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Abstract
Sulfate-reducing bacteria (SRB) are ubiquitous anaerobic microorganisms that play signiﬁcant
roles in the global biogeochemical cycle. Coastal wetlands, one of the major habitats of SRB, exhibit
high sulfate-reducing activity and thus play signiﬁcant roles in organic carbon remineralization, benthic
geochemical action, and plant-microbe interactions. Recent studies have provided credible evidence that
the functional rather than the taxonomic composition of microbes responds more closely to environmental
factors. Therefore, in this study, functional gene prediction based on PacBio single molecular real-time
sequencing of 16S rDNA was applied to determine the sulfate-reducing and organic substrate-decomposing
activities of SRB in the rhizospheres of two typical coastal wetland plants in North and South China: Zostera
japonica and Scirpus mariqueter. To this end, some physicochemical characteristics of the sediments as well
as the phylogenetic structure, community composition, diversity, and proportions of several functional genes
of the SRB in the two plant rhizospheres were analyzed. The Z. japonica meadow had a higher dissimilatory
sulfate reduction capability than the S. mariqueter-comprising saltmarsh, owing to its larger proportion of
SRB in the microbial community, larger proportions of functional genes involved in dissimilatory sulfate
reduction, and the stronger ability of the SRB to degrade organic substrates completely. This study conﬁrmed
the feasibility of applying microbial community function prediction in research on the metabolic features of
SRB, which will be helpful for gaining new knowledge of the biogeochemical and ecological roles of these
bacteria in coastal wetlands.
Keyword: sulfate-reducing bacteria (SRB); microbial community function prediction; 16S rDNA PacBio
SMRT sequencing; Zostera japonica; Scirpus mariqueter; rhizosphere

