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Mangrove sediment microorganisms play a vital role in the
energy transformation and element cycling in marine wet-
land ecosystems. Using metagenomics analysis strategy, we
compared the taxonomic structure and gene profile of the
mangrove and non-mangrove sediment samples at the sub-
tropical estuary in Beibu Gulf, South China Sea. Proteobac-
teria, Bacteroidetes, and Firmicutes were the most abun-
dant bacterial phyla. Archaeal family Methanosarcinaceae
and bacterial genera Vibrio and Dehalococcoides were signi-
ficantly higher in the mangrove sediments than in the non-
mangrove sediments. Functional analysis showed that “Car-
bohydrate metabolism” was the most abundant metabolic
category. The feature of carbohydrate-active enzymes (CZs)
was analyzed using the Carbohydrate-Active EnZymes Data-
base. The significant differences of CZs between mangrove
and non-mangrove sediments, were attributed to the amounts
of polyphenol oxidase (EC 1.10.3.-), hexosyltransferase (EC
2.4.1.-), and B-N-acetylhexosaminidase (EC 3.2.1.52), which
were higher in the mangrove sediment samples. Principal
component analysis indicated that the microbial community
and gene profile between mangrove and non-mangrove sedi-
ments were distinct. Redundancy analysis showed that total
organic carbon is a significant factor that affects the micro-
bial community and gene distribution. The results indicated
that the mangrove ecosystem with massive amounts of or-
ganic carbon may promote the richness of carbohydrate me-
tabolism genes and enhance the degradation and utilization
of carbohydrates in the mangrove sediments.
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Introduction

Mangroves are unique ecosystems located at intertidal zones
in the tropics and subtropics (Giri et al., 2011). They provide
high ecological values, such as improvement of coastal water
quality, maintenance of ecological diversity, and resistance to
the wave destruction (Nagelkerken et al., 2008; Barbier et al.,
2011; Bouma et al., 2014). Extensive nutrient exchanges oc-
cur between mangrove plants and various microorganisms.
Microbial communities play unique roles in element and nu-
trient cycle processes, such as carbohydrate degradation, ni-
trogen fixation, sulfur metabolism, and phosphate solubili-
zation, in mangrove ecosystems (Alongi et al., 1993; Bashan
and Holguin, 2002; Andreote et al., 2012). Researchers found
that the bacterial community is the main cause of carbon flux
in tropical mangrove sediment (Alongi et al., 1989; Bano et
al., 1997; Kristensen et al., 2008; Thatoi et al., 2013). Through
classical culture methods, bacteria (e.g., Bacillales, Actino-
mycetales, Vibrionales), and fungi (e.g., Pestalotiopsis foe-
dans, Fusarium solani) have been isolated from worldwide
mangrove ecosystems with different carbon utilization char-
acteristics, such as cellulose degradation, chitinolytic, ligno-
cellulolytic, and amylase activities (Alias et al., 1995; Huang
et al., 2008; Dias et al., 2009; Hong et al., 2009; Arfi et al.,
2013).

Recently, comprehensive information about microbial diver-
sity in mangrove sediment has been revealed through cul-
ture-independent strategies, such as denaturing gradient gel
electrophoresis and 16S rDNA sequencing (Marcial Gomes
et al., 2008; Jiang et al., 2013). However, the profile of man-
grove microbial gene functions has not yet been studied well.
A previous study on the features of microbial taxonomy and
gene functions from Atlantic Ocean mangrove sediments
(Brazilian) indicated that microbes involved in methane, ni-
trogen, and sulfur transformation and genes implicated in
carbohydrate, energy, amino acid, cofactor, and vitamin me-
tabolisms are highly abundant in the mangrove sediments
(Andreote et al., 2012). Another study found that the genes
involved in the “Metabolism of aromatic compounds,” “Ge-
netic mobile elements,” and “Potassium metabolism” are en-
riched in the rhizosphere microbiomes of the mangrove eco-
system in Saudi Arabia (Alzubaidy et al., 2016). To better un-
derstand the characteristics of microbial genes and their me-
tabolic functions in global mangrove ecosystems, analyzing
more mangrove samples from different geographical loca-
tions is necessary.
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Using metagenomics analysis strategy, high-throughput
data provide convenience to gain more comprehensive ge-
nomic information on microbial structures and gene func-
tions from various ecosystems (Kanokratana et al., 2011; Fang
et al., 2014; Ganesh et al., 2014). In this work, mangrove sedi-
ment samples were collected from a subtropical estuary in
Beibu Gulf, South China Sea, and the metagenomic DNA
was sequenced to determine the following: (i) gene function
profile and potential metabolic pathway and (ii) impacts of
environmental factors on the distribution of microbial com-
munity and functional genes. This work provided detailed
the information, particularly the carbohydrate metabolism
profile, of the role of microorganisms in the subtropical
mangrove ecosystem.

