related with temperature, with
the range from 46.95% at 23 °C to 74.53% at 35 °C. Figure 1
shows the component of sulphur cycling bacteria at phylum (Fig-

ure la) and genus level (Figure 1b). At the phylum level, the
dominant bacteria was Proteobacteria with the average relative
abundance of 45.30%, followed by Bacteroidetes (6.43%) and
Acidobacteria (5.07%). Compared with the control groups, Pro-
teobacteria and Firmicutes increased significantly, while Acido-
bacteria and Verrucomicrobia decreased (Figure la, one-way
ANOVA, P < 0.05) in experimental groups. With the tempera-
ture rising, the proportion of Proteobacteria increased (one-way
ANOVA, P <0.05). At the genus level, Syntrophomonas and Bu-
rkholderia increased significantly, while the relative abundance
of Clavibacter and Methyloversatilis decreased significantly (Fig-
ure 1b, one-way ANOVA, P < 0.05).

The alpha diversity of sulphur cycling bacteria is displayed
in Figure S3. The result of linear fitting revealed the correlation
between temperature and observed species. The alpha diversity
was negative related with the temperature (P < 0.05), and in the
control groups, alpha diversity was significantly higher than it in
experimental groups (one-way ANOVA, P < (0.05). The slope
of control groups (k =—-276.142) was much higher than experi-
mental groups (k=-39.442). The beta diversity of sulphur cycl-
ing microorganisms is significantly influenced by corpse decay
and temperature rise (Figures 1c and 1d). In the control groups,
the beta diversity changed with the temperature rising, and the
corpse decay made beta diversity converge. The result of PERM
ANOVA also revealed the same conclusion (Table S1). Based
on the Bray-Curtis and Jaccard distance matrices, temperature
changed the structure of sulphur cycling microbial community
in control groups significantly (PERMANOVA, P < 0.05). The
corpse decay also had a significant alteration on the beta diver-
sity (PERMANOVA, P <0.05). But in the experimental groups,
temperature did not impact the beta diversity (PERMANOVA,
P>0.05).

3.2. The Sulphur Cycling Genes Decreased due to Corpse
Decay

The heatmap shows all sulphur cycling genes detected in
this study (Figure S4). Among them, the genes with higher abun-
dance were SoxC, cysJ, cysC, ssuB and pta. Figure 2b showed
the distribution of the abundant sulphur cycling genes among
the experimental groups. The gene SoxC, encoding sulphite de-
hydrogenase, had the highest TPM abundance. Moreover, tem-
perature impacted effects on sulphur cycling genes in the exper-
imental groups as well. In total, 5 sulphur cycling gene clusters
(dmsABC, metABCXYZ, SoxC, betAB and fccA) were negative-
ly correlated with temperature (Figure 2d, linear fitting, P <
0.05). The alpha diversity of sulphur cycling genes (Figure 3a)
in the experimental groups decreased with the elevated temper-
ature (P <0.001), and the alpha diversity in experimental groups
was lower than that in control groups significantly (P < 0.05).
Under the different temperature gradients, the beta diversity of
experimental groups had no differences, but the spots represent-
ing the control and experimental groups were significantly se-
parated (Figures 3c and 3d). The result of PERMANOVA also
verified the conclusion (Table S2). Corpse decay changed the
structure of sulphur cycling genes significantly (PERMANOVA,
P <0.05).
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Figure 1. The sulphur cycling bacterial community composition at the phyla (a) and genera level (b) in the different groups. Only
dominant phyla (the abundance ranks in the top 10) and genera (the abundance ranks in the top 15) are shown. Principal
coordinate analysis (PCoA) of sulphur cycling microbiomes based on Bray-Curtis (c) and Jaccard (d) distance matrices. Each
point represents the average PCoA values of the corresponding dimension of each group. The blue color represents the control
groups, and orange represents experimental groups. The color from light to dark reflects the temperature rise. Abbreviations: E,

experimental groups; T, control groups.
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Figure 2. The distribution of the top ten sulphur cycling genes with the highest abundance in the control (a) and experimental
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from the control (c), and the experimental (d) groups, respectively, in which the orange lines represent positive correlations and
the blue lines represents negative correlations. The functional types of the gene are marked below the diagram.
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Figure 4. The main host microorganisms of the top ten sulphur cycling genes with the highest abundance are shown (a). The
leftmost column represents the gene names, the middle column represents the classification of their hosts at the phylum level, and
the rightmost column represents the classification of their hosts at the kingdom level. The detected sulphur cycling genes are
divided into seven categories (assimilatory sulphate reduction, Sox system, linkages between inorganic and organic sulphur
transformation, organic transformation, sulphur oxidation, sulphur reduction and others) according to the pathways they

participate in, and display by network diagram (b).