1 INTRODUCTION
Coastal wetlands are among the most signiﬁcant
ecosystems around the world and provide many
crucial ecological services. The rhizosphere microbes
of aquatic plants, which function to support the
nutrition, health, and quality of the plants as a dynamic
and complex interface for chemical, physical, and
biological interactions, play important roles in the
biogeochemical processes in coastal wetlands (Bais et
al., 2006; Berg and Smalla, 2009). It has been shown
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that the activities of sediment bacteria are coupled to
the photosynthetic activity of the plants, through the
excretion of dissolved organic compounds into the
rhizosphere (Welsh et al., 1997; Cifuentes et al.,
2003). The abundant vegetation-derived organic
substances deposited in coastal wetlands are typically
mineralized
through
anaerobic
processes—
predominantly methanogenesis, and especially,
sulfate reduction. Previous studies have shown that
sulfate reduction under non-limiting sulfate conditions
executed by sulfate-reducing bacteria (SRB), accounts
for up to 50% of carbon mineralization in marine
sediments (Jørgensen, 1982; Fauque, 1995; Rabus et
al., 2006). SRB, which are ubiquitous anaerobic
microorganisms that primarily use sulfate as their
terminal electron acceptor to complete the
decomposition of organic matter, play signiﬁcant
roles in the global biogeochemical cycles (Steudler
and Peterson, 1984; Muyzer and Stams, 2008).
Dissimilatory sulfate reduction has evolved for 3.5
billion years, as indicated by the stable sulfur isotopes;
thus, several SRB are regarded as ancestral
microorganisms of this planet (Shen and Buick, 2004;
Habicht et al., 2005; Barton and Fauque, 2009). SRB
have successfully adapted to almost all ecosystems on
the Earth, especially in some extreme environments,
such as deep-sea hydrothermal vents and oil ﬁelds.
Coastal wetlands are one of the major habitats of
SRB, and since these microbes depend on sulfate for
their metabolic activity, marine wetland sediments
contain a larger proportion of SRB (up to 20%–40%
of all bacteria) than freshwater wetlands do (Pester et
al., 2012; Cui et al., 2017). Furthermore, SRB exhibit
high sulfate-reducing activity and play signiﬁcant
roles in organic carbon remineralization, benthic
geochemistry, and plant-microbe interactions (Hines
et al., 1989; Howarth, 1993; Rooney-Varga et al.,
1997; Hines et al., 1999). In particular, high sulfate
reduction rates have been measured in the rhizospheres
of numerous marine macrophytes, such as the eelgrass
species Zostera marina and Zostera noltii and the
small cordgrass Spartina maritima (Blaabjerg et al.,
1998; Nielsen et al., 2001).
The dissimilatory sulfate reduction pathway from
sulfate to sulﬁte involves three enzymes: sulfate
adenylyltransferase (encoded by the sat gene),
adenylylsulfate reductase (encoded by the aprAB
gene), and dissimilatory-type sulﬁte reductase
(encoded by the dsrAB gene). The calculation of the
proportion of dissimilatory sulfate reduction genes is
based on the total number of genes encoding these
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enzymes in each sample. Currently, SRB are thought
to be composed of two groups, namely, those that
degrade organic compounds completely to carbon
dioxide, and those that degrade organic compounds
incompletely to acetate (Muyzer and Stams, 2008).
Some genera of SRB species, such as Desulfovibrio
and Desulfotomaculum, utilize hydrogen and
incompletely oxidize several organic compounds
(e.g., ethanol, formate, lactate, pyruvate, malate, and
succinate) to acetate for growth. Other genera,
including Desulfobacter and Desulfobacterium, are
able to decompose organic substrates completely to
carbon dioxide by further oxidizing the acetate.
Because the process of acetate conversion to acetylCoA is essential for complete degradation, the acetylCoA synthetase gene proportion has been adopted to
indicate the ability of a sulfate-reducing bacterial
community to completely degrade organic substrates.
To obtain additional knowledge of the
biogeochemical and ecological roles of SRB in
coastal wetlands in particular, it is essential to analyze
their relevant community structure and metabolic
characteristics. Previous studies have shown that
Desulfovibrionaceae and Desulfobacteraceae were
dominant groups of SRB in the sediments of several
coastal wetlands (Rooney-Varga et al., 1997; Bahr et
al., 2005; Moreau et al., 2010; Zeleke et al., 2013).
However, the SRB were highly variable among
diﬀerent areas and plant growth stages (RooneyVarga et al., 1997; Klepac-Ceraj et al., 2004; Zeleke
et al., 2013). During the last few decades, the
development of new molecular technologies has
vastly advanced our understanding of the diversity
and phylogenies of the sulfate-reducing bacterial
strains existing in coastal wetlands. In the early
period, 16S rRNA target probes were commonly
adopted to determine particular sulfate-reducing
bacterial groups (Wagner et al., 1993; Devereux and
Mundfrom, 1994; Lücker et al., 2007); however, later,
the high-throughput sequencing of 16S rRNA and
functional genes, such as aprAB and dsrAB, became
increasingly popular in studies on SRB in coastal
environments (Friedrich, 2002; Guan et al., 2013; Cui
et al., 2017). However, the progress in metabolic
studies on SRB, which were usually focused on the
utilization of substrates and limited by the eﬃciency
of the cultivation experiments, could not be compared
to that of the phylogenetic studies. Thus, there only
few studies have provided suﬃcient information on
the in-situ composition and metabolism of sulfatereducing bacterial communities simultaneously.
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Fig.1 Zostera japonica meadows in Swan Lake (37°21′24″N,
122°35′21″E) (a); Scirpus mariqueter-comprising
saltmarshes in Cixi (30°22′28″N, 121°11′11″E) (b)