Materials and Methods

Sampling sites

An estuary in Beihai City in China (21°24'43.43"N, 109°9’
50.98"E) was selected for sampling (Supplementary data Fig,
S1). The south bank is a beach without plants, whereas the
north bank is covered by mangroves, mostly Avicennia ma-
rina. The collected mangrove sediment samples in the north
bank were labeled MS1, MS2, and MS3. The collected non-
mangrove sediment samples in the south bank were labeled
NMS4, NMS5, and NMS6. The 15 cm-deep sediment sam-
ples were collected using sterile polyvinyl chloride tubes from
each sampling site (20 m x 20 m, five-point sampling me-
thod) and mixed sufficiently on August 7, 2017. All of the
samples were stored at -80°C on the same day.

DNA extraction and high-throughput sequencing

Metagenomic DNA was extracted from the sediments us-
ing the FastDNA SPIN Kit for Soil (MP Biomedicals) accor-
ding to the manufacturer’s protocols. After quality verifica-
tion by agarose gel electrophoresis and with NanoDrop 2000
Spectrophotometer (Thermo Scientific), at least 6 ug of DNA
from each sample was submitted to the Shanghai Majorbio
Bio-Pharm Technology Co., Ltd. for sequencing. The sequ-
ence libraries of approximately 300 bp DNA fragments were
prepared and sequenced using Illumina HiSeq 4000. The
data output from each DNA sample exceeded 5 Gb. The me-
tagenomic sequencing data were deposited in the NCBI SRA
database under BioProject PRINA472209.

Analysis of environmental factors

Sediment properties, such as pH, total organic carbon (TOC),
and metal elements (Cu, Zn, Hg, Cd, and metalloid As), were
determined using Chinese standard methods (Ministry of
Ecology and Environment of the People’s Republic of China,
1997, 2016; Ministry of Agriculture of the People’s Republic
of China, 2006, 2007; Standardization Administration of
the People’s Republic of China, 2008a, 2008b). Briefly, pH
was measured through potentiometry measurement; TOC
was measured through K,Cr,O; oxidation method; Cu and
Zn were determined through flame atomic absorption spec-
trophotometry; As and Hg were determined through atomic
fluorescence spectrometry; Cd was determined using aqua

regia extract - inductively coupled plasma mass spectrometry.

Data cleaning and assembly

Adapter sequences were removed using SeqPrep v1.33 (Yang
et al., 2014). Sequences of less than 100 bp, sequences with a
quality of less than 20, and reads containing N bases were
removed using Sickle v1.2 (Yang et al., 2014). Clean reads
were created.

Clean reads were assembled using MEGAHIT v1.1 (set as
— presets meta-large), and the scaffolds were interrupted at
the N joint, resulting in scaftigs (Mende et al., 2012; Nielsen
et al., 2014). Unused reads were obtained using SoapAligner
v2.21 (set as -u, -2, -m 200) for the global final assembly
(with the same protocol as the assembly of single sample)
(Karlsson et al., 2012).

Annotation of taxonomy

For rRNA-based taxonomic annotation, clean reads were
aligned against SILVA database release 132 (Quast et al., 2012)
using a local blastn program (E-value set as 10°°) (Camacho
et al., 2009). A blastn result was imported into MEGAN Com-
munity v6.12.6, and taxonomic classification was performed
using the LCA algorithm (Huson et al., 2016). For taxono-
mic comparison, the number of SSU rRNA reads of each
sample was normalized to the smallest sample in MEGAN
Community v6.12.6.