Based on the previous study (Yu et al., 2020), the sulphur
cycling genes were divided into eight-unit modules based on
the different functional pathways. In this research, six units were
identified (except sulphur disproportionation and dissimilatory
sulphur reduction/oxidation): sulphur reduction, sulphur oxida-
tion, Sox system, assimilatory sulphate reduction, organic sul-

phur transformation, and linkages between inorganic sulphur
(IS) and organic sulphur (OS) transformation. The genes did not
belong to any of the above categories were defined as “others”.
Figure 4b showed the categories of these genes. According to
the classification, the TPM abundance of the detected genes are
showed in Figure 5. Generally, the TPM abundance of sulphur
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genes showed a downward trend. Corpse decomposition led to
a slump in TPM abundance of assimilatory sulphate reduction
(Figure 5a, one-way ANOVA, P < 0.001), Sox system (Figure
5b, one-way ANOVA, P < 0.001), organic sulphur transforma-
tion (Figure 5d, one-way ANOVA, P <0.01), and sulphur oxi-
dation (Figure 5e, one-way ANOVA, P <(.05). But linkages be-
tween inorganic and organic sulphur transformation genes in-
creased due to corpse decomposition (Figure Sc, one-way
ANOVA, P <0.05).

3.3. The Influences of Temperature Rising on Sulphur
Cycling Genes

Temperature was negatively correlated with the TPM abun-
dance of many sulphur cycling genes (Figure S4). In control
groups, the sulphur cycling genes with highest TPM abundance
were consistent with experimental groups (SoxC, cysJ, cysC,
ssuB and pta) (Figure 2a). Sankey diagram showed the main host
microorganisms of the top ten sulphur cycling genes with TPM
abundance (Figure 4a). Among the genes, SoxC encoding sul-
fite dehydrogenase existed widely in all groups, and the bacte-
ria that mainly carry this gene were Proteobacteria. The gene
cysJ encoding sulfite reductase mainly existed in Bacteroides
and Proteobacteria. The alpha diversity of sulphur cycling genes
descended with elevated temperature, and the rate of decrease
was faster than that in EG (Figure 3a, P < 0.001). Under dif-
ferent temperature gradients, there was basically no change be-
tween beta diversity of sulphur cycling genes (Figure 3c; Table
S2, PERMANOVA, P > 0.05). The 9 sulphur cycling genes
(SoxC, SoxD, pta, mccB, cyslJ, dmsABC, cysC, cysQ and asr-
ABC) correlated with temperature were selected by linear fitt-
ing (Figure 2¢). Except for asr4BC, which participated the cod-

a

Sox system

ing for anaerobic sulfite reductase, increased with temperature,
the other genes were down-regulated (one-way ANOVA, P <
0.05). Figure 5 showed the change of pathways under different
temperature. The rising temperature caused a descending in TPM
abundance of assimilatory sulphate reduction (Figure 5a, one-
way ANOVA, P < 0.001) and organic sulphur transformation
(Figure 5d, one-way ANOVA, P < 0.001). The TPM abundance
of linkages between IS and OS transformation showed obvious
unimodal morphology (Figure 5c, one-way ANOVA, P <0.01).

3.4. The Influencing Factors of Sulphur Cycling Genes

To estimate the driving factors of sulphur cycling genes, the
Spearman correlation coefficient was calculated (Figure S5).
The pathways of assimilatory sulphate reduction and Sox sys-
tem were significant related to almost all physicochemical pro-
perties (P < 0.05). TS concentration was positively correlated
with assimilatory sulphate reduction, Sox system and organic
sulphur transformation (P < 0.05), and negatively related with
linkages between inorganic and organic sulphur transformation.
Then the 11 sulphur cycling genes related with TS was selected
and incorporated into network analysis (Figure 6a, Spearman
correlation coefficient, P < 0.05). Except metZ, bet4 and dmsB,
the others were positively related with TS.

