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Polymeric carbohydrates are abundant and their recycling by microbes is a key
process of the ocean carbon cycle. A deeper analysis of carbohydrate-active
enzymes (CAZymes) can offer a window into the mechanisms of microbial
communities to degrade carbohydrates in the ocean. In this study, metagenomic
genes encoding microbial CAZymes and sugar transporter systems were
predicted to assess the microbial glycan niches and functional potentials of glycan
utilization in the inner shelf of the Pearl River Estuary (PRE). The CAZymes gene
compositions were significantly different between in free-living (0.2—-3um, FL) and
particle-associated (>3um, PA) bacteria of the water column and between water
and surface sediments, reflecting glycan niche separation on size fraction and
selective degradation in depth. Proteobacteria and Bacteroidota had the highest
abundance and glycan niche width of CAZymes genes, respectively. At the genus
level, Alteromonas (Gammaproteobacteria) exhibited the greatest abundance
and glycan niche width of CAZymes genes and were marked by a high abundance
of periplasmic transporter protein TonB and members of the major facilitator
superfamily (MFS). The increasing contribution of genes encoding CAZymes
and transporters for Alteromonas in bottom water contrasted to surface water
and their metabolism are tightly related with particulate carbohydrates (pectin,
alginate, starch, lignin-cellulose, chitin, and peptidoglycan) rather than on the
utilization of ambient-water DOC. Candidatus Pelagibacter (Alphaproteobacteria)
had a narrow glycan niche and was primarily preferred for nitrogen-containing
carbohydrates, while their abundant sugar ABC (ATP binding cassette) transporter
supported the scavenging mode for carbohydrate assimilation. Planctomycetota,
Verrucomicrobiota, and Bacteroidota had similar potential glycan niches in
the consumption of the main component of transparent exopolymer particles
(sulfated fucose and rhamnose containing polysaccharide and sulfated-N-
glycan), developing considerable niche overlap among these taxa. The most
abundant CAZymes and transporter genes as well as the widest glycan niche in
the abundant bacterial taxa implied their potential key roles on the organic carbon
utilization, and the high degree of glycan niches separation and polysaccharide
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composition importantly influenced bacterial communities in the coastal waters
of PRE. These findings expand the current understanding of the organic carbon
biotransformation, underlying the size-fractionated glycan niche separation near

the estuarine system.

microbial CAZyme diversity, metagenomics analysis, glycan niche, the Pearl River

Estuary, microbiome

1. Introduction

Carbohydrates constitute a large fraction of labile and semi-labile
organic matter and mainly derive from phytoplankton in the ocean
(Pakulski and Benner, 1994). Much of the total carbohydrate fraction
is combined in oligo-and polysaccharides (Benner, 2002; Myklestad
and Bersheim, 2007; Sperling et al., 2017), and polysaccharides (i.e.,
glycans) can contribute up to 50% to total phytoplankton biomass
(Painter, 1983; Becker et al., 2020). Carbohydrate degradation in the
ocean is mainly driven by prokaryotic organisms. Labile
polysaccharides are rapidly degraded and respired. Polysaccharides in
sinking particles are remineralized while sinking through the water
column or in sediments where the more recalcitrant fraction may
accumulate (Jiao et al., 2011; Arnosti et al., 2021). Thus, particulate
polysaccharides can contribute substantially to carbon export from
surface waters (Vidal-Melgosa et al., 2021).

Polysaccharides are chemically diverse and contain various
structures and highly branched molecules. CAZymes are used by
heterotrophic microbes to assemble, break down, and modify glycans
and glycoconjugates. In general, the diversity of CAZymes can mirror
the substrates that they utilize and the ecological and/or
biogeochemical processes in the ocean (Teeling et al., 2012, 2016;
Zhao et al., 2020; Baltar et al, 2021). In addition, long-term
investigations carried out by Teeling et al. (2016) revealed that
variations of CAZymes genes traits and the accompanying succession
of bacterial compositions are largely governed by deterministic
principles such as substrate-induced forcing. Furthermore, Vidal-
Melgosa et al. (2021) found that the abundance of CAZymes in the
North Sea of the Atlantic Ocean involved in the degradation of
laminarin was much higher than fucoidan during the outbreak of
diatom bloom, resulting in the carbon sequestration in the form of
fucoidan (Vidal-Melgosa et al., 2021). For alginate and pectin,
identified alginate-degrading enzymes and polysaccharide utilization
loci (PULs) in metagenome-assembled genomes related to
Alteromonadacea and Bacteroidetes in seawater indicated that these
CAZyme gene pools are not phylogenetically widespread but niche
specialized (Hehemann et al., 2017; Thomas et al., 2021; Wolter et al.,
2021). Bacteroidota, Planctomycetota, and Verrucomicrobiota phylum
are prominent for the degradation of a wide range of complex
carbohydrates (i.e., plant cell wall, bacterial EPS, and sulfated glycan)
due to their high diversity of CAZymes and sulfatases, which improve
their adaptability in many diverse environments (Costa et al., 2020;
Sichert et al., 2020; Luis et al., 2022).

Niche is a complex description of how a microbial species uses its
environment. For a long time, less attention has been paid to the
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ecological niche concept of microbiome than to other plants and
animals. Microbial niche breadth has been measured for specific
aspects of the environment [e.g., temperature (Sauer et al., 2015), pH
(Kuang et al., 2013)] and nutrient availability (Kits et al., 2017; Herold
et al,, 2020; Dal Bello et al,, 2021). Recently, von Meijenfeldt et al.
(2023) used social niche breadth score to reveal niche range strategies
of generalists and specialists, based on the variability of the
communities with which it associates. Since metabolic traits (such as
the ability to metabolize certain substrates or synthesize molecules)
are the most important factors affecting the niche of microbial cells
(Garza et al,, 2018; Fahimipour and Gross, 2020; Dal Bello et al,,
2021), and the polymers of carbohydrates represent a large pool of
organic matter in the ocean, CAZymes diversity, glycan niche width
and the related measurement of glycan overlap based on the CAZymes
genes distribution in the microbial community are presumably closely
related to microbial utilization of the organic carbon matter in the
environment and their niche specifications (Teeling et al., 2012, 2016;
Smits et al., 2017; Avci et al., 2020; Dal Bello et al., 2021).

Besides CAZymes, outer membrane transporters specific for
polysaccharide uptake, such as the SusC-like TonB-dependent
transporter (TBDT) (starch utilization system), also can serve as an
indicator for estimating bacterial polysaccharide utilization (Francis
et al., 2021). Recently, according to a new model of the strategy of
microbial processing polysaccharides degradation production, marine
microbes were simplified into three types: sharer, scavenger, and
selfish bacteria (Reintjes et al., 2019). Sharers are bacteria that secrete
extracellular enzymes and hydrolyze substrates in the external
environment; oppositely, scavengers cannot produce corresponding
enzymes for high molecular weight polysaccharides and are
considered to benefit from hydrolysis products (e.g., oligosaccharide)
degraded by sharers. The selfish bacteria are defined as hydrolyzing
substrates with little diffusive loss (Reintjes et al., 2019; Arnosti et al.,
2021). In general, the selfish bacteria have abundant cell-associated
enzymes and transporters in outer membranes (e.g., SusC), which
enable the hydrolysates quickly come into the periplasm space instead
of being utilized by other bacteria (Cuskin et al., 2015). The insights
from bacterial CAZymes diversity contribute to the understanding of
algae-bacteria interactions and the remineralization of polysaccharides
in the light of large amounts of algae primary productivity on global
scales. So far, polysaccharide-degrading capabilities of marine bacteria
in situ driven by CAZymes are largely unknown (Lazar et al., 2016;
Orsi et al., 2018).

Estuaries and adjacent waters with enhanced nutrient
concentrations are typically highly productive and show elevated
polysaccharide concentrations including algal storage polysaccharides

frontiersin.org


https://doi.org/10.3389/fmicb.2023.1180321
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org

Sun et al.