Gene annotation and abundance calculation

Scaftigs longer than 500 bp were used for gene function an-
alysis (Nielsen et al., 2014). Open reading frames (ORFs) were
predicted with MetaGeneMark v2.10 (default setting), and
ORFs with less than 100 nucleotides were filtered (Karlsson
et al., 2013). A gene catalogue was constructed (identity 95%,
coverage 90%) using CD-HIT v4.6.6 (set as -c 0.95, -G 0,
-aS0.9,-g 1,-d 0) (Fu et al.,, 2012; Li et al., 2014).

Clean reads were aligned against the gene catalogue using
SoapAligner v2.21 (set as -m 200, -x 400, identity > 95%) to
obtain the gene reads number (Li et al., 2014). After the genes
with a maximum read number of 2 were filtered, a unigenes
catalogue was constructed for further analysis (Qin et al.,
2010). The gene abundance of each sample could be calcu-
lated through the genes length and reads number (Karlsson
et al., 2012). The gene reads number of each sample was nor-
malized to the size of the smallest sample based on relative
abundance (Qin et al., 2010).

For gene function annotation, unigenes were aligned against
the Kyoto Encyclopedia of Genes and Genomes (KEGG)
(Kanehisa et al., 2014), Non-supervised Orthologous Groups
(eggNOG) (Powell et al., 2014), and Carbohydrate-Active
EnZymes (CAZy) databases (Cantarel et al., 2009) using
DIAMOND v0.9.14 (set as blastp, -e 1e-5) (Li et al., 2014).
The sequences with the highest score (one HSP > 60 bits)
were used for the subsequent analysis (Li ef al., 2014).

Statistical analysis

Bar charts and pie charts were generated using Excel 2016.
Differences between the two groups were analyzed using
White’s non-parametric ¢-test in STAMP v2.1.3 (Parks et al.,



2014). A heatmap was generated using MORPHEUS after
the Z-score normalization (Fernandez et al., 2017). Clus-
tering of the samples was based on the weighted Unifrac
distance using Fast UniFrac (Hamady et al., 2010).

Principal component analysis (PCA), redundancy analysis
(RDA), assessment of association between environmental
factors and functional gene distribution in RDA, and Mantel
test were performed using R3.4.3 with the vegan v2.4-6 pac-
kage (Dixon, 2003). Confidence ellipse was generated using
ggplot2 v3.1.0 package. The number of environmental fac-
tors exceeded the number of samples. As such, the first two
axes of metal content PCA were chosen for RDA. These
axes accounted for more than 80% of the variance in these
factors.

Data accessibility

The metagenomic sequencing data analyzed in this work
were deposited in the NCBI SRA database under BioProject
PRJNA472209.

Results

Overview of the metagenomic data

Total DNA was extracted and sequenced using Illumina
HiSeq 4000, thereby generating 31.75 Gbp data with an
average sample size of approximately 5.29 Gbp. A total of
443,991 ORFs were predicted for functional annotation, and
73.88% of these ORFs were assigned to functional genes.
The percentage of the identified SSU rRNA genes used for
the taxonomic assignments in all of the samples was 0.07%.

Microbial community in mangrove and non-mangrove sedi-
ments

The taxonomic classification based on SSU rRNA annota-
tion showed that bacteria, archaea, and fungi accounted for
93.83%, 1.91%, and 0.12%, respectively.

A total of 25 bacterial phyla, three archaeal phyla, and five
phyla of fungi were found in the samples. The top three
abundant bacterial phyla were Proteobacteria, Bacteroidetes,
and Firmicutes (Fig. 1A). The major archaeal phyla were
Crenarchaeota and Euryarchaeota (Fig. 1B). The main fun-
gal phyla were Basidiomycota, Ascomycota, and Zoopago-
mycota (Fig. 1C).