Previous studies have suggested that the
distribution and dynamics of the community
composition of SRB in coastal wetlands have close
association with environmental factors, such as
salinity, temperature, pH, and vegetation (Galand et
al., 2002; Baldwin et al., 2006; Cadillo-Quiroz et al.,
2006; Smith et al., 2008; Kotiaho et al., 2010; She et
al., 2016). Nevertheless, recent studies have provided
credible evidence indicating that the functional
composition of microbes responds more closely to
the environment factors than their taxonomic
composition does (Louca et al., 2016; Gibbons et al.,
2017). Thus, the elucidation of the functional proﬁles
of microbial communities would be of great
signiﬁcance toward characterizing their metabolic
features to a certain extent. Although metagenomic
technologies are the usual approaches used to reveal
the microbial community functions, the high cost
and extremely complex data analysis involved limit
their wide application. Based on the principle that
community functions are determined by the
community structure, an approach combining the
16S rDNA information of the studied sample with
online-sourced 16S rDNA and microbial wholegenomic data was developed to predict the functions
of the samples tested (Langille et al., 2013).
Currently,
third-generation
sequencing
technologies are enabling the attainment of 16S
rDNA information in one read (Mosher et al., 2013),
thereby vastly increasing the eﬃciency and accuracy
of the 16S rDNA sequencing of environmental
samples. Therefore, in this study, microbial
community function prediction based on 16S rDNA
nanopore sequencing was adopted to partially
determine the sulfate-reducing and organic substratedecomposing characteristics of SRB in the
rhizospheres of two typical coastal wetland plants in
North and South China: Zostera japonica and
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Scirpus mariqueter. The proportions of genes
involved in dissimilatory sulfate reduction, (i.e., sat,
aprAB, and dsrAB) were used to represent the
relative functional activity of this process.
Additionally, the total organic carbon (TOC), total
nitrogen (TN), total sulfur (TS), and water-soluble
sulfate (SO24ˉ) contents in the sediments in which the
two plants were planted were determined, and the
phylogenetic structure, community composition,
and diversity of SRB in the two plant rhizospheres
were analyzed. The primary aim of the study was to
test the feasibility of applying microbial community
function prediction for research on the metabolic
features of SRB from coastal wetlands.

2 MATERIAL AND METHOD
2.1 Site description and sediment sampling
Our samples were collected from the seagrass
meadows (37°21′24″N, 122°35′21″E) of Swan Lake,
Rongcheng, Shandong Province, and the saltmarshes
(30°22′28″N, 121°11′11″E) of Cixi, a coastal city in
Zhejiang Province of China (Fig.1). Swan Lake is
famous for its ﬂush Z. marina meadows and the
whooper swans that feed on the eelgrass in winters;
however, there are also stable Z. japonica meadows
along the intertidal zones of this lake (Zhang et al.,
2015). The Cixi saltmarshes sit along the shores of
Cixi city and typically consist of zones of Phragmites
australis, Spartina alterniflora, and S. mariqueter
communities (Yuan et al., 2017). The obvious
common ground for the Z. japonica meadows and
S. mariqueter belts is that both are distributed in the
lower edge of the intertidal zones and experience
daily submersions under water and exposures to air.
In this study, four sediment cores from the
Z. japonica and S. mariqueter rhizospheres (diameter:
4.7 cm) were collected in a depth of 0–10 cm from
four sites (in approximately 20 m apart from each
other) in the two plant zones. The sampling sites were
named using a combination of the abbreviation of the
area names (CX and SL) and the order of sampling.
(Hereinafter, the rhizosphere sediment samples from
the S. mariqueter-comprising saltmarshes of Cixi and
the Z. japonica meadows of Swan Lake are referred to
simply as the CX and SL sediments, respectively.)
The sampling of both areas was carried out in the
winter of 2018 in an air temperature of 8–10 °C. The
sediment cores of 3–7 cm were sliced and mixed, and
portions of the samples were then subjected to
microbial and physicochemical analyses. The
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remaining samples were stored in -80 °C in the
laboratory.

2.4 Operational taxonomic unit, phylogenetic,
community composition, and diversity analyses

2.2 Analysis of organic matter in the sediments

2.4.1 Operational taxonomic unit determination

The fresh sediment samples were lyophilized in
-50 °C for 60 h to determine their water contents. The
lyophilized samples were sieved through a 2-mm
mesh before organic matter analysis. The sample used
for TOC analysis was ﬁrst acidized with excessive
1 mol/L HCl to remove carbonates, and the TOC
content was then determined in an elemental analyzer
(PE2400 Series II, PerkinElmer, Norwalk, CT, USA).
The TN and TS contents were determined using the
same elemental analyzer. Water-soluble SO24ˉ was
extracted from the fresh wetland sediments in a
water꞉soil ratio of 2.5꞉1, and the concentrations based
on the turbidity of the extracts after the addition of
excessive BaCl2 were determined at 440 nm using a
spectrometer. Diﬀerences in the TOC, TN, TS, and
SO24ˉ levels between the Cixi and Swan Lake samples
were analyzed with the Student t-test (SPSS 19.0).