(B-1,3-glucans such as laminarin; «-1,4-glucans such as starch and
glycogen) (Alderkamp et al., 2007), and cell matrix and cell wall
constituents of both algae and other organisms (cellulose or
hemicellulose, xylose, lignin, peptidoglycan, pectin, and chitin)
(Okuda, 2002; Tremblay and Benner, 2006). Moreover, transparent
exopolymer particles (TEP) are ubiquitous in estuarine systems. These
gel-like particles are rich in acidic polysaccharides, which include
fucose- and rhamnose-rich sulfated heteropolysaccharides (sulfate
half-ester) or uronic acid-containing polysaccharides with carboxyl
groups, such as alginate and pectin (Hung et al., 2001; Passow, 2002;
Sperling et al., 2017). In addition, terrestrial higher plants are rich in
lignin and cellulose and are often exported to estuaries and adjacent
coastal seas (Benner and Kaiser, 2011). In the transition zone from the
estuary and shelf to the continent, carbohydrates undergo significant
2004).
Accordingly, bacterial CAZymes perform complex functions and are

degradation and transformation processes (Benner,
responsible for much of the carbon turnover in the estuary,
characterized by high loads of organic carbon. Yet, little is known
about the diversity of microbial CAZymes and their role in
polysaccharide decomposition in the estuarine system (Baker et al.,
2015; Smith et al., 2019).

In this study, we sampled the inner shelf of the Pearl River Estuary,
where the contribution of terrigenous organic carbon was on average
34 +4% while polysaccharides and proteinaceous matter were mainly
derived from phyto- and bacterioplankton (He et al., 2010a,b; Zhang
and Ran, 2014; Sun et al., 2022). In addition, TEP was an important
particulate component of the total organic pool in the PRE (Sun et al.,
2012). A recent study found that the particle-associated bacteria
communities in the PRE differed from free-living bacteria
compositions (Liu Y. Y. et al., 2020) and showed higher connectivity
between bacterioplankton and archaea plankton communities than
free-living bacteria (Wang et al., 2020).

To reveal the microbial consortia involved in the transformation
of functionally different polysaccharides, genes of microbial
CAZymes, sugar transporter, sulfatase, and their functional potentials
of polysaccharide utilization were predicted for different size fractions,
representing free-living bacteria (0.2-3 pm) and particle-associated
bacteria (>3 pum) in water and surface sediments of the inner PRE
based on metagenomic data. We assessed microbial CAZymes
diversity, glycan niche width, glycan specificities, and metabolic
strategies for implying organic carbon turnover in the inner shelf of
the estuarine system.

2. Sampling and method
2.1. Sampling

The study was conducted on the inner shelf of the PRE in Nov
2020. The sampling sites are shown in Figure 1. Water samples were
collected near the surface (0.5m depth) and bottom layers, using 5.0-L
Niskin bottles. 2L of seawater was filtered first through 3-pm-pore-
size and subsequently through 0.22-pm-pore-size filter membranes
(Millipore, Bedford, United States) to collect particle-associated
(>3 pm) and free-living bacteria (0.2-3 pm), respectively. The surface
sediment (upper 1-2 cm) was collected using a grab sampler. The filter
membranes and surface sediment (15g) were frozen immediately in
liquid nitrogen before being stored at —80°C until DNA extraction.
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FIGURE 1
Sampling stations in the inner shelf of the Pearl River estuary.

Salinity, pH, turbidity, and temperature were measured i situ using a
YSI 6600 probe (YSI Inc., United States).

2.2. Chemical analysis

For particulate organic carbon (POC) and Chla, 1L of seawater was
filtered through pre-combusted (10h, 450°C) glass fiber filters (0.7 pm
pore size, Whatman, USA) under a gentle vacuum of <150 mm Hg. From
each sample, 30mL of filtrate was collected into 40 mL pre-combusted
glass vials and immediately stored at-20°C for dissolved organic carbon
(DOC) analysis. 200 mL of filtered seawater from each depth were stored
at —20°C for nutrient analysis (nitrate, nitrite, ammonium salt,
phosphate, and silicate). Chla concentrations were determined after
extraction in 90% acetone overnight (Parsons et al., 1984). The
concentration of POC was determined with a PE2400 Series II CHNS/O
analyzer (PerkinElmer, USA). DOC concentration was measured using
a Shimadzu TOC-V analyzer (Shimadzu Inc., Japan) (Sun et al., 2012).
Nutrients were determined using a four-channel continuous flow
Technicon AA3 auto-analyzer (Bran+Luebbe GmbH, Germany), and the
detection limits were about 0.04 pmol L™ for inorganic nitrogen nutrients
and 0.03 pmol L™ for phosphate and silicate, respectively.

For TOC in sediment, samples were oven-dried at 50°C, ground,
and homogenized with a pestle and mortar, then passed through a
mesh sieve (250 pm in pore size). Sediment samples were soaked in
1 molL™" HCl at room temperature for 24h (Prahl et al., 1994), rinsed
with Milli-Q water to remove salts, and then oven-dried at 50°C. Then,
TOC was detected using dry combustion with a Perkin-Elmer 2400
CHNS/O analyzer. The relative standard deviations (RSDs) of TOC
determinations were < 5%. The content of Acid Volatile Sulfide (AVS)
in sediments was measured with the methylene-blue-
spectrophotometric method according to the standard method of the
People’s Republic of China (HJ 833-2017). Then, 3.0 g of wet sample
was put into the nitrogen-purging meter (Taipute Co. Ltd., LHW-6A)
at first, and (1+2) HCl was dripped in. H,S produced in the nitrogen-
purging meter was absorbed by the mixed solution of zinc acetate and
sodium acetate. Finally, the content of AVS in the mixed solution was
measured with the UV spectrophotometer (Shimadzu, UV-1700).
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2.3. DNA preparation, sequencing,
metagenome assembly, and analysis

Sample DNA was extracted in triplicate from 0.5 g of fresh surface
sediment and filtered samples using the Fast DNA spin kit (MP
Biomedicals, Cleveland, United States) following the manufacturer’s
instructions. The quality and integrity of the DNA extracts were
assessed using a NanoDrop 2000 spectrophotometer. The extracted
microbial DNA was processed to construct metagenome shotgun
sequencing libraries with insert sizes of 350bp using the Illumina
TruSeq Nano DNA LT Library Preparation Kit. Each library was
sequenced by an Illumina HiSeq X-ten platform (2 x 150; Illumina,
USA) at Nuohe Biotechnology Co., Ltd. (Tianjin, China). The
sequences can be found on the National Center for Biotechnology
Information (NCBI), with the accession number PRINA859198.

Metagenomic raw reads were quality-checked with FASTQC
v0.11.8 (Davis et al., 2013) and the evaluation of clean reads quality
was trimmed with a sliding window approach using Trimmomatic
(Bolger et al., 2014). Trimmed reads were processed and assembled
using MEGAHIT with default settings (Bankevich et al., 2012); Open
reading frames (ORFs) were identified by the Prodigal software (Hyatt
et al., 2010) and further annotated for function and taxa identification
(Buchfink et al.,, 2015). Filtered reads were mapped to the ORFs using
Bowtie2 to calculate the abundance of each ORF (Langmead and
Salzberg, 2012). Taxonomic classifications of the metagenomic
sequencing reads from each sample were performed against the NR
database (non-redundant proteins database, downloaded from ftp://
ftp.ncbi.nlm.nih.gov/blast/db), which included proteins from archaea,
bacteria, viruses, and fungi.

Annotation of CAZymes was done using dbCAN v10 against the
CAZy database v09242021based on hmmer filter (Zhang et al., 2018)
and additionally confirmed using DIAMOND BLAST (Buchfink et al.,
2015), and CAZymes were only analyzed for contigs >500bp.
Sulfatases were predicted with Blast v2.10.1 against the SulfAtlas
database Version 2.3.1 (Barbeyron et al., 2016)." Reads per kilobase
per million (RPKM =1,000,000 x (number of reads mapped/gene
length in kilobase pairs)/number of reads in sample) values were
calculated to estimate the normalized relative abundance of individual
gene families. The phylogenetic affiliation of CAZyme was determined
using the lowest common ancestor algorithm adapted from the
DIAMOND blast by searching against the nonredundant database
(Buchfink et al., 2015; Zhao et al., 2020). There was no bias toward
better predictions in individual taxonomic groups based on the CAZy
database. However, the possibility of a systematic under-sampling of
CAZyme diversity for individual clades cannot be excluded. The
functional potentials annotations at the CAZyme family level were
further grouped and assigned to substrate targets according to the
common designations from the CAZyme database.” Annotation of
carbohydrate transporters was done using Kofam KOALA v1.3.0
against the KEGG database® with the e-value cutoff of 107°(Aramaki
et al., 2020), and additionally checked by TCDB database (The
Transporter Classification Database) (Saier et al., 2021).* We used

http://abims.sb-roscoff.fr/sulfatlas/index.html
WWWw.cazy.org
https://www.genome.jp/kegg/
https://tcdb.org/

N NN
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SignalP 6.0 (Teufel et al., 2022) and Deep TMHMM (Hallgren et al.,
2022) to predict the secreted CAZymes and subcellular localization.