The effects of physicochemical properties on S-cycling
genes were summarized in Table S3. The results revealed that
the most important influential factor was corpse decay (R =
0.439, P < 0.001), followed by DO (R*> = 0.312, P < 0.001),
CON (R? = 0.245, P < 0.001), temperature (R*> = 0.222, P <
0.001) and ORP (R? = 0.075, P < 0.05). Notably, the concentra-
tion of DO decreased from 5.858 to 3.092 with the temperature
rising, while even fell to 0.652 due to corpse decay, which de-
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Figure 5. The TPM abundance of six sulfur cycle genes (a, assimilatory sulphate reduction; b, Sox system; c, linkages between
inorganic and organic sulphur transformation; d, organic transformation; e, sulphur oxidation; f, sulphur reduction). The vertical
dotted lines are used to separate the control groups from the experimental groups. When the differences between groups are
statistically significant, the P-value are marked above. Abbreviations: E, experimental groups; T, control groups.
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Figure 6. Sulphur cycling genes with linear correlation with total sulphur are screened from all the samples (a), in which the
orange lines represent positive correlations and the blue lines represent negative correlations. The functional types of the gene are
marked below the diagram. Based on multiple regression matrices, the relative contribution of environmental factors to sulphur
cycling gene community is calculated (b), and the fan size represented R%. The co-occurrence network analysis reveals the
correlations between all detected sulphur cycling genes in control (¢) and experimental (d) groups. The nodes and edges are
colored according to the calculated modularity. Abbreviations: TS, total sulphur; CON, conductivity; SALT, salinity; ORP,
oxidation-reduction potential; DO, dissolved oxygen; E, experimental groups; T, control group.

creased by 47.22 and 88.87%, respectively. Furthermore, MRM
was used to calculate the effects of physicochemical properties
to the structure of sulphur cycling genes (Tables S4 and S5;
Figure 6b). The result of MRM showed that microbe was the
main factor affecting genes (R> = 0.348, P < 0.001), followed by
corpse decay (R*=0.110, P <0.001), temperature (R*> = 0.013,
P <0.05) and environmental factors (R*=0.010, P < 0.05). The
result of RDA analysis (Figure S6) shows that temperature, cada-
ver decay and physicochemical factors are much less to explain
the variation of sulphur cycling microbial community (Figure
S6a, RDA1 = 37.41%) than gene community (Figure S6b, RD
Al = 68.63%).

3.5. The Network Analysis of Sulphur Cycling Genes

Twenty-nine sulphur cycling genes were included for net-
work analysis (Jr| > 0.5), showing that the network structure of
the EG was obviously simpler than CG (Figures 6¢ and 6d). The
network topology parameters also verified the above conclu-
sions (Table S6). The network of control group had 29 nodes
and 130 edges, and 93.85% of the edges were positive. The net-
work of experimental group had 22 nodes and 36 edges, and

97.22% of the edges were positive. Compared with the control
group, the corpse group had fewer nodes and edges, showing
lower density, lower average degree and lower modular charac-
teristics.

3.6. The Null Model of Sulphur Cycling Genes

The null model shows the proportion of stochastic and de-
terministic processes in the assembly of sulphur cycling genes
(Figure 3b). Except for the 29 °C group (the stochastic process
occupied 62.87%), the deterministic process was dominant at
other temperature gradients. The rate of deterministic process
was 80.65, 97.55, 76.55 and 81.05%, respectively. The propor-
tion of deterministic process showed an approximately inverted
U-shaped trend with the increase of temperature.

3.7. The Functional Pathway of Sulphur Cycling Genes

Combined with a previous study (Yu et al., 2020), we ca-
tegorized the genes involved in sulphur cycle (Tables S7 ~ S15).
By comparing with KEGG database, the sulfur cycling gene
pathway identified in this experiment was constructed (Figure
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7). The pathway showed the process of valence change of sul-
phur. Sulfate (the valence of sulfur = +6) reduced to sulfite (+4)
through adenosine 5'-phosphosulfate (APS) and 3'-phospho-5'-
adenylyl sulfate (PAPS), and further reduced to sulfide (-2) and
sulfur (0). Furthermore, tetrathionate also can transform into sul-
fite through thiosulfate and participate the sulphur cycle. The
detected sulphur cycling genes were almost down regulated in
the experimental group compared with the control (one-way
ANOVA) range from 23.69 to 91.20%. The only exception was
metZ, which encoded o-succinylhomoserine hydrogenolysis en-
zyme catalyzes the transformation of sulfide to L-Homocyste-
ine. The TPM abundance of metZ increased by 1.049 times (Fig-
ure S7). Generally speaking, the related genes involved in the
sulphur cycle were significantly reduced due to the decompo-
sition of animal cadavers.