To determine the taxonomic differences between the man-
grove sediments and non-mangrove sediments, we assigned
the mangrove-derived samples MS1, MS2, and MS3 as the
MS (mangrove sediment) group, and the non-mangrove-
derived samples NMS4, NMS5, and NMS6 as the NMS (non-
mangrove sediment) group. The most abundant bacterial
phyla in the MS group were Proteobacteria, Bacteroidetes,
and Firmicutes (Supplementary data Fig. S2A). At the phy-
lum level, the bacterial communities of the two groups were
similar (Supplementary data Fig. S2A). Crenarchaeota and
Euryarchaeota were the most abundant archaeal phyla in the
two groups (Supplementary data Fig. S2B). The portion of
Crenarchaeota was higher than that of Euryarchaeota in the
MS group. By contrast, the NMS group showed different
results (Supplementary data Fig. S2B). Basidiomycota was
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the most abundant fungal phylum in the two groups (Sup-
plementary data Fig. S2C). The second-most abundant fun-
gal phyla in the MS group and the NMS group were Zoo-
pagomycota and Ascomycota, respectively (Supplementary
data Fig. S2C).
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Fig. 1. Taxonomic structure of the samples. (A) The bar chart indicates the
relative abundances of the 10 abundant bacterial phyla in each sample, and
the pie chart indicates the relative abundances of the 10 abundant bacterial
phyla in all the samples. (B) The bar chart indicates the relative abundances
of the archaeal phyla in each sample, and the pie chart indicates the rela-
tive abundances of the archaeal phyla in all samples. (C) The bar chart in-
dicates the relative abundances of the fungal phyla in each sample, and
the pie chart indicates the relative abundances of the fungal phyla in all the
samples.
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Differences in taxonomic abundance were analyzed using
white’s non-parametric t-test in STAMP software. At the
kingdom level, the abundance of archaea was significantly
increased in the MS group, whereas that of fungi was sig-
nificantly reduced (Fig. 2A). No significant difference in bac-
teria was found between the two groups. At different taxo-
nomic levels, seven phyla (Supplementary data Fig. S3), 10
classes (Supplementary data Fig. S4), 19 orders (Supplemen-
tary data Fig. S5), 23 families (Supplementary data Fig. S6),
30 genera (Supplementary data Fig. S7), and 35 species (Sup-
plementary data Fig. S8) significantly differed between the
two groups. Of the 10 abundant bacterial phyla, three (Fir-
micutes, Cyanobacteria, and Actinobacteria) were signifi-
cantly more abundant in the NMS group than in the MS
group (Supplementary data Fig. S3). However, Proteobac-
teria and Bacteroidetes, the two most abundant phyla ac-
counting for more than 50% of the bacteria (Fig. 1A and
Supplementary data Fig. S2A), did not show a significant dif-
ference between the two groups (Supplementary data Fig.
§$3). Similarly, the classes of the two phyla did not signifi-
cantly vary between the two groups (Supplementary data
Fig. $4).

Six bacterial classes, namely, Actinobacteria, Bacilli, Planc-
tomycetia, Mollicutes, Verrucomicrobiae, and Agaricomy-
cetes, were enriched in the NMS group, whereas Dehalo-
coccoidia and Phycisphaerae were enriched in the MS group
(Supplementary data Fig. S4). Methanomicrobia and Ther-

moprotei, which belonged to archaea and showed signifi-
cant difference between the two groups, were higher in the
MS group than in the NMS group (Supplementary data Fig.
S4). The most abundant fungal class Agaricomycetes, which
belonged to Basidiomycota, was significantly abundant in
the NMS group (Supplementary data Fig. S4).

Figure 2B shows the significantly different families between
the MS and NMS groups (Supplementary data Fig. S6). Five
bacterial families (Mycoplasmataceae, Streptococcaceae, Sta-
phylococcaceae, Vibrionaceae, and Dehalococcoidaceae)
were significantly different between the two groups. Myco-
plasmataceae, Streptococcaceae, and Staphylococcaceae were
higher in the NMS group, whereas Vibrionaceae and De-
halococcoidaceae were higher in the MS group (Fig. 2B and
Supplementary data Fig. S6). Only one archaeal family, na-
mely, Methanosarcinaceae, showed a significant difference
between the MS and NMS groups (Fig. 2B and Supplemen-
tary data Fig. S6). At the genus level, Vibrio and Dehalococ-
coides were significantly higher in the MS group than in the
NMS group, whereas Desmonostoc, Mycoplasma, and Stre-
ptococcus were significantly higher in the NMS group than
in the MS group (Fig. 2C and Supplementary data Fig. S7).