2.4. Glycan niches measures

CAZymes microbial diversity and glycan niche width were
indicated by the Shannon index and Levins index, respectively
(Peterson et al., 2011; Baltar et al., 2021). This article focused on the
degradation of carbohydrates; therefore, glycan niches measures and
all analyses in the results section were based on the degradative
CAZymes classes (Aas, Ces, CBMs, PLs, and GHs) excluding GTs.

Levins index can be calculated using the following equations:

1

B=—o
2
2Py
Where B is glycan niche width indicated by Levins index, j refers
to individual CAZyme family genes, p; is the proportion of j abundance
in the total CAZymes gene abundance of the taxa. To standardize
Levins niche width to a scale of 0-1, we use the equation:

Where B, is the standardized Levins niche width, # is the total
number of CAZymes families predicted in metagenomic fragments.
The Shannon-Wiener index was calculated by the following equation:

n

B = —Z(Pi,j 1nPi,j)
j:

—

Where B, is the Shannon-Wiener index of CAZyme gene
abundance evenness for bacterial taxon i; j refers to individual
CAZyme family genes, n is the total numbers of CAZymes families in
taxa i, n;; is the CAZymes family gene j abundance of the bacteria taxa
i, N; is the abundance of CAZyme genes in bacterial taxon i excluding
GTs, p;; is the proportion of CAZymes family gene j abundance to N;
of the bacteria taxa i (j=1,2,3,4...n).

The overlapping index of glycan niche between taxa i and k (O,;)
was calculated using the Morisita-Horn index by the following
equations (Peterson et al., 2011):

n
2y ;PijPik

k=
pri,f + Z?Pi,kz

O;

>

Where p;; is the proportion of CAZymes i in the total CAZymes
abundance in taxa j; p;; is the proportion CAZymes i in the total
CAZymes abundance in taxa k; n is the total number of CAZymes
families (iis 1, 2, 3, ...n).

2.5. Statistical analysis

Principal Co-ordinates Analysis (PCoA) of metagenomic
CAZymes data was done between free-living and particle-associated
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fractions in water and between the water column and sediment
samples using Permutational Multivariate Analysis of Variance
(PerMANOVA) (999 permutations) using the R package vegan
(Oksanen et al., 2022). STAMP (Statistical Analysis of Metagenomic
Profiles) was used to search for CAZymes families differences across
the different groups between surface and bottom water and between
free-living and particle-associated fractions (Parks and Beiko, 2015).
Nonparametric statistics (Wilcoxon-Mann-Whitney test) were done
to compare differences between the metagenomic data, and statistical
significance was accepted for p <0.05. Average values are given by the
statistical mean and its standard deviation (SD). Spaa (Zhang and Ma,
2013) and ggplot2 (Ginestet, 2011) were used for ordination, diversity
and niche calculation, and visualization, respectively.

3. Results

3.1. Environmental parameters and
microbial composition

Environmental data for water and surface sediment in the inner shelf
of the PRE are given in Supplementary Tables S1, S2. Salinity was over
32 throughout the water column, indicating the strong influence of
offshore oceanic water in winter. The total dissolved inorganic nitrogen
and phosphate concentrations were lower than 10 and 0.2pmolL™,
respectively, yielding N/P far above the Redfield ratio (16:1), thus
indicating potential phosphate limitation in the study region. Phosphate
deficiency likely reduced Chla concentration (0.74-1.53 pgL™"). These
results indicate relative nutrient-poor status during the sampling time.
The concentration of acid-volatile sulfide was seven times higher at St
DS02 than at St MCO01, likely related to the pollution by aquaculture since
DS02 was close to artificial reefs around Wan shan Island.

The proportions of bacteria in the total microbial sequences were
72-82% and 84.6-86% in water and sediment, respectively
(Supplementary Table S4). Bacterial communities showed significant
differences between water and sediment (Figure 2A).
Alphaproteobacteria (17.99-33.63%), Gammaproteobacteria (14.18-
24.82%), Bacteroidota (6.59-8.06%), Actinomycetota (3.86-7.51%)
and Verrucomicrobiota (1.27-1.94%) were the most abundant phyla
in the water. In the sediments, however, the contributions of
Alphaproteobacteria, Gammaproteobacteria, Bacteroidota,
Actinomycetota, and Verrucomicrobiota were reduced, and
Deltaproteobacteria (25.71-26.26%) were the most abundant. In
addition, of Chloroflexota (5.90-6.15%)
Nitrospirota (3.55-4.12%) in sediments were significantly higher than

contributions and
those in the water column in this study. At the genus level, the most
abundant bacterial genera in this study were Candidatus Pelagibacter
(7.33-14.89%), Alteromonas (0.52-12.95%) in water, and Woeseia
(3.56-3.64%) in sediment, respectively (Figure 2B). A high proportion
of Alteromonas in the bottom water particle samples (8.85-12.94%)
was observed compared to all the surface water samples (0.52-2.71%).

3.2. Vertical and size-fractionated
distributions of CAZymes families genes

The
glycosyltransferases(GTs) (Supplementary Figure S1), followed by
glycoside hydrolases (GHs). CEs (carbohydrate esterases), AAs

most  abundant enzyme class genes  were

Frontiers in Microbiology

10.3389/fmicb.2023.1180321

[ Others

B Vcrrucomicrobiota
[ Planctomycetota
I Thaumarchaeota
B Cyanobacteria

I Nitrospirota

[ Chioroflexota

[ Actinomycetota
B Bacteroidota

[l Deltaproteobacteria
[ Gammaprotcobacteria
[ Alphaproteobacteria

Relative abundance

CR)
S

3 9 3 8 9 B8 5
oV ae g “s“’p“\c“‘* “5»1” “\c&’ Re

100%

80%

I Atkatispirochaeta
ol W vibrio

40%

Relative abundance

0%
o o o o o o o @
PV G g (o o (o o o

FIGURE 2

Bacteria community in phyla (A) and the top 10 genera of bacteria
(B) in the inner shelf of the PRE (SF, surface free-living; SP, surface
particles; BF, bottom free-living; BP, bottom particles; S, sediment).

(auxiliary activities associated with polysaccharide and lignin
degradation), CBMs (carbohydrate-binding modules), and PLs
(polysaccharide lyases). The relative abundance of genes encoding
CAZymes classes differed significantly between water and sediment
(Supplementary Figure S1), ie., AAs, CEs, and PLs classes were
significantly more abundant in the water samples (p<0.05). This
article focused on the degradation of carbohydrates, therefore, this
study showed the annotation results on the degradative CAZymes
genes except for GTs in the following sections. The CAZymes gene
frequency of ¥ (GHs+CBMs+ CEs+PLs) was 0.55% in water and
0.36% in sediment, respectively (Supplementary Table S5). In this
study, a total of 279 CAZymes families were identified, including 119
GHs and 79 GTs, 35 CBMs, 23 PLs, 13CEs, and 10 AAs
(Supplementary Table S6, the top GH, CE, AA, PL, and CBM families
were shown in Supplementary Figures S2-S4, and their main
functions were listed in Supplementary Table S7).