3.8. The Metagenome Assembled Genomes (MAGs)
Participated in Sulphur Cycling

From the 40 samples, totally 257 high-quality MAGs con-
taining sulphur cycling genes were obtained, and only the 143
MAGs with more than 200 sulphur cycling gene contigs were
shown. Figure 8a shows the TPM abundance of these MAGs.
The dominant phyla in EG were Proteobacteria (average TPM
abundance = 235.709), Bacteroidetes (average TPM abundance
= 22.801) and Actinobacteria (average TPM abundance = 6.746),
while Proteobacteria (average TPM abundance = 195.841), Ac-
tinobacteria (average TPM abundance = 12.912), and Bacteroi-
detes (average TPM abundance = 1.386) dominated the CG (Fig-
ure S8).

The genome map shows some contigs related with the sul-

phur cycling found in the samples (Figure 8b). The genes encod-
ing sulphite reductase (sir), sulphate adenylyltransferase (cysD),

phosphoadenosine phosphosulphate reductase (cysH), and ali-
phatic sulfonates transport permease protein (ssuC) formed a
linked gene cluster, which shared the function of assimilatory
sulphate reduction. The genes encoding disulfide-bond oxido-
reductase (yghU), dimethyl sulfoxide reductase (dmsA), and the
sulphate/thiosulphate transporter (cysA4/cysW) completed organ-
ic sulphur transportation and transformation together. Moreover,
it could be found that sbp-cysT-cysW-cysA formed a ubiquitous
linear structure, which took on the sulfate transport function (cys7,
cysW) and corresponding energy production (cys4). The host bac-
teria carrying these sulphur cycling functional gene contigs be-
long to different species, with a common point that they all be-
longed to Proteobacteria. The MAGs and their corresponding
functions are listed in Table S16. One of the hosts was iden-
tified as Azospirillum thiophilum (bin153), carrying three gene
clusters (k141 331820 length 18177,k141 3615490 length
17077, and k141 2095138 length 14031), which participated
sulphur cycling pathways including sulphate transformation, as-
similatory sulphate reduction, and cysteine biosynthesis.

4. Discussion

4.1. Synchronous Changes of Temperature and Sulphur
Cycling Genes

Our results revealed that there was a trend of synchronous
change between temperature and the abundance of sulphur cy-
cling genes, and most of this correlation was negative. Of the
29 sulphur cycling genes detected, 12 genes (41.38%) had a lin-
ear relationship with temperature, and 11 of them were nega-
tively correlated with temperature. With the temperature rising,
the alpha diversity of sulphur cycling genes descended, and this
downward trend was more obvious in control groups than that

Tetrathionate

ttrA H tsdA,  |Sulfur
soxC| soxD S p
IDT ate fecA
(ex)Sulfate o cradl meB
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Figure 7. The flow chart reconstructed the sulphur cycling pathway and showed the genes that were significantly decreased (blue
arrow) or increased (red arrow) in the experimental group compared with the control group. Abbreviations: ex, extracellular; APS,
adenosine 5'-phosphosulfate; PAPS, 3'-phosphoadenosine 5'-phosphosulfate; DMSO, dimethyl sulfoxide.