Diversity analysis of microbial community in mangrove and
non-mangrove sediments

The a-diversities of bacteria, archaea, and fungi were indi-
cated by the Shannon index. At the class level, the average
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Shannon indexes of bacteria, archaea, and fungi were 3.36,
1.81, and 0.62 in the MS group and 3.42, 1.25, and 1.79 in
the NMS group, respectively (Fig. 3). The Shannon index
of archaea was significantly higher in the MS group than in
the NMS group (Fig. 3B). Meanwhile, the Shannon index of
fungi was higher in the NMS group than in the MS group.
The PCA of the three kingdoms showed that the samples of
the two groups could be divided (Fig. 3). For bacteria, the
samples in the MS group were more dispersed than those
in the NMS group on the PCA plot (Fig. 3A). Conversely,
the samples in the NMS group were more dispersed than
in the MS group in the case of fungi (Fig. 3C). Similar to the
PCA results, clustering (weighted Unifrac) among the sam-
ples showed that bacterial, archaeal, and fungal communi-
ties were different between the MS and NMS groups (Fig. 4).

Gene function profile in mangrove and non-mangrove sedi-
ments

KEGG, eggNOG, and CAZy databases were used for func-
tional gene annotation to explore the functional gene fea-
tures of the microbial community in the mangrove sediments
(Cantarel et al., 2009; Kanehisa et al., 2014; Powell et al., 2014).
Functional analysis results showed that approximately 53.27%
of the predicted protein coding sequences were matched to
4,637 KEGG Orthologies and 20 KEGG categories (level 2)
(Fig. 5 and Supplementary data Fig. S9). The results suggested
that the genes associated with core-housekeeping functions,
such as “Carbohydrate metabolism,” “Energy metabolism,”
and “Amino acid metabolism” were the most abundant me-
tabolic categories (Fig. 5 and Supplementary data Fig. S9),
accounting for 14.36%, 13.44%, and 12.96% of the total func-
tional genes in the MS group, respectively.

The structures of the functional genes in the two groups were
similar (Fig. 5). The gene abundances of “Membrane trans-
port,” “Translation,” and “Signal transduction” were higher
in the MS group, whereas genes associated with “Amino acid
metabolism” and “Nucleotide metabolism” were higher in
the NMS group (Fig. 5).

In addition to the functional gene structures of the two
groups shown in Fig. 5, the gene distribution pattern of the
samples is illustrated in Fig. 6. The genes involved in “Mem-
brane transport,” “Xenobiotics biodegradation and meta-
bolism,” and “Energy metabolism” were abundant in sam-

Fig. 4. Clustering of microbial communities
associated with the Beibu gulf samples. (A)
Bacterial community, (B) Archaeal community,
(C) Fungal community.
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ples of the MS group. And genes involved in “Amino acid me-
tabolism,” “Folding, sorting and degradation,” “Metabolism
of other amino acids,” and “Transport and catabolism” were
abundant in the NMS group (Fig. 6).

For B-diversity analysis, PCA showed that the functional
gene compositions were different between the MS and NMS
groups (Fig. 7). As shown in the PCA plot, samples from the
two groups could be obviously divided, and the samples in
the MS group were more dispersed than those in the NMS
group (Fig. 7).

White’s non-parametric t-test was performed to analyze
the significant differences between the two groups, and four
significantly different functional gene categories, namely,
“Transport and catabolism,” “Metabolism of other amino
acids,” “Folding, sorting and degradation,” and “Amino acid
metabolism,” were found. These categories were more abun-

Fig. 5. Abundances of the func-
tional genes in the MS and NMS

groups.
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dant in the NMS group (Supplementary data Fig. S10). “Car-
bohydrate metabolism” and “Energy metabolism” were the
most abundant functional genes in the samples and did not
show a significant difference between the two groups. CZs
were analyzed using the CAZy database to further determine
the difference in the genes involved in carbohydrate metabo-
lism between the MS and NMS groups. Seven types of CZs
were significantly different between the MS and NMS groups
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(Fig. 8). Polyphenol oxidase (EC 1.10.3.-), hexosyltransferase
(EC 2.4.1.-), and P-N-acetylhexosaminidase (EC 3.2.1.52)
were enriched in the MS group. According to CAZy annota-
tion, 19 CZ families were significantly different between the
MS and NMS groups (P < 0.05) (Fig. 9). The GT51, GH23,
and CE11 families were significantly higher in the MS group
than in the NMS group (Fig. 9).
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Fig. 9. Significant differences of CZ families between the MS and NMS groups.
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Fig. 10. RDA plot according to the KEGG Orthology abundances and en-
vironmental factors information of each sample.