Principal coordinate analysis of CAZymes genes (Figure 3) and heat
maps (Figure 4) indicate the presence of different CAZymes gene
compositions between free-living bacterial fraction and particle-
associated bacterial fraction (PERMANOVA, R*=0.59, p<0.05)
(Figure 3) and between water and sediment (PERMANOVA, R*=0.20,
p<0.001). The FL fraction has more abundant genes encoding AA3, 4,
6 (for lignin-cellulose), GH16, GH17, GH30 in surface (laminarinase),
GH3 and GH5 (f-glucanase or glucosidase for oligo p-glucan), GH31,
GH57, GH4, CBM6, CE3, CE11 than PA (Wilcoxon-Mann-Whitney
test, p<0.05) (Supplementary Figures S2, S3). In addition, the relative
abundance of PLs genes was significantly higher in the particle-
associated fraction of bottom waters (Wilcoxon-Mann-Whitney test,
p<0.05), such as PL1, 6, 7, and 17 (Figure 4). It reflected that the
spectrum of PL genes was wider in the bottom particles and carboxyl
acid polysaccharides were undergone deeply degraded by bacteria in the
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CAZyme

FIGURE 3

Heatmap of normalized RPKM of CAZyme families in different
samples (SF, surface free-living; SP, surface particles; BF, bottom
free-living; BP, bottom particles; S, sediment). The specified
functional categories of CAZymes are shown: (1) a-G, targeting
a-linked glucan; (2) -G, targeting p-linked glucan; (3) N, targeting
nitrogen-containing polysaccharides; (4) C, targeting cellulose and
hemicellulose; (5) M, B-mannosides; (6) L, targeting lignin or
lignocellulose by oxidative pathway; (7) F, targeting fucose containing
polysaccharides; (8) R, targeting rhamnose containing
polysaccharides; (9) P, targeting pectin or pectate; (10) A, targeting
alginate/alginic acid.

bottom water. The relative gene abundance of CBM48, 50, 67, and 44
was higher in sediment than in water (Wilcoxon-Mann-Whitney test,
p<0.05) (Supplementary Figure S3), and associated with a higher
abundance of their binding GHs genes in sediment, such as GH13, 77,
and 31 targeting a-glucan, GH23 targeting peptidoglycan and GH78
(rhamnosidases).

3.3. Five classes of CAZymes distributions
in bacterial communities

Regarding the contributions of bacterial taxa to the total
CAZymes genes, a similar distribution was observed compared with
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Principal coordinate analysis of CAZymes compositions between
free-living bacterial fraction and particle-associated bacterial fraction
in surface and sediment (SF, surface free-living; SP, surface particles;
BF, bottom free-living; BP, bottom particles; S, sediment).

the bacteria composition at the phylum level (Figure 5A). At the
genus level, for Alteromonas and Candidatus Pelagibacter, their
contributions to the total CAZymes genes abundance ranged from
1.1-25.5% and 10.5-23.7% in water (Figure 5B), respectively.
Figure 6A shows the counts of the number and relative abundance
of GHs, PLs, CEs, AAs, and CBMs genes at the genus level. For GHs,
the top contribution genera for GHs were i) Alteromonas,
Pseudoalteromonas, Vibrio, Candidatus Thioglobus, Aestuariibacter,
Marinomonas (Gammaproteobacteria), ii) Candidatus Pelagibacter,
Erythrobacter, and Ruegeria (Alphaproteobacteria), iii) Polaribacter
and Formosa (Bacteroidota), and iv) Rhodopirellula (Planctomycetota
genus) (Figure 6A). PLs gene distribution in bacteria was similar to
GHs, in which genus Alteromonas had the highest abundance and
number of PLs genes in water. Candidatus Pelagibacter were the
most prominent in CEs and AAs genes in water (Figure 6A). In
addition, AAs genes were characterized by high abundance in
Roseobacter Clade (Sulfitobacter, Roseovarius, Ruegeria, Marinovum,
Planktomarina) belonging to Alphaproteobacteria. AAs are
fundamental to facilitating lignin oxidation, even though they can
not degrade lignin directly. Therefore, the wide distribution of genes
encoding AAs in Alphaproteobacteria indicated that they were
primary candidates to assist lignin-modifying enzymes for lignin
degradation in this region. Unlike the distribution of CEs and AAs,
no CBMs family genes were detected in Candidatus Pelagibacter,
although they contained abundant CAZymes genes (Figure 6A). In
Vibrio, Alteromonas
and  Polaribacter  (Bacteroidota),
Blastopirellula,  Planctomyces,
and Pedosphaera,
Roseibacillus, Prosthecobacter (Verrucomicrobiota) were rich in

contrast, besides Pseudoalteromonas,
(Gammaproteobacteria)
Rhodopirellula,

Schlesneria,

Mariniblastus,
Gemmata (Planctomycetota)

CBMs genes in water, suggesting these communities were specialists
for complex polysaccharide degradation.

In this study, Woeseia (Gammaproteobacteria) was the dominant
genus in sediment concerning the relative abundance of CAZymes
genes (Figure 6B). However, regarding the numbers of CAZyems
families, Sphingomonas (Alphaproteobacteria), Gemmatimonas
(Gemmatimonadetes), Colwellia and Halioglobus
Rhodopirellula  and  Blastopirellula
(Planctomycetota) showed a high diversity of CAZymes in sediment

(Figure 6B).

(Gammaproteobacteria),
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3.4. The glycan niche index in bacterial
communities

In water, the Levins index and Shannon index generally showed
a similar pattern of diversity of CAZymes families at the phylum
level (Figure 7). The highest Shannon diversity index was found in
Bacteroidota (3.64), Gammaproteobacteria (3.63), Planctomycetota
(3.31), and Verrucomicrobiota (3.32) (Figure 7) in water, while in
the sediment the index from high to low was found in
Planctomycetota (3.43), Bacteroidota (3.43), Alphaproteobacteria
(3.36), Gammaproteobacteria (3.27), and Chloroflexota (3.16),
suggesting these communities had potentially wide glycan niches
(Figure 7). At the genus level, the highest Levins index and Shannon
index were observed in Alteromonas and Pseudoalteromonas in water

Frontiers in Microbiology

and Sphingomonas in sediment, respectively
(Supplementary Figure S5).

Taxa with a wider niche width usually have higher metabolic
flexibility, thus being less affected by environmental fluctuations,
whereas rare taxa were more easily influenced by environmental
disturbances (e.g., the difference in substrate availability between FL
and PA fractions). A higher glycan niche width in PA than in FL was
seen for some relatively rare taxa (Chloroflexota, Nitrospiraeota,
Lentisphaeraeota, Gemmatimonadetota, Bacillota, and
Acidobacteriota) (Wilcoxon-Mann-Whitney test, p<0.05), but not for
the abundant taxa (Figure 7). These rare taxa had more abundant
CAZymes targeting algal cell wall-related compounds containing
pectin, fucose, mannose, fucoidan and rhamnose, and other complex
polysaccharides. Therefore, the high glycan niche for these relatively

rare taxa in PA was related with that the estuary tends to have larger
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FIGURE 6
Distribution of the CAZymes within the major genera in the water (A) and in the sediment (B) in the inner shelf of the PRE (The dot color
represents the CAZyme family numbers (Count) of the five CAZymes classes (GH, CE, AA, CBM, PL) in specific genera; The dot size indicates the
abundance of five CAZymes classes (unit, RPKM) in specific genera; SF, surface free-living; SP, surface particles; BF, bottom free-living;
BP, bottom particles; S, sediment).

particles (i.e., larger phytoplankton and detritus). O;; index between
Planctomycetota and Verrucomicrobiota in water was over 0.8 with
the highest in the PA fraction (0.93) (Table 1), suggesting the high
degree overlap of glycan niche for these two phylum communities. In
addition, a moderate degree overlap index O, (0.5-0.8) was found
among Planctomycetota, Verrucomicrobiota, Bacteroidota, and
Gammaproteobacteria. At the genus level, the high degree overlap
index was found between Alteromonas and Pseudoalteromonas (the
mean of 0.75) and between Rhodopirellula and Mariniblastus (the
mean of 0.73) in all water samples.