64



X. C. Wang et al. / Journal of Environmental Informatics 45(1) 57-70 (2025)

Exon — Intron

iF§3 -
Eijiddiiiz.s
cyPiifiiqy
a HE TS,
E55is; 0005888747
LA S S S
s ;*’t ‘i“'f & &
o SiFSS S
*5 S ALy
.;,;a ; —— ~ “’} \;‘;‘:’ 4
"”),:"1, -~
o e RS Exp
PR, #r-u,%‘%q P .. Y
, 4.% "Gy,
" %;?2\‘-@,,%:; s 2
5 ”th u"ﬂ'%" 1
gy o e
gy ;.y\:m"xh\, 0
b T Wi
080 -1
oy e o
VT P
b 152_Proscbiacteria | : i st
Bin11_Projecbackena -
in 25%_Protecbactelia I :‘ :"::_:::nmm
g S
Ml.,m,\a"'"’"‘fm q\“:’m""'hnmn_
- —""‘é’::m 1 P M:"::‘“
nﬂ"”'\rinm"‘” / e
Sy /’ “”512&'“’
r“‘“'“' Ul b I o " L
‘: W‘:::::;%ﬁ A:’,j". :h%;“w
o A 3 8
e / SEaSS
+ ‘:w”‘ o Y, o ;;“' '%ﬂ_r:»g
""\1.~:".'ﬁ “;1# - / o,?’:;j? "”,h! q—%’ %
& S A7 e 2 5,
* . - i 4 7y m%czb n T
& 7 8%,% % % % ¥
J_/ % % e %,
- s 2% ”'aga ﬂ‘g Q'%:E’Qﬁa N
= 5% % 0By Y 4, %
A AL RN 1’1:(\.,
FHFR ER S I AL NN
& d;é?“‘ﬂi' EEEASRANAY
b I HAEEH I A A A
bR R
sEi8Rgt 3
k141_1486403_length 20968 xsc¢ phsA — msauS
k141_162616_length_18321 sir cysH cysD———ssuA_1ssuC_4
k141_2885297 length_29662—Sbp - cysT eysW cysA-3
k141_1443419_length_31861 cysDeysH—  sir msrP_2
k141_2095138_length_14031—-ssuB—2 fecA  focB cysK_1
k141_331820_length_18177 sir  ————cysH cysD
k141_3615490_length_17077 sbp -cysT cysW. cysA
k141_186678_length_153681 yghU t—  dmsA_1 cysA_3 cysW
k141_4445261_length_23863—CysD eysH—: . sir
k141 5168135 _length 40468 sbp_1 sbp_2 cysT cysW. CysA
k141_1454792_length_10891—'sbp_1—cysT cysWeysA.2
Okb 1kb 2kb 3kb 4kb 5kb  6kb 7kb 8kb O9kb 10kb 11kb 12kb 13kb 14kb 15kb 16kb

Figure 8. A total of 257 MAGs are used to construct the maximum-likelihood phylogenetic trees (a). The TPM abundance of each
MAG in experimental and control groups is shown in the circle, from inside to outside under temperature gradients at 23, 26, 29,
32 and 35. Genome map of 11 contigs containing sulphur-cycling-related genes is shown (b). The purple area represents the

coding sequences, and the black lines represents introns.

in experimental groups. To explain the changes of gene abun-
dance, it is necessary to explore the changing trend of related
metagenome. Temperature is a key factor which can regulate
microbial growth and enzyme activity (Karhu et al., 2014; Zhou
et al., 2023a). Higher temperature created a suitable living en-
vironment for thermophilic bacteria (Ma et al., 2022). The dom-
inant microbes utilized resources in the limited space of the ex-
periment and outcompeted other microorganisms. Moreover, mi-
croorganisms that could not adapt to higher temperature were

dormant or extinct under selective pressure. Both factors led to
a sharp decline in alpha diversity of aquatic sulphur microbi-
ome. The alpha diversity of sulphur cycling microbes decreased
with rising temperature, which was completely consistent with
the change of genes, indicating that temperature changes the
distribution and abundance of related genes by exerting selec-
tive pressure on microorganisms. Although cadaver decay caused
the eutrophication of the experimental environment and pro-
vided growth conditions for some heterotrophic microorgan-
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isms, this buffering effect could not completely offset the in-
fluence of temperature. There is a significant linear relationship
between the alpha diversity of sulphur cycling microbes and
temperature, but the downward trend of sulphur cycling genes
is also gentle in the group with a small temperature increase
(from 23 to 26 °C). This may be explained by the redundancy
of gene function (Cao et al., 2022). In a certain extent, this re-
dundancy can resist the change of environment, but when the
change exceeds the buffer limit, the change of diversity will
show a steep decline.