The raw data were processed using the RS_
ReadsOﬁnsert.1 protocol available on the SMRT
Portal (Version 2.7, Paciﬁc Biosciences), with default
ﬁltering parameters (Hou et al., 2015; Cao et al.,
2017). The Quantitative Insights into Microbial
Ecology (QIIME) package (Version 1.8.0) was
applied to extract high-quality sequences (Caporaso
et al., 2010), and then UCLUST (Edgar, 2010; Cao et
al., 2017) was applied to align those sequences to
obtain representative ones. The unique sequence set
was classiﬁed into operational taxonomic units
(OTUs) under the 99% threshold identity, using
UCLUST (Kim et al., 2014; Cao et al., 2017). After
removing the potential chimeric sequences in the
representative set of OTUs with Chimera Slayer
(Haas et al., 2011; Cao et al., 2017), the taxonomy of
each representative OTU sequence was assigned
using the SILVA database. On the basis of the
published taxonomic information of SRB (Itoh et al.,
1998, 1999; Castro et al., 2000; Mori et al., 2003;
Rabus et al., 2006; Ollivier et al., 2007; Muyzer and
Stams, 2008), the OTU sequences belonging to SRB
were selected from the entire list of sediment 16S
rDNA data of each sample, with their numbers in each
sample. Several of the OTU sequences that were not
assigned to a speciﬁc genus were submitted to a
search on the National Center for Biotechnology
Information (NCBI)’s Basic Local Alignment Search
Tool (BLAST), at the similarity threshold of 93%, for
the determination of their genus association.

2.3 Extraction, sequencing, and quantiﬁcation of
16S rDNA from the sediments
The total genomic DNA in 0.25 g (wet weight) of
each sediment sample was extracted in tubes (in
duplicate) using the PowerSoil DNA Kit (Mo Bio
Laboratories, Carlsbad, CA, USA) according to the
manufacturer’s instructions (Zeleke et al., 2013). The
bacterial 16S rRNA gene was ampliﬁed with the
polymerase chain reaction (PCR), using the 27F and
1492R primers (which contained a set of 16-nucleotide
barcodes), for barcoded single molecule real-time
(SMRT) sequencing of the full-length gene (Cao et
al., 2017). The PCR program was 95 °C for 4 min; 30
cycles of 95 °C for 60 s, 60 °C for 45 s, and 72 °C for
60 s; and a ﬁnal extension of 72 °C for 7 min (2720
Thermal Cycler, Applied Biosystems, Foster City,
CA, USA) (Liu et al., 2015; Cao et al., 2017). The
amplicons were sequenced using nanopore sequencing
technology on a PacBio RS II instrument (Paciﬁc
Biosciences, Menlo Park, CA, USA). The quality
control for the PCR ampliﬁcation and sequence
preprocessing was performed as described previously
(Mosher et al., 2013; Cao et al., 2017). The 16S rDNA
was then subjected to SYBR Green I-based
quantitative PCR (qPCR), using the primers 338f
(ACTCCTACGGGAGGCAGC)
and
536r
(GTATTACCGCGGCKGCTG) (Zeleke et al., 2013),
to determine the number of copies in each sample.

2.4.2 Phylogenetic analysis
The OTU sequences from the CX and SL samples
were respectively edited and aligned manually, using
Geneious Prime with default settings. Notably, only
the OTUs whose proportion surpassed 1% of the total
OTU numbers of SRB were used to build the
phylogenetic trees of these bacteria in the two study
areas. The reference sequences were chosen from the
NCBI database, which showed the closest genetic
relationships with OTUs selected through the online
BLAST search. The phylogenetic relationships were
estimated using the Bayesian inference and maximumlikelihood methods. FigTree (Version 1.4.3) (Rambaut,
2016) was used to visualize the tree ﬁles. The
maximum-likelihood analysis was performed with
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Table 1 Physicochemical parameters of sediments from
diﬀerent coastal wetlands
Coastal wetland type

Cixi S. mariqueter
saltmarsh (CX)

Swan Lake Z. japonica
meadow (SL)

Water content (g/100 g)

28.73±2.41b

34.33±0.87a

TOC (g/kg)