3.5. Niche difference of bacteria in
CAZymes families-substrate specificities

3.5.1. Nitrogen-containing
polysaccharide-specific bacterial communities
The glycan niche separations were found for the dominant taxa as
shown in Figure 8 according to CAZymes families-substrate
specificities (Supplementary Table S8). The main N-glycan-specific
phyla were Alpha- and Gammaproteobacteria and Bacteroidota in
water and Delta- and Gammaproteobacteria in sediment at the
phylum level, respectively. At the genus level, Candidatus Pelagibacter
is primarily associated with enzyme families (GH103, GH23, 73, 108,
24, and PL12) that encode the degradation of nitrogen-containing
polysaccharides such as peptidoglycan and other amino sugars
(Supplementary Figure S6A), with the highest contribution found in
the free-living cells of the surface waters for GH73 (Wilcoxon-Mann-
Whitney test, p<0.05) (Figure 9A). In contrast, Alteromonas
dominated GH23, 103, and 73 in bottom waters rather than in surface
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waters (Wilcoxon-Mann-Whitney test, p<0.05) (Figure 9A). With
respect to the contributions of Candidatus Pelagibacter and
Alteromonas to the total of GH23, 103, and 73 gene abundances,
significant negative correlations were observed between these two
genera for GH23 (R*=0.13), GH103 (R*=0.75) and GH73 (R*=0.88)
in water (Supplementary Figure S7). These negative correlations
suggest a competitive relationship and a pronounced niche separation
between Candidatus Pelagibacter and Alteromonas in the metabolism
of nitrogen-containing polysaccharides occurred in the coastal zone
of the PRE.

GH109 is a
exoglycosidase that catalyzes the hydrolysis of terminal,
non-reducing p-N-Acetylgalactosamine and glucosamine residues
from oligosaccharides) targeting chondroitin sulfate, oligo-chitin,
muramic acid, N-glycans attached to proteins and the other
glycoconjugates. In addition, GH33 is acetylneuraminyl hydrolase
with the hydrolysis function of glycoconjugates. Interestingly, the
GH109 and GH33 family gene was highly enriched in anaerobic
Planctomycetota,  Bacteroidetes, and  Verrucomicrobiota
(Supplementary Figure S8). GHI18 (chitinases) and GH20 (B-N-
acetylglucosaminidase) are involved in the degradation of chitins,
and AA10 (lytic polysaccharide monooxygenases, LPMOs) oxidize
the crystalline chitin to produce chitooligosaccharides (Jiang et al.,
2022). Pseudoalteromonas and Vibrio were the primary candidates
for GH18, GH20 (Supplementary Figure S6A), and AA10 in this
study. In the inner shelf of the PRE, 30.6+8.9% of AA10 was
assigned to Pseudoalteromonas in the particle-attached fraction

family of N-acetylhexosaminidase (an

suggesting  the importance of Gammaproteobacteria
Pseudoalteromonas in the initial degradation of crystalline chitin by

oxidative pathway.
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3.5.2. Storage polysaccharide-specific bacterial
communities

With respect to f-glucans, Bacteroidota and Gammaproteobacteria
were the prominent phyla with laminarin (p-1, 3-glucans, the main
storage polysaccharides in algae) degrading enzymes (Figure 8).
Enzymes from different enzyme families process the laminarin
degradation pathway. Endo-glucanases (GH16 and GH17) often
cleave the backbone of laminarin (f-1,3-linked glucose main chain),
and GH30 enzymes remove the p-1,6 side chain glucose. The obtained
oligosaccharides are subsequently hydrolyzed into glucose by GH3, 1
and 5 enzymes, and other glucosidases. In water, the dominant genera
containing GH16 enzyme genes were Lewinella, haeodactylibacter,
and Polaribacter (Bacteroidota) (Supplementary Figure S6B). For
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GH17 and GH30, Formosa,
Flavobacteriaceae), was the dominant genus encoding for these two

(a2 member of the family
enzymes in water (Supplementary Figure S6B). The overwhelmingly
dominant bacteria for oligo-p-glucan degradation (GH1 and GH3)
and Candidatus
(Supplementary Figure S6B). In addition, Alteromonas showed a
significantly higher level of GH3 (25.3%) and GHI (48.99%) in
particle-attached bacteria of bottom waters than those in free-living
fraction (Wilcoxon-Mann-Whitney test, p<0.05) (Figure 9B).
Besides Proteobacteria and Bacteroidota, the main storage

were Alteromonas Pelagibacter in water

polysaccharide-specific bacterial phyla were Actinomycetota (for
a-glucan) in water and Chloroflexota (for a-glucan and p-glucan) and
Nitrospirota (for a-glucan) in sediments, respectively. The CAZymes
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TABLE 1 The overlap index (O;,) of glycan niches at the phylum level.

Free-living P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17
fractions

P1/Acidobacterota 0.00

P2/Actinobacterota 0.10 | 0.00

P3/Armatimonadetota | 0.05 | 0.04 | 0.00

P4/Bacteroidetota 0.17 | 023 | 0.12 | 0.00

P5/Candidatus

Bathyarchaeota 0.00 = 0.00 = 0.00 0.00 | 0.00

P6/Candidatus

Marinimicrobiota 0.10 | 0.18 | 0.09 | 048 & 0.00 | 0.00

P7/Chloroflexota 0.03 0.15 0.01 0.29 0.00 0.38 0.00

P8/Cyanobacteria 0.19 0.44 0.15 0.37 0.00 0.30 0.16 0.00
P9/Euryarchaeota 0.13 0.32 0.03 0.46 0.00 0.28 0.28 0.41 0.00
P10/Baccilota 0.07 0.36 0.06 0.43 0.00 0.34 0.18 0.50 0.46 0.00
P11/

Gemmatimonadetota 0.10 0.37  0.07 031 0.03 048 = 0.25 0.60 = 0.53 0.50 0.00

P12/Lentisphaerota 0.04 = 0.02 0.01 0.30 0.00 074 0.29 0.02 0.02 0.08 0.05 0.00

P13/Nitrospirota 0.08 = 0.38 0.07 = 0.25 0.00 038 0.05 0.62 = 0.25 0.44 0.80 0.03 0.00

P14/Planctomycetota 0.14 | 0.16 | 0.17 | 054  0.00 | 0.15 | 0.09 | 024 | 021 0.21 0.14 0.05 0.22 0.00

P15/Proteobacteria 0.11 024 = 0.05 0.56 0.00 026 | 047 | 049 042 0.40 0.31 0.07 0.26 0.27 0.00

P16/Rhodothermaeota | 0.12 0.20 0.07 = 0.68 0.00 = 0.43 0.37 0.16 = 0.57 0.21 0.24 0.26 0.11 0.55 0.40 0.00

P17/ 0.14 0.25 0.08 = 0.56 0.00 019 0.12 0.40 = 0.28 0.38 0.32 0.05 0.42 0.80* 0.35 0.50 0.00
Verrucomicrobiota

Particle-associated P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17
fractions

P1/Acidobacterota 0.00

P2/Actinobacterota 0.24 | 0.00

P3/Armatimonadetota | 0.20 | 0.01 0.00

P4/Bacteroidetota 0.41 0.26 0.09 0.00

P5/Candidatus 0.00 0.00 0.00 0.00 0.00

Bathyarchaeota

P6/Candidatus 0.25 0.23 0.02 0.46 0.00 0.00

Marinimicrobiota

P7/Chloroflexota 0.17 0.20 0.01 0.44 0.00 0.61 0.00

P8/Cyanobacteria 0.33 0.39 0.04 0.31 0.00 0.37 0.17 0.00

P9/Euryarchaeota 0.28 0.33 0.01 0.39 0.00 0.24 0.30 0.30 0.00

P10/Baccilota 026 | 028 001 039 000 021 025 035 034 0.00

P11/ 0.37 0.34 0.04 0.46 0.02 0.50 0.33 0.51 0.41 0.32 0.00
Gemmatimonadetota

P12/Lentisphaerota 0.05 0.04 0.02 0.32 0.00 0.70 0.55 0.04 0.03 0.06 0.14 0.00
P13/Nitrospirota 021 | 034 002 024 000 050 014 054 @ 022 0.22 0.62 0.03 0.00

P14/Planctomycetota 0.19 = 0.19 0.06 = 0.55 0.00  0.15 0.10 0.19 = 0.15 0.18 0.33 0.11 0.27 0.00

P15/Proteobacteria 0.44 026  0.02 0.8 0.00 = 0.31 0.34 | 045 0.32 0.47 0.38 0.10 0.24 0.24 0.00