Impact of environmental factors on the functional gene pro-
file

The Mantel test showed a significant correlation between
functional genes and environmental factors (Pearson’s r =
0.545, P = 0.019, Euclidean distance, permutations: 9999).
RDA results also showed that pH and TOC were the main
factors affecting the functional gene constructure (Fig. 10).
TOC significantly affected the gene distribution (P < 0.05)
(Supplementary data Table S1).

Discussion

Mangroves are coastal ecosystems around the world (Giri
et al., 2011) and are deeply involved in biogeochemical pro-
cesses, mainly in carbon cycling (Bouillon et al., 2002). Given
the essential roles of microorganisms in the ecosystem, in-
vestigating the microbial community and gene functions in
the mangrove sediment environments is necessary. Resear-
chers have investigated the taxonomy and gene functions
based on high-throughput sequencing of the mangrove sedi-
ment samples from the Arabian Sea (India), Red Sea (Saudi
Arabia), and Atlantic (Brazil) (Andreote et al., 2012; Thomp-
son et al., 2013; Alzubaidy et al., 2016; Imchen et al., 2018).
In this study, we analyzed the gene function profile of the
microbial community in the mangrove sediments at the sub-
tropical estuary of Beibu Gulf, South China Sea.

Bacteria was the predominant kingdom rather than arch-
aea and fungi in our mangrove sediment samples. At the
phylum level, Proteobacteria, Bacteroidetes, and Firmicutes
were the dominant bacteria in the mangrove sediment sam-
ples MS1, MS2, and MS3. The most abundant phylum Pro-
teobacteria accounted for 44.31% of the bacteria in the MS
group (Supplementary data Fig. S2A). A remarkable portion
of Proteobacteria was also found in the mangrove sediment
samples from India, Brazil, Saudi Arabia, and Hong Kong,
accounting for more than 54.0% (Andreote et al., 2012; Jiang
et al., 2013; Mangrola et al., 2015; Alzubaidy et al., 2016).
This result indicated that Proteobacteria is the dominant
phylum in mangrove sediment. Proteobacteria is widely in-
volved in material cycling in the natural environment (Ker-
sters et al., 2006). In Proteobacteria, three genera with high
abundance (Klebsiella, Vibrio, and Pseudomonas) were found
in the Beibu Gulf samples, and they are considered as bac-
teria that promote the growth of mangroves by participat-

ing in nitrogen fixation and phosphate solubilization (Bashan
and Holguin, 2002). Chloroflexi, Cyanobacteria, Planctomy-
cetes, and Actinobacteria constitute the other abundant bac-
terial phyla in the mangrove sediment samples, and this ob-
servation is consistent with other mangrove studies (And-
reote et al., 2012; Jiang et al., 2013; Mangrola et al., 2015;
Alzubaidy et al., 2016). Interestingly, Elusimicrobia was the
highly abundant phylum in our work, accounting for 5.60%
of the total bacteria (Fig. 1A). Most of its species were de-
tected only by the 16S rRNA-based method from anoxic en-
vironments, such as marine sediments (Brune, 2018) and the
gut microbiome of animals or insects with a rich cellulose
content (Huang et al., 2013; Wong et al., 2016). The anoxic
and cellulose-rich sediment in the mangrove ecosystem may
facilitate their growth (Holguin et al., 2001). Euryarchaeota
and Crenarchaeota, which were the most abundant archaeal
phyla in this study, are also the major archaeal phyla in India,
Brazil, and Saudi Arabia mangrove sediment samples (Im-
chen et al., 2018). Basidiomycota and Ascomycota were the
major fungal phyla in the Beibu Gulf and Saudi Arabia man-
grove sediment samples (Alzubaidy et al., 2016). These results
suggested the similar phylum structure of bacteria, archaea,
and fungi in the global mangrove ecosystems.