5.95+0.23

12.26±1.19a

TN (g/kg)

0.69+0.04b

1.06±0.03a

TS (mg/kg)

376.13+63.29b

487.08±21.51a

SO ˉ (mg/g)

0.32±0.09

0.35+0.07a

2
4

b

a

TOC: total organic carbon; TN: total nitrogen; TS: total sulfur; SO24ˉ:
water-soluble sulfate. Diﬀerent letters in each column indicate signiﬁcant
diﬀerences between the two coastal wetland types at P<0.05 signiﬁcance
level.

raxmlGUI (Version 1.5b2) (Silvestro and Michalak,
2012), with a selection of ML+rapid bootstrap and
support assessment using 1 000 rapid bootstraps.
2.4.3 Community composition and diversity analyses
On the basis of the taxonomic assignments, the
number of OTUs in speciﬁc families were calculated,
and the community compositions of SRB in the two
study areas were calculated in term of the proportions
of these families and the Order. Before calculating the
diversity indices, the sequence numbers of each
sample were normalized to an equal number (Zeleke
et al., 2013). The calculation of three species richness
and diversity indices (Chao1, ACE, and Shannon)
was performed using Mothur (Version 1.30). The
diﬀerences in diversity indices and OTU numbers
between the CX and SL samples were analyzed with
the Student t-test (SPSS 19.0), respectively.
2.5 Partial function prediction of SRB
The sulfur metabolism, dissimilatory sulfate
reduction, and acetyl-CoA synthesis functions of the
SRB were predicted in terms of the corresponding
gene proportions among all functional genes. The
bioinformatics software package PICRUSt was
applied to obtain information about the Kyoto
Encyclopedia of Genes and Genomes (KEGG)
families of every OTU sequence of SRB. By combing
through the table of normalized total sequence
numbers of OTUs, a table of the KEGG Orthology
(KO) counts of all the functional genes in each sample
was acquired. The pathway description and Enzyme
Commission (EC) number of every KO identiﬁer
were searched from the KEGG databases. By
classifying and summarizing the potential functional
genes of SRB in each sample, the proportion of genes
for sulfur metabolism was calculated, which involved
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all genes in the sulfur metabolism pathways (No.
00920 in KEGG) of SRB. Thereafter, the KO records
of enzymes involved in dissimilatory sulfate reduction
(including sulfate adenylyltransferase, adenylylsulfate
reductases, and dissimilatory-type sulﬁte reductases)
and that of acetyl-CoA synthetase were selected from
that table through the sulfur and carbon metabolism
diagrams in KEGG. The proportions of genes for
sulfur metabolism, dissimilatory sulfate reduction,
and acetyl-CoA synthetases were calculated on the
basis of the table of KO counts. The diﬀerences in
these proportions between the CX and SL samples
were analyzed with the Student t-test (SPSS 19.0).

3 RESULT
3.1 Physicochemical
sediments

characteristics

of

the

Signiﬁcant diﬀerences in several physicochemical
parameters were observed between the CX and SL
sediments (Table 1). The TOC and TN contents of the
SL sediments were statistically signiﬁcantly higher
than those of the CX sediments (P<0.01). In total, the
organic richness of the SL sediments was also higher.
There was no statistical diﬀerence in the SO24ˉ contents
of the rhizosphere sediments between the two coastal
wetlands. However, the TS content was remarkably
higher in the SL sediments (P<0.01).
3.2 Number, proportion, and diversity of OTUs of
SRB and 16S rDNA copy number
The number of sulfate-reducing bacterial OTUs in
the samples from Cixi signiﬁcantly exceeded that in
the sediments from Swan Lake (Table 2, P<0.01).
The species richness indices (viz., Chao1 and ACE)
showed similar associations with the number of
sulfate-reducing bacterial OTUs between the
S. mariqueter and Z. japonica rhizospheres (P<0.001).
However, the Shannon diversity index was remarkably
higher for the CX samples (P<0.01). These results
indicate that the S. mariqueter rhizosphere sediments
in Cixi possessed a signiﬁcantly higher diversity of
SRB than the Z. japonica rhizosphere sediments in
Swan Lake. The qPCR results suggest that there was
no signiﬁcant diﬀerence in the amount of prokaryotic
microbes between the rhizosphere sediments of the
two wetlands (Table 2). On the basis of the OTU
counts, the proportion of SRB in the microbial
community of every sample was calculated (Table 2),
with the results showing that the proportion was
remarkably higher in the SL sediments (P<0.001).
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Table 2 Number, proportion, and diversity of sulfatereducing bacterial OTUs and 16S rDNA copy
number in two coastal wetlands
Coastal wetland type