P16/Rhodothermaeota | 0.31 0.19 0.03 0.67 0.00 037 044 013 0.52 0.15 0.38 0.31 0.08 0.53 0.38 0.00

P17/ 0.18 0.19 0.06 0.59 0.00 0.17 0.11 0.25 0.19 0.23 0.41 0.11 0.31 0.93%* 0.29 0.50 0.00

Verrucomicrobiota

Sediment P1 P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17
(Continued)
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Free-living PL P2 P3 P4 P5 P6 P7 P8 P9 P10 P11 P12 P13 P14 P15 P16 P17
fractions

P1/Acidobacterota 0.00

P2/Actinobacterota 0.59 | 0.00

P3/Armatimonadetota = 0.14 | 0.10 | 0.00

P4/Bacteroidetota 026 | 049 | 030 | 0.00

P5/Candidatus 0.12 0.20 0.07 0.09 0.00

Bathyarchaeota

P6/Candidatus 0.00 0.00 0.00 0.01 0.00 0.00

Marinimicrobiota

P7/Chloroflexota 0.32 0.43 0.08 0.42 0.25 0.00 0.00

P8/Cyanobacteria 0.16 0.30 0.01 0.29 0.08 0.00 0.53 0.00

P9/Euryarchaeota 0.12 0.32 0.01 0.25 0.09 0.00 0.08 0.03 0.00

P10/Baccilota 0.19 0.21 0.17 0.16 0.11 0.00 0.31 0.15 0.01 0.00

P11/ 0.48 0.42 0.06 0.38 0.06 0.00 0.64 0.70 0.03 0.22 0.00

Gemmatimonadetota

P12/Lentisphaerota 0.03 0.01 0.07 0.09 0.02 0.12 0.02 0.01 0.01 0.02 0.04 0.00

P13/Nitrospirota 0.23 0.32 0.00 0.24 0.00 0.00 0.49 0.72 0.01 0.20 0.75 0.00 0.00

P14/Planctomycetota 0.21 0.31 0.23 0.41 0.45 0.00 0.13 0.05 0.22 0.22 0.11 0.14 0.06 0.00
P15/Proteobacteria 0.50 0.34 0.06 0.31 0.13 0.00 0.44 0.33 0.20 0.21 0.49 0.03 0.46 0.20 0.00
P16/Rhodothermaeota | 0.31 0.13 0.00 0.06 0.00 0.00 0.12 0.00 0.00 0.04 0.34 0.00 0.03 0.00 0.12 0.00
P17/ 0.18 0.15 0.29 0.39 0.01 0.00 0.12 0.08 0.16 0.11 0.15 0.15 0.04 0.34 0.15 0.05 0.00
Verrucomicrobiota

Moderate degree of overlap, 0.5 < 0,;<0.5-0.8; *high degree of overlap, O;;>0.8.

families GH13, 77, 15, 37, 97, 65, and CBM48 are involved in the
degradation of a-linkages in glucan (e.g., starch and pullulan). At the
genus level, Alteromonas dominated GH13 and 77 genes in water,
specifically in the particle-attached bacterial fraction in bottom waters
(Figure 9B), for example, 40.8% at MCO1BP and 35.1% at DS02BP
with respect to GH13. In the sediment, the dominant bacterial genus
for degradation of a- and p- linked glucan were Woeseia due to their
enrichment genes encoding GH13, GH77, CBM48, GH3, and GH 1
(Supplementary Figure S6B).

3.5.3. Hemicelluloses, celluloses, and
lignin-specific bacterial communities

GH43 GH2
(arabinosidases), GH5 (endo-B-1, 4-glucanase / cellulase; endo-f-1,

(B-xylosidase;  «-L-arabinofuranosidase),
4-xylanase) are responsible for degradation of hemicelluloses and
celluloses. CE1 targets a large variety of substrates including the
deacetylation of xylan. Most GH43 was assigned to Pseudoalteromonas,
and GH2 and CEl were assigned to Alteromonas. Candidatus
dominated GHS5
(Supplementary Figure S6C). For lignin degradation, Candidatus

Pelagibacter targeted for oligo-glucan
Pelagibacter and Alteromonas were dominating the AA3 family
(Supplementary Figure S6C) and AA6 genes. AA3 belongs to the
glucose-methanol-choline (GMC) oxidoreductases family involved in
lignocellulose degradation together with other AA-enzymes such as
peroxidases (AA2). AA6 can be involved in the production of
extracellular oxyradicals for lignin modification via Fenton action and

subsequent break of the lignin barrier to enhance the binding of

Frontiers in Microbiology

11

CAZymes to lignocellulose. A high abundance of AA3, AA2, and GH2
families was found in Alteromonas only in bottom water samples, in
particular in the particle-attached fraction (Wilcoxon-Mann-
Whitney test, p <0.05) (Figure 9B).

3.5.4. Acidic-polysaccharides-specific bacterial
communities

Notably, Alteromonas was proved to be the specialist for
degradation of pectinaceous polysaccharides, with PL1 (pectate lyase,
cleaving a-(1, 4)-linked D-galacturonan), GH28 (both endo and exo
acting polygalacturonases), GH105 (unsaturated glucuronyl/
galacturonyl hydrolases), CE8 (pectinesterase), CE12 (pectin
S6D).
Furthermore, PL6, 7, and 17, which contain members catalyzing the

acetylesterase) predominating (Supplementary Figure
depolymerization of alginate, were also dominated by Alteromonas.
For example, the contribution of genes from Alteromonas to the gene
abundance of PL6 were 32.34 +13.17%, 26.71 + 14.15%, 76.59 + 15.32%,
91.76 +£2.61% in SF (surface free-living fraction), SP (surface particle-
associated fraction), BF (bottom free-living fraction), and BP (bottom
particle-associated fraction), respectively (Supplementary Figure S6D).

Our that
Gammaproteobacteria, Planctomycetota, and Verrucomicrobiota

results also showed Flavobacteriales,
played an important role in the debranching of fucose- and rhamnose-
rich sulfated heteropolysaccharides (FRSP) in the coastal PRE
(Figure 8). For the genes encoding the fucosidase GH29 family, the
metagenomic results showed that Polaribacter (a member of the

family Flavobacteriaceae) and Halioglobus (members of the class
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Gammaproteobacteria) were the dominant genera, accounting for up
to 12.17 and 9.24% of the total GH29 gene abundance in water,
respectively (Supplementary Figure S6E). CBM47 (Fucose-binding
activity) gene was rich in the Planctomycetota genera Planctomyces
(12.94%) and Rhodopirellula (6.64%) in water. Furthermore, multiple
sulfatase genes were detected in Flavobacteriales, Planctomycetales,
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and Verrucomicrobiales (Supplementary Figure S9). Regarding
the GH78 family
(rhamnosidase) genes were significantly less abundant than the GH29

rhamnose-rich  heteropolysaccharides,
family genes in the metagenomes. Candidatus Pelagibacter were

dominating the genes encoding the GH78 family except for samples
of MCO1BP and Rhodopirellula were dominating CBM67 (binding
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rhamnose containing polysaccharide) in water, respectively. In the
sediment, most GH29 genes were assigned to the Halioglobus,
Pseudoalteromonas ~ (Gammaproteobacteria), and  Colwellia
The Rhodopirellula

(Planctomycetota) to GH78 gene abundance were the highest with

(Flavobacterium). contributions  of

16.60% at genus level in sediment (Supplementary Figure S6E).