We also found that the genera Vibrio and Dehalococcoides
were significantly higher in the MS group than in the NMS
group (Fig. 2C). Vibrio is widely found in marine and estu-
arine environments (Thompson et al., 2004). Members of
Vibrio are involved in nitrogen fixation and organic matter
degradation, which are important metabolic processes in
mangrove ecosystems (Bashan and Holguin, 2002; Ray et al.,
2014; Badur et al., 2015). In addition, plant, fish, shrimp,
and shellfish often serve as Vibrio carriers, which are abun-
dant in mangrove ecosystems (Ronnback, 1999; Walters et
al., 2008). Dehalococcoides is known as the only bacterial ge-
nus that degrades chlorinated organic compounds, which
are human-derived contaminants that easily accumulate in
sediments (Olutona et al., 2016). The special properties of the
mangrove ecosystem at the urban estuary may contribute
to the richness of these bacteria.

The result also demonstrated that archaea were significantly
higher in the MS group than in the NMS group, whereas fungi
were significantly higher in the NMS group (Fig. 2A). For
archaea, the family Methanosarcinaceae was significantly
higher in the MS group than in the NMS group (Fig. 2B).
Members of Methanosarcinaceae, such as Methanosarcina
and Methanococcoides, have been found in various anaerobic
environments where methane is produced (Hedderich and
Whitman, 2013; Oren, 2014). A previous study indicated that
the methanogenic bacteria are important components of
mangrove sediment microorganisms (Holguin et al., 2001).
Human activity and contamination, such as sewage of aqua-
culture, may increase the methanodynamic activity in man-
grove ecosystems (Holguin et al., 2001). We found that “Me-
thane metabolism” was the sixth-most abundant metabolic
function (KEGG level 3) in the MS group and was higher than
that in the NMS group (Supplementary data Table S2). The
emission of municipal and aquaculture sewage upstream of
the sampling estuary might promote the enrichment of Me-
thanosarcinaceae and enhance methane metabolism in the
mangrove ecosystem.



Although no significant difference in the total bacterial
abundance was observed between the two groups of the Beibu
Gulf samples at the kingdom level, the bacterial structure was
more diverse in the MS group than in the NMS group (Figs.
3A and 4A). Plants and animals, whose community structures
are much different between the mangrove ecosystem and the
non-mangrove area, have extensive nutritional exchanges
with bacteria (Holguin et al., 2001; Sahoo and Dhal, 2009),
which may cause more complex bacterial community in the
Beibu Gulf mangrove sediments.

In addition to taxonomic investigation, the gene function
profile of the Beibu Gulf mangrove sediment samples was
determined using the KEGG, eggNOG, and CAZy data-
bases. We found that “Carbohydrate metabolism,” “Energy
metabolism,” and “Amino acid metabolism” were the major
functional types of the Beibu Gulf mangrove sediment sam-
ples (Fig. 5). The three functional types are also predominant
in the samples from Brazilian mangrove sediments (Andreote
et al., 2012; Thompson et al., 2013). In the two mangrove sedi-
ment studies, “Carbohydrate metabolism” is also the most
abundant type (Andreote et al., 2012; Thompson et al., 2013).
The three functional types are involved in basic metabolism
in various environmental samples (Costa et al., 2015; Badhai
et al., 2016; Meneghine et al., 2017). However, previous stu-
dies on the mucus of the coral Fungia echinata and zoo ag-
ricultural soil demonstrated that “Amino acid metabolism”
is the only abundant functional type (Badhai et al., 2016;
Meneghine et al., 2017).

Microbes in mangrove sediment dominate organic matter
degradation, and carbon and energy can enter the food web
by the uptake of animal consumers (Holguin et al., 2001;
Rajendran et al., 2016). In our study, “Carbon metabolism”
was the highest (43.80%) functional type of metabolic genes
(KEGG: Global and overview maps of metabolism) in the
MS group, and this type was higher than that in the NMS
group (Supplementary data Table S3). In addition, the genes
associated with “Carbon fixation pathways in prokaryotes”
were the third-most abundant (4.30%) metabolic genes in
the MS group (KEGG level 3) and were higher than those in
the NMS group (Supplementary data Table S2). Mangrove
plants contain highly abundant carbohydrates, such as glu-
cose (cellulose form), xylose, arabinose, and galactose as or-
ganic carbon (Opsahl and Benner, 1999; Rajendran et al.,
2016). This condition may contribute to the particularly high
ratio of carbohydrate metabolism genes in the mangrove se-
diments. In this work, the difference in “Carbohydrate me-
tabolism” genes was not significant (P = 0.48) between the
MS and NMS groups as indicated by White’s non-parame-
tric t-test (Supplementary data Fig. $10). This result is un-
derstandable because of tidal brush and estuary water flow,
and detritus from mangrove ecosystems can be carried to
the surrounding area, thus influencing the distribution of
functional genes in the area (Holguin ef al., 2001). These re-
sults implied that carbohydrate metabolism genes are domi-
nant in the mangrove ecosystem.