Cixi S. niariqueter Swan Lake Z. japonica
saltmarsh (CX)
meadow (SL)

Number of OTUs

81.50±6.02a

44.00±4.61b

Chaol

104.75±1.59

51.47±36b

ACE

99.42±2.08a

48.68±5.42b

Shannon

3.17±0.08a

2.41±0.09b

Copy number of
16S rDNA (108)

1.32±0.43a

1.79±0.88a

SRB proportion in
microbial community (%)

6.95±0.72b

12.14±2.09a

a

Diﬀerent letters indicate signiﬁcant diﬀerences between the two vegetation
types at signiﬁcance level of P<0.05. CX: Scirpus mariqueter rhizosphere
sediments of the Cixi saltmarshes; SL: Zostera japonica rhizosphere
sediments of the Swan Lake.

3.3 Phylogenetic relationships and community
composition of the SRB
Two phylogenetic trees (Figs.2 & 3) were
constructed based on the 16S rDNA OTU sequences
from SRB in the CX and SL sediments, respectively.
Only two classes, Deltaproteobacteria and Nitrospira,
were found in the samples. The proportions of
sequences belonging to the Deltaproteobacteria were
in the range of 86.76%–90.07% in the CX samples
and 98.83%–100% in the SL samples, which indicated
the dominance of SRB in these two areas.
The compositions of SRB in the two study areas
are shown in Figs.4 & 5. At the family level of typical
taxonomic groups of SRB (Fig.4), the largest
Deltaproteobacteria families in the CX sediments
were
Desulfobulbaceae
(25.53%–33.57%),
Desulfarculaceae
(21.04%–27.13%),
and
Desulfuromonadaceae (17.03%–23.06%). In contrast,
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Desulfarculaceae dominated the sulfate-reducing
bacterial community in most of the SL samples
(84.31%–92.34%), except for a single sample (SL4)
whose dominant family was Desulfobulbaceae
(77.05%). Desulfomicrobiaceae was present in the
CX samples only (0.71%–5.01%). At the genus level
(Fig.5), the three major genera in the CX sediments
were
Desulfuromonas
(15.73%–22.06%),
Desulfosarcina (11.53%–13.83%), and Desulfopila
(7.98%–13.95%). In the SL sediments, the dominant
genus in SL1–SL3 was Desulfatiglans (76.64%–
85.49%), and the genera in SL4 were Desulfobulbus
(44.52%) and Desulfobacterium catecholicum_group
(23.97%).
3.4 Function prediction of the sulfate-reducing
bacteria
The results of function prediction of SRB, in terms
of the proportions of genes related to sulfur
metabolism and dissimilatory sulfate reduction (i.e.,
sat, aprAB, and dsrAB) and of acetyl-CoA synthetase,
are presented in Table 3. There was no statistically
signiﬁcant diﬀerence in the proportion of genes for
sulfur metabolism between the S. mariqueter and
Z. japonica rhizospheres (P>0.05). However, the
proportions of genes involved in dissimilatory sulfate
reduction (sat, aprAB, and drsAB) were all
signiﬁcantly higher in the SL sediments (P<0.01).
Furthermore, the proportion of the acetyl-CoA
synthetase gene was also remarkably higher in the SL
samples (P<0.01). Additionally, the proportions of
complete oxidizers in the sulfate-reducing bacterial
community, which were obtained on the basis of the
corresponding KO characteristics, were much larger
in the SL sediments (P<0.01). These results suggest
that the sulfate-reducing bacterial community in the
Z. japonica seagrass meadow possessed a signiﬁcantly

Table 3 Proportions of functional genes and complete oxidizers in diﬀerent coastal wetlands
Coastal wetland type

Cixi S. mariqueter saltmarsh (CX)

Swan Lake Z. japonica meadow (SL)