3.6. Polymeric carbohydrate utilization
mechanisms in different bacterial
communities

In this study, the most dominant bacterial taxa involved in
Candidatus
Pelagibacter, and the family Flavobacteriaceae. To better understand

polysaccharide degradation were Alteromonas,
their carbohydrate uptake strategies, we additionally analyzed the
carbohydrate transportation system in Alteromonas, Candidatus
Pelagibacter, and  Flavobacteriaceae. ~ Generally, microbial
transportation systems mainly include ATP-binding cassette (ABC)
transporters (function for transportation of small molecular matter
such as free amino acids and sugars), the phosphotransferase system
(PTS), major facilitator super family (MFS) proton symporters, TonB-
dependent receptors (TBDRs) and the starch utilization system C
(SusC). The ‘selfish bacterium’ usually has genome encoding SusC
transporters through which poly and oligo-saccharides come into the
periplasm and then be hydrolyzed to monosaccharides for subsequent
utilization with little loss of public products (oligosaccharides). In this
study, SusC transporters and periplasmic protein TonB took most of
the transportation system in Flavobacteriaceae (Table 2). Moreover,
the presence of transporters (fucP, rhaP, and rhaQ, permease protein
on fucose and rhamnose) (Table 2) and related CAZymes of the
complex fucose- and rhamnose-containing polysaccharides in
Flavobacteriaceae indicated that they were the specialists for
consuming these polysaccharides in selfish mode, and were classed as
moderate copiotrophs. This ‘selfish’ manner highly improves the
payback of polysaccharide degradation enzymes. When substrates are
sufficiently abundant, cells degrade polysaccharides to suitable sizes,
providing extracellular hydrolysis products to the environment in
sharing mode. Then, scavengers (beneficiaries) can directly take up
the hydrolysis products created by the pioneers (Reintjes et al., 2020;
Arnosti et al., 2021). In this study, the transporters in Candidatus
Pelagibacter were all classified to the ABC transportation system, in
which sugar transporters with low specificity took up the majority
(Table 2). Moreover, the relative abundances (RPKM) of the
transporter in Candidatus Pelagibacter are ten times as in Alteromonas
and exhibited higher abundance in the free-living fractions than in the
particle-attached bacteria (Table 2). Therefore, the scavenging mode
by Candidatus Pelagibacter in free-living fractions through ABC
transporters might be more prevalent and explain the dominance of
Candidatus

carbohydrates. Compared to Candidatus Pelagibacter, Alteromonas

Pelagibacter for the assimilation of dissolved

had a more complex transportation system, containing TonB, ABC,
PTS, and MFS (Table 2). Due to the higher substrate specificity of
TonB, PTS, and MFS than ABC (Lauro et al., 2009), Alteromonas may
develop high efficiency in sugar transportation under copiotroph
conditions, which enables Alteromonas to grow rapidly when nutrition
is enough. This could explain the huge difference in the Alteromonas
abundance between bottom and surface waters, particularly on
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bottom particles, where substrates are likely available in sufficiently
dense patches (Ebrahimi et al., 2019). The most diverse CAZymes and
sugar transportation systems found for Alteromonas on particles in
this study were consistent with heterogeneous carbohydrate-defined
niches, which was also found for phytoplankton blooms in the North
Sea and the coast of the northern South China Sea (Dong et al., 2014;
Francis et al., 2021). Therefore, differences in CAZymes, substrate
binding, and importing mechanisms of these dominant bacterial
communities indicate glycan niche speciation and contrasting
strategies in carbohydrate uptake in the PRE.

4. Discussion

Relative nutrient-poor status was found in the inner shelf of the
PRE in winter, which has been found in a previous study (Liu et al.,
2017). Previous studies in oceans and soils have found that nutrient
levels and the availability of nutrients (i.e., organic carbon and
nitrogen) determine the relative abundances of specific metabolic
genes (Louca et al,, 2016; Gowda et al., 2022). Therefore, the CAZymes
gene frequency of X (GHs + CBMs + CEs + PLs) during this sampling
time was comparable to the non-bloom phase at Helgoland (North
Sea) (0.4-0.7% during non-bloom vs. 1.1% during bloom phase)
(Teeling et al, 2016), coinciding with the low level of Chla
concentration and poor nutrients status in this study.

In this study, CAZymes genes involved in the metabolism of
nitrogen-containing polysaccharides contributed the largest
proportions to the total abundance of GHs (Z(GHZ?), 103, 108, 24,
73,18, and 20), 34.04% in water and 24.61% in sediment, respectively).
Moreover, PRKM of genes encoding lysozyme (GH73, 103, 108, 109,
24) on the coast of the PRE showed 3-4 times higher than those
samples in non-bloom water in the North Sea at station approximately
60 km offshore from the northern German coastline, while the PRKM
of most CAZymes families genes in this study were comparable to
those samples (Vidal-Melgosa et al., 2021). Notably, an enzyme that
degrades peptidoglycan that is not secreted is probably related to cell
wall biosynthesis or recycling, but one that is secreted might be related
to degrading environmental peptidoglycan (Vollmer et al., 2008;
Gilmore and Cava, 2022). In the secreted CAZymes pool, GHs gene
abundance [Z(GH23, 103, 24, 73, 18, and 20)] also contributed the
largest proportions to the total abundance of GHs, 36.27% in water
and 53.30% in sediment, respectively (Supplementary Table S9). It was
consistent with the results of a previous report that hydrolyses
enzymes for degrading the polymer of N-actyl glucosamine
dominated extracellular enzymatic activity at pristine offshore of PRE
other than in eutrophic environments (Shi et al., 2019). Therefore, a
high inventory of bacterial-derived necromass for microbial carbon
turnover existed in the inner shelf of the PRE, due to a reduction in
the supply of phytoplankton-derived organic matter in the coastal
estuaries system in winter, coinciding with the low level of Chla
concentration during the sampling time.

The a-diversity of CAZymes (Shannon index) in this study was
lower than that of human gut microbes (Smits et al, 2017).
Nevertheless, it was comparable to that of fungi in marine sediments
(Baltar et al.,, 2021). In this study, the most abundant CAZymes and
related genes and the widest glycan niche in the abundant bacterial
taxa suggested their potential key roles in organic carbon utilization.
Alteromonas were the most important genus according to both the
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TABLE 2 Abundance (unit, RPKM) of transporters for different structure polysaccharides in Alteromonas, Candidatus Pelagibacter, and
Flavobacteriaceae.

Bacterial taxa Transporter KO_ID SF BF S
ABC.MS.S | multiple sugar transport system substrate-
binding protein K02027 0.97 1.34 5.78 9.87 0.00
fucP | MES transporter, FHS family, L-fucose permease K02429 10.05 11.91 31.12 54.71 0.00
g Alteromonas lacY | MFS transporter, OHS family, lactose permease K02532 0.29 0.39 221 2.61 0.00
PTS-Glc-EIIA, crr | PTS system, sugar-specific IIA
component K02777 2.03 2.97 3.81 4.89 0.00
tonB | periplasmic protein TonB K03832 13.50 15.83 31.87 47.90 0.00
ABC.MS.P | multiple sugar transport system permease
protein K02025 36.58 32.45 36.30 28.25 0.08
ABC.MS.P1 | multiple sugar transport system permease
protein K02026 64.17 52.43 65.68 47.22 0.00
ABC.MS.S | multiple sugar transport system substrate-
binding protein K02027 128.22 73.63 128.79 91.25 0.08
ABC.SS.A | simple sugar transport system ATP-binding
protein K02056 129.27 107.43 135.73 97.68 0.70
ABC.SS.P | simple sugar transport system permease
protein K02057 153.16 107.41 159.41 116.30 0.09
ABC.SS.S | simple sugar transport system substrate-
¢ Candidatus binding protein K02058 122.79 65.39 120.38 84.05 0.00
Pelagibacter aglK | alpha-glucoside transport system ATP-binding
protein K10235 1.18 0.68 0.69 0.60 0.00
gtsA, glcE | glucose/mannose transport system
substrate-binding protein K17315 17.94 10.55 18.64 12.52 0.00
gtsB, glcF | glucose/mannose transport system permease
protein K17316 4.70 3.54 4.85 3.50 0.00
gtsC, glcG | glucose/mannose transport system
permease protein K17317 34.01 26.53 35.69 26.99 0.02
lacK | lactose/L-arabinose transport system ATP-
binding protein K10191 5.11 4.42 5.62 4.95 0.00
malK, mtlK, thuK | multiple sugar transport system
ATP-binding protein K10111 9.73 8.83 9.55 8.23 0.04
ABC.MS.P1 | multiple sugar transport system permease
protein K02026 0.15 0.11 0.19 0.09 0.00
fucP | MFS transporter, FHS family, L-fucose permease K02429 5.05 5.66 5.19 3.88 1.29
PTS-Fru2-EIIB | PTS system, fructose-specific IIB-like
component K11202 0.49 0.35 0.50 0.13 0.00
f_Flavobacteriaceae = PTS-Fru-EIIA, fruB | PTS system, fructose-specific IIA
component K02768 0.06 0.11 0.11 0.04 0.00
PTS-Fru-EIIB, fruA | PTS system, fructose-specific IIB
component K02769 0.19 0.39 0.26 0.31 0.00
rhaP | rhamnose transport system permease protein K10560 0.37 0.15 0.37 0.21 0.00
rhaQ | rhamnose transport system permease protein K10561 0.29 0.18 0.27 0.27 0.00
susC | TonB-dependent starch-binding outer membrane
protein SusC K21573 5.41 7.85 4.57 3.94 0.03
tonB [periplasmic protein TonB K03832 5.64 8.35 3.94 2.76 1.25
xylE | MFS transporter, SP family, xylose:H+ symportor K08138 0.82 2.02 0.54 0.97 0.41
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glycan niche index and microbial abundance followed by Candidatus
Pelagibacter in this study. Alteromonas accounted for up to 22.19% of
the total CAZymes gene abundance in the bottom water, which is
nearly twice their proportions to the total microbial abundance. In
addition, the composition of CAZymes of Alteromonas revealed that
they are not only metabolic generalists capable of utilizing a wide
variety of organic compounds (e.g., peptidoglycan, oligo-f-glucan,
a-glucan, cellulose, hemicellulose), but also are specialists for recycling
pectin and alginate. Similar results have been reported in experiments
and in situ field observations indicating Alteromonas spp. comprised
high proportional actively growing bacterial population (Pedler
etal., 2014).