The differences in CZs between the two groups were further
analyzed using the CAZy database, and our results revealed
that polyphenol oxidase (EC 1.10.3.-), hexosyltransferase
(EC 2.4.1.-), and B-N-acetylhexosaminidase (EC 3.2.1.52)
were significantly higher in the MS group than in the NMS
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group (Fig. 8). These enzymes collectively accounted for
90.84% of the significantly different CZs. Polyphenol com-
pounds, such as tannins, are widely found as secondary me-
tabolites of plant tissues, which are also rich in mangrove
(Hattenschwiler and Vitousek, 2000; Rajendran et al., 2016).
Polyphenol oxidases are found in bovine rumen microflora,
and they improve the digestion of lignin (Beloqui et al.,
2006; Cantarel et al., 2009). We speculated that this enzyme
promotes lignin degradation in mangrove sediments, which
is similar to that in bovine rumen (Lee et al., 2014), because
of the richness of polyphenol and lignin in the mangrove
ecosystem (Rajendran et al., 2016). Hexoses such as cellu-
losic glucose, galactose, and hemicellulosic glucose are rich
in the wood and leaves of mangrove plants (Rajendran et al.,
2016). The higher abundance of hexosyltransferase in man-
grove sediment microflora conforms to the degradation re-
quirement of these hexoses (Rajendran et al., 2016). 3-N-
acetylhexosaminidase, which hydrolyzes the terminal non-
reducing N-acetyl-D-hexosamine residues in N-acetyl-beta-
D-hexosaminides and belongs to glycoside hydrolases, was
previously detected in the mangrove sediment samples (So-
ares et al., 2017). This enzyme contributes to the degrada-
tion of chitin, a polysaccharide that widely exists in marine
animals, such as crabs and shrimps, which inhabit mangrove
ecosystems (Patil et al., 2000; Holguin ef al., 2001). This find-
ing indicated that a strong chitinolytic process occurred in
mangrove sediments.

The significantly different CZ families between MS and
NMS groups were GT51, GH23, and CE11 (Fig. 9). The fa-
milies belonged to glycosyltransferase, glycoside hydrolase,
and carbohydrate esterase classes in CAZy, respectively (Can-
tarel et al., 2009). These families correspond to a-l-arabi-
nofuranosidase, glycosidic bonds cleavage, and UDP-3-0O-
acyl-N-acetylglucosamine deacetylase activities, respectively
(Cantarel et al., 2009; Artimo et al., 2012). Thus, the results
of CAZy family analysis also indicated the higher activities
of carbohydrate metabolism in the Beibu Gulf mangrove
sediments.

Large amounts of organic matter are retained in sediments
by falling wood and leaves of mangroves (Holguin et al.,
2001). In this study, the TOC value of the mangrove sedi-
ments was significantly higher than that of non-mangrove
sediments (P < 0.05) (Supplementary data Table S4). The
RDA results showed that TOC was the significant factor
that affects the microbial community and functional gene
distribution in the samples (P < 0.05) (Supplementary data
Table S1). We found that microbial communities and func-
tional genes were distinct in the MS and NMS samples (Figs.
3, 4, 6, and 7), which were similar to previous findings on
mangroves (Jiang et al., 2013; Simdes et al., 2015; Alzubaidy
et al., 2016).

In summary, this work provided the detailed profiles of
microbial communities and functional genes in the subtro-
pical mangrove sediments in the South China Sea through
metagenomics analysis. Functional gene analysis showed the
richness of carbohydrate metabolism genes in the mangrove
sediment microorganisms. Significantly abundant CZs were
found in the mangrove samples. High TOC, a characteristic
of mangroves, might contribute to the enrichment of carbo-
hydrate metabolism genes, thereby promoting the utiliza-



BN 584 Zhao et al.

tion and transformation of large amounts of carbon in man-
grove sediments. The results of this study would help eluci-
date the key microorganisms in the matter flow of subtro-
pical marine mangrove ecosystems.
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