Sulfur metabolism (‰)

10.18±0.62a

8.63±0.59a

Dissimilatory sulfate reduction (‰)

2.34±0.10b

3.70±0.22a

Sulfate adenylyltransferase (sat) (‰)

0.52+0.02b

0.72±0.03a

Adenylylsulfate reductase (aprAB) (‰)

0.85±0.04b

1.39±0.09a

Dissimilatory-typesulﬁte reductase (dsrAB) (‰)

0.85±0.04b

1.39±0.09a

Acety-CoA syntherase (‰)

1.41±0.03b

1.88±0.14a

Complete oxidizer proportion in SRB (%)

69.57±1.57b

98.52±0.35a

CX: SRB in Scirpus mariqueter rhizosphere sediments of the Cixi saltmarshes; SL: SRB in Zostera japonica rhizosphere sediments of the Swan Lake
meadows. The diﬀerences in proportions of each parameter between the two study areas were diagnosed using the Student t-test. Diﬀerent superscripted
letters in a row indicate a signiﬁcant diﬀerence (P<0.05).

0.58

0.54

0.54

0.52

0.45

Desulfuromusa ferrireducens (NR043214)
0.37
OTU900 (1.02%)
0.42
OTU1912 (1.74%)
0.42
OTU158 (7.40%)
0.43 0.41
OTU167 (2.68%)
Desulfuromonas michiganensis (NR114607)
OTU398 (1.13%)
OTU55 (4.47%)
0.38
Desulfobacula toluolica (NR074945)
OTU138 (1.19%)
OTU518 (1.54%)
0.47
OTU488 (1.64%)
0.45
OTU286 (1.34%)
0.46
0.43
OTU208 (1.49%)
0.39 OTU48 (1.09%)
0.38
0.45
OTU216 (2.78%)
0.49
Desulfatitalea tepidiphila (NR113315)
0.42
OTU251 (1.99%)
0.44
OTU221 (1.19%)
0.41
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The OTUs were deﬁned at 99% threshold identity. The trees only contained OTUs whose proportion surpassed 1% of the total sulfate-reducing bacterial OTU number.

Fig.2 Maximum-likelihood phylogenetic tree based on 16S rDNA OTU sequences of SRB from Scirpus mariqueter rhizosphere sediments of the Cixi saltmarshes (CX)
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The OTUs were deﬁned at 99% threshold identity. The trees only contained OTUs whose proportion surpassed 1% of the total sulfate-reducing
bacterial OTU number.
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stronger ability to degrade organic substrates
completely.