Similarly to our results, the previous studies have found that
the optimum growth temperature of sulphur-oxidizing bacteria
is approximately 30 °C, which supported higher sulphur oxida-
tion (Chaudhary et al., 2022; Dou et al., 2022; Jia et al., 2022;
Marais et al., 2022). Both tsd4B gene of sulfur oxidation path-
way and SoxC gene of Sox system showed high abundance in
29 °C group. However, the trend of sulphur reduction was not
the same. The TPM abundance of sulphur reduction pathway
did not change with temperature, and the abundance of assimi-
latory sulphate reduction decreased with temperature. For this
phenomenon, it may be explained by the extremely high opti-
mum growth temperature of sulphur-reducing bacteria (Rolf
and Eva, 1993). Under the laboratory conditions, the sulphur-
reducing bacteria were far from reaching the optimal growth
temperature, so the gene abundance associated with S-cycling
bacteria did not show any significant differences. The situation
of assimilatory sulfate reduction was more complicated. The gene
cyslJ was mainly affected by temperature, which encoded sul-
fite reductase (i.e., NADPH, EC1.8.1.2) (Ostrowski et al., 1989a).
NADPH is a complex enzyme consisting of two subunits. The
o-subunit is essentially a flavoprotein encoded by cycJ, which
consists of FAD (riblflavin-5'-adenosine-diphosphate) and FMN
(riboflavin-5-phosphate sodium) (Ostrowski et al., 1989a). The
[-subunit is a hemoprotein encoded by cys/, containing an Fe4S,4
cluster and a siroheme. The complex participates in the electron
transfer of respiratory chain together (Ostrowski et al., 1989b).
During the process, sulfite gains six electrons and is reduced to
sulfide. Previous research had reported that flavoprotein was
sensitive to reductions in oxygenation (Chisholm et al., 2016).
The abundance of cyslJ decreased with the increase of tempera-
ture, which may be due to the drastic decrease of dissolved oxy-
gen in water, thus inhibiting flavoprotein involved in electron
transfer in the respiratory chain.

4.2. Selection Effect of Cadaver Decay on Sulphur Cycling
Bacteria and Genes

The carcass decomposition had a significant impact on the
water environment. The selection of heterotrophic microorgan-
isms led to a significant decline in alpha diversity, and also caused
the alpha diversity of sulphur cycling genes to be lower in com-
parison to control group. The alteration of sulphur cycling path-
way in EG was different with CG. Previous research has found
that sulfur oxidation mainly occurs in oxygen-rich surface wa-
ter, while sulfur reduction occurs in oxygen deficient bottom
water (Vigneron et al., 2021). The conclusion can explain the
significant decline of sulphur oxidation pathway and Sox sys-
tem, and the sudden increase of sulphur reduction pathway in
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EG. However, this does not mean that sulphur reduction cannot
be carried out in an environment with oxygen. Traditional re-
search held that most sulphur-reducing bacteria were strictly
anaerobic, but it has been confirmed that some sulfur-reducing
bacteria can survive in aerobic environment, such as Desulfovi-
brio (Ramel et al., 2015), which was detected in our research
and enriched in CG. The organic sulphur-containing products
of carcass decomposition were produced in large quantities such
as dimethyl disulfide and dimethy] trisulfide (Thurn et al., 2023),
which led to an increase of linkages between IS and OS trans-
formation. For the pathway of assimilatory sulfate reduction,
the decrease of TPM abundance can be predicted. On one hand,
a large amount of oxygen consumption in the process of corpse
decomposition leads to the inhibition of respiratory chain. On
the other hand, H»S, the decomposition product of corpse, is cy-
totoxic and can block the electron transfer in respiratory chain
(Jiang et al., 2016). In our research, the dissimilatory sulfate
reduction was not detected. The reason may be that the low
ratio of chemical oxygen demand (COD)/sulfate promoted as-
similatory sulfate reduction pathway (Li et al., 2019). Moreover,
the simpler structure of network also proved the inhibitory ac-
tion of carcass decay to the sulphur cycling genes.

4.3. The Factors Driving Sulphur Gene Community

The main factors that influence sulfur cycling genes were
DO, ORP, CON and microbes. As mentioned earlier, the oxy-
gen consumption caused by corpse decomposition further led
to an inhibiting effect on electron transfer reactions. Moreover,
a suitable concentration of DO can eliminate the dissolved and
gaseous sulfides and reduce its cytotoxic effect (Khanal and
Huang, 2003). Previous study has found that only under the
specific ORP conditions, the sulfate reduction reaction can re-
act (Zhang et al., 2022). When ORP was above —100 mV, sul-
fate reduction bacteria could hardly maintain metabolism (Wang
et al., 2005). In our study, the ORP in all samples was higher
than —100, and the value in EG was even higher. This may be
one of the reasons that we did not detect the dissimilatory sul-
phate reduction pathway in the environment, and the sulfur re-
duction genes were lower in EG except for the low temperature
groups. For CON, increased salt concentration and specific ion-
ic toxicity may inhibit microorganisms and lead to inactivation
(Huang et al., 2021). These physical and chemical factors to-
gether formed a complex influence on microbiome-associated
S-cycling genes.

4.4. Responsiveness of Sulphur Circulation Pathway to the
Pulse of Cadaver Decay

Before sulfate is reduced or oxidized by microorganisms,
sulfate needs to be ingested into cells. This process can be car-
ried out by primary sulfate transport system (irreversible) and
secondary sulfate transport system (reversible) (Hu et al., 2023).
The primary sulfate transport system was regulated by environ-
mental sulfate concentration (Hu et al., 2023). Sulfate transport
in the secondary transport system is realized by ABC-type trans-
porter encoded by cysAPUW, which involves co-transport of
H* or Na* (Kuan et al., 1995). In our study, these genes de-
creased significantly in EG. Genes involved in sulfonate trans-
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port also declined. These energy-consuming transport processes
were inhibited in anoxic environment, resulting in a decline of
gene abundance. The genome map indicated a closely-related
relationship in spatial structure among the genes with similar
or sequential functions, which can explain the consistent changes
of these genes under the pressure of environmental selection.
Such extensive negative effects caused by corpse decomposi-
tion are reflected in the whole reduction process of sulfide from
sulfate. Considering the strong dependence of assimilatory sul-
fate reduction on oxygen concentration in the environment and
the inhibition of H,S on this pathway, it is not difficult to under-
stand that the sulphur cycling genes involved in this pathway
were basically reduced. The only gene that rose in EG was metZ.
This phenomenon may be attributed to the increase of its catal-
ytic substrate (H,S) in the decomposition process. Moreover,
the organic nitrogen source provided in the process of corpse
decomposition may promote the biosynthesis of methionine, and
the second step of this synthesis is mediated by metZ-encoded
O-succinylhomoserine sulthydrylase (Gao et al., 2021). From the
result of MAGs, we found the Azospirillum bacterial strain Azo-
spirillum thiophilum in our samples, which inhabited in aquatic
ecosystems (Lavrinenko et al., 2010; Kwak and Shin, 2016). In
the laboratory environment, it had been found that oxygen con-
centration played a major role in regulating the activity of en-
zymes and the encoding genes expression of dissimilatory sul-
fur metabolism in Azospirillum thiophilum (Frolov et al., 2013).
This result was consistent with the phenomenon we observed
that decrease of dissolved oxygen inhibited sulfur cycle genes.

4.5. The Draft Genome Sequence of Sulphur Cycling
Microbes

From the genome map, some linked gene clusters were
found. For example, carrying the binding site docked with ATP,
the sulphate import ABC transporter protein was encoded by
csyA4, which can assume the role of supplying energy (Badineni
etal., 2023). The product encoded by sbp is periplasmic protein
Sbp, which has a high binding affinity for sulphate (Nishikawa
et al., 2022). The sulfate transport system permease protein en-
coded by cysW and cysT, and the sulfate-binding protein en-
coded by sbp, formed the sulphate/thiosulphate ABC transport-
er together (Hryniewicz et al., 1990), which was mainly respon-
sible for the transformation of sulphate (Sirko et al., 1990, 1995).
The same gene structure had been reported in Olisthodiscus
(Barcyté et al., 2021).

5. Conclusions

In this research, we explored the effects of corpse decay
on the sulphur cycling microbes and genes in water environ-
ment. The dominant phyla of sulphur cycling microbes were
Proteobacteria, Bacteroidetes and Acidobacteria. The cadaver
decay had a significant negative impact on diversity and abun-
dance of sulfur cycling genes through consuming oxygen, and
inhibited the aerobic pathways, including assimilatory sulphate
reduction, Sox system, organic sulphur transformation and sul-
phur oxidation, but increased the linkages between inorganic
and organic sulphur transformation. High temperature also led

to a decrease of dissolved oxygen, and further inhibited genes
participating in aerobic pathways. Corpse decomposition indi-
cated less complex network structure than control treatment,
indicating the functional concentration. Sulphur cycling gene as-
sembly was mainly driven by deterministic processes. We found
some ubiquitous linear structure in the metagenome assembled
genomes, such as sbp-cysT-cysW-cysA and sir-cysD-cysH-ssuC,
which proved the covariation of sulphur cycling genes. How-
ever, the current experiment was limited to indoor conditions.
Therefore, future research effort should be involved in the ani-
mal corpse decay under natural conditions to understand the
mechanisms of functional genes associated with nutrient cycl-
ing and organic matter transformation.
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