4 DISCUSSION
In this study, we analyzed the features of the
sulfate-reducing bacterial communities from the
rhizospheres of two coastal wetland plants:
S. mariqueter in the saltmarshes of Cixi and
Z. japonica in the seagrass meadows of Swan Lake,
where the organic nutritional status of sediments in
the former was signiﬁcantly higher than that in the
latter. The distinct phylogenetic structure, taxonomic
composition, and diversity of the sulfate-reducing
bacterial communities in the two areas were revealed.
Furthermore, it was revealed that the sulfate-reducing
bacterial community from the Z. japonica rhizosphere
had higher proportions of genes for dissimilatory
sulfate reduction and acetyl-CoA synthesis, thus
giving them an advantage over the SRB in the
S. mariqueter rhizosphere, since these genes are
essential for oxidizing acetate and degrading organic
compounds completely.
The higher dissimilatory sulfate reduction
capability in the Z. japonica rhizosphere seemed to
correspond to its larger composition of SRB. The
higher TS content in the SL sediment, on the
background of a similar content of SO24ˉ substrate
between the two wetland areas (Table 1), indicated
that more sulfate was reduced to sulﬁte and sulﬁde in
Swan Lake. In this study, the higher nutritional status
in the SL sediments triggered more active sulfate
reduction, which was also implied by other researchers
who had studied coastal vegetation habitats (Zeleke et
al., 2013; Cui et al., 2017). However, this process
could be realized by more prokaryotic organisms or a
larger percentage of SRB. Although the numbers of
prokaryotic organisms in the two wetlands were
similar, the proportion of SRB in the SL sediment was
nearly twice that in the CX sediment (Table 2).
Meanwhile, the larger proportion of functional genes
of SRB in the SL sample, which was apparent for
each dominant enzyme, contributed to its dissimilatory
sulfate reduction advantage. In addition, the third
factor contributing to the higher dissimilatory sulfate
reduction activity in the Z. japonica rhizosphere
might be the stronger ability of its sulfate-reducing
bacterial community to degrade the organic substrates
completely. Interestingly, these patterns for the SL
sediments correlated with their remarkably lower
sulfate-reducing bacterial diversity in the microbial
community compared with that of the CX samples. In
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contrast, there was no signiﬁcant diﬀerence between
the two study areas in terms of the total proportion of
genes for sulfur metabolism. Nevertheless, more
investigations and experiments should be conducted
to clarify the detailed relationship between the
functional gene composition of SRB and their
dissimilatory sulfate reduction capability in the
Z. japonica meadows and S. mariqueter-comprising
saltmarshes in China. From the results on the sulfatereducing bacterial composition, it could be suggested
that the dissimilatory sulfate reduction and complete
organic substrate degradation capabilities of the
Desulfatiglans-dominating SRB in the SL sediments
were superior to those of the SRB species in the CX
sediments.
The aim of our study was to preliminarily conﬁrm
the feasibility of applying function prediction of the
dissimilatory sulfate reduction activity of sulfatereducing bacterial communities in coastal wetlands,
on the basis of 16S rDNA whole-length sequencing.
Another merit of this study was the selection of
several critical enzymes in sulfate-reducing bacterial
metabolism, especially acetyl-CoA synthetase for the
complete degradation of organic substrates. The
utilization of nanopore sequencing vastly increased
the eﬃciency and accuracy of our study, and the
online databases of microbial taxonomy and function
hugely expanded our vision in potential information
mining. However, this study had one limitation, as
there were gaps between the proportion of functional
genes predicted by the 16S rDNA sequences and the
actual relevant function of the sulfate-reducing
bacterial community. This might be overcome by the
progress in metagenomic research on the SRB.
This study was intended to provide new information
of the community composition and functions of SRB
in coastal wetlands. One of the larger environmental
impacts of SRB is the production of high levels of
H2S, which is a direct result of dissimilatory sulfate
reduction and closely aﬀected by organic substrate
degradation. At the same time, SRB are known to
decrease the emission of methane by competing with
the methanogens and suppressing methanogenesis. It
is commonly known that wetlands are the largest
sources of natural methane, and thus the dynamics of
the SRB should be a key factor for restraining
greenhouse gas emissions from such areas (Muyzer
and Stams, 2008; Poﬀenbarger et al., 2011; Bridgham
et al., 2013). At present, studies on SRB are enriching
our understanding of their functional features and
environmental roles; for example, a multicellular
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ﬁlamentous species of Desulfobulbaceae, named
“cable bacteria,” can mediate electric currents over a
few centimeters in sediments (Nielsen et al., 2010;
Schauer et al., 2014; Larsen et al., 2015; SuluGambari et al., 2016) and electrically couple the
oxidation of sulﬁde in anoxic layers with the reduction
of oxygen in the sediment. Thus, there will be a wide
space for the application of community function prediction
in studies on SRB based on highly eﬃcient 16S rDNA
sequencing, especially in the coastal wetlands with
their complicated biogeochemical background.

5 CONCLUSION
It is concluded that function prediction based on
16S rDNA SMRT sequencing could reveal the activity
of major functional genes involved in dissimilatory
sulfate reduction in a sulfate-reducing bacterial
community, which shall be helpful for further
understanding of the biogeochemical and ecological
roles of SRB in coastal wetlands. The higher
dissimilatory sulfate reduction capability of the
Z. japonica meadows was derived from the larger
proportion of SRB in the sediment microbial
community, larger proportions of functional genes
involved in dissimilatory sulfate reduction, and the
stronger ability of the sulfate-reducing bacterial
community to completely degrade organic substrates.
However, further studies combining prediction in
more detail of the sulfate-reducing function and
deeper investigation on the physicochemical
characteristics of the sediments are needed.

6 DATA AVAILABILITY STATEMENT
The SMRT sequences of the full-length 16S rDNA
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