In contrast, the glycan niche of Candidatus Pelagibacter was
narrower than those of Alteromonas. For example, no CBM family
genes were detected in Candidatus Pelagibacter, although they
contained abundant CAZymes genes (Figure 6A). CBMs are the most
prominent ancillary modules and serve as non-catalytic accessory
modules that bind carbohydrates, thus enhancing the catalytic
efficiency of the multi-modular CAZymes (Boraston et al., 2004). The
absence of CBMs genes in Candidatus Pelagibacter confirmed their
oligotrophic niches, as they prefer to use the small molecule(i.e.,
one-carbon metabolism)rather than complex high molecular weight
polysaccharides (Malmstrom et al., 2005; Tripp et al., 2008; Sun et al.,
2011; Carini et al., 2014). Nevertheless, a large abundance of ABC
transporters genes (multiple sugar transport system substrate-binding
protein and simple sugar transport system ATP-binding protein)
matched to Candidatus Pelagibacter, supported that they take up a
substantial mono sugar or oligosaccharide from primary production
or PG fragments mediated by ABC transporter in the oceans
(Giovannoni, 2017; Noell et al., 2021; Gilmore and Cava, 2022). In
addition, our results were consistent with previous reports that they
have more genes for the uptake of amino acids and other nitrogenous
compounds than for the uptake of carbohydrates (Cottrell and
Kirchman, 2000; Noell et al., 2021). These findings suggest that
Alteromonas and Candidatus Pelagibacter were the key genera for a
significant flux of DOC and nutrient mineralization at the surface and
the bottom, respectively, in this study (McCarren et al., 2010; Sun
etal., 2011).

Bacteroidota and Gammaproteobacteria harbored remarkably
abundant CAZymes genes for degrading laminarin. In particular,
Bacteroidota contributed to over 50% of these genes (Figure 8).
Laminarin (a food storage polysaccharide in diatoms) is a major
component in the ocean and plays a prominent ecological role and
biogeochemical function in oceanic carbon export and energy flow
from primary production to next trophic levels in the food web (Becker
et al,, 2020). In this study, the relative abundance genes encoding
GH16, 17, 30 (laminarinase) in the surface PA fraction was significantly
lower than those in the FL fraction (Figure 4). It implies that
“particulate” laminarin was better prevented from enzymatic hydrolysis
and dissolution within the intact diatom cells. In contrast, the dissolved
laminarin released from diatom can be quickly hydrolyzed by
extracellular laminarinase, but also by ‘selfish’ uptake by Bacteroidota
cells with little diffusive loss (Reintjes et al., 2020). It also indicated that
DOM quality plays a significant role in controlling the microbial
community response (Liu S. T. et al., 2020; Kieft et al., 2021). Fucose-
and rhamnose-rich anionic heteropolysaccharides, which are also
found in TEP (Passow, 2002), can show extensive sulphation. Due to
their complex structure, they are rather recalcitrant and are degraded
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more slowly (turnover time up to 1 month) than other polysaccharides,
such as carbonylated polysaccharides a-1,4-galacturonan (turnover
time of days to weeks) and p-1,3-glucan (turnover time of days) (Vidal-
Melgosa et al., 2021). Previously, Planctomycetota were shown to
colonize the surfaces of particles in the PRE, such as the diatom
Thalassiosira weissflogii (Zhang et al., 2016; Ma et al., 2022). Thus, their
enrichment of sulfatase (Supplementary Figure S9) and CBM genes in
the surface water particle-attached fraction may be associated with the
sulfated
heteropolysaccharides that are likely derived from phytoplankton in

presence of fucose- and rhamnose-rich anionic
these samples. The results of this study were consistent with earlier
findings on the degradation of anionic sulfated heteropolysaccharides
by Flavobacteriales, Gamma-proteobacteria, Verrucomicrobiota and
Planctomycetota (Wegner et al., 2013; Xing et al., 2015; Ma et al., 2022;
Orellana et al., 2022). Furthermore, the CAZymes gene compositions
revealed a close connection between microbiome and algae, which
enable these communities to efficiently utilize carbohydrate carbon
produced from algae (Gugi et al., 2015; Reintjes et al., 2019; Ma
et al., 2022).

In this study, the vertical distribution reflected the difference in
niches between layers and provided insights into carbon turnover and
preservation. High abundance genes encoding a-glucosidases (GH13
and GH77) in sediment suggested that a-linked glucans (starch or
pullulan) generally from algal, bacterial, and animal storage can
be taken more rapid hydrolysis in sediment than in water. Similarly,
rapid pullulan (a-linked glucans) degradation has also been found in
all oxic and anoxic sediments from locations including the Baltic Sea,
the eastern North Atlantic, and the Arctic Ocean (Arnosti, 2000).
Furthermore, the significantly higher relative abundance of genes in
sediment soil was found for fucosidases (GH 29 and 95),
rhamnosidase (GH78, 106, and 145), and f-mannosides (GH130 and
26) involved in the utilization of cell wall polysaccharides (e.g., FRSP)
compared to their abundances in water. These are enzymes for the
hydrolysis of methyl pentose sugars, which are known as a potential
carbon sink due to their challenge to degrading structure for bacteria
compared to other monomers (Vidal-Melgosa et al., 2021). Generally,
FRSP that diatoms secrete remains outside the cell or as part of the
cell wall, and thus FRSP in POM also increases during the diatom
bloom or post-bloom (Vidal-Melgosa et al., 2021). It has been
suggested that increasing the concentration of secreted adhesive
polysaccharides (TEP and their precursor) favors the aggregation of
diatoms, accelerating their sinking velocity (Engel et al., 2004). This
may explain the accumulation of FRSP in shallow sediments of the
coast of the estuary during this study. The vertical distribution of GHs
genes abundances further points to the selective degradation of
polysaccharides with different bioavailability and that FRSP
undergoes an extensive transformation in sediment rather than in
water (Smith et al., 2019). Furthermore, RPKM of the PLs and GHs
for acid polysaccharides were an order of magnitude below those of
abundant GHs, CEs, and AAs targeting other substrates, indicating
that acid polysaccharides might play a minor role in carbon turnover
than nitrogen-containing polysaccharides, glucan, xylan, and lignin
in the PRE inner shelf (Sun et al., 2012; Vidal-Melgosa et al., 2021).

With respect to the glycan overlap index, the high degree overlap
of CAZymes was found between Planctomycetota and
Verrucomicrobiota at the phylum level. At the genus level, the high
degree overlap index was found between Alteromonas and
Pseudoalteromonas and between Rhodopirellula and Mariniblastus in
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all water samples. These species pairs were close relatives based on
phylogenetic analysis (Gauthier et al., 1995; Butler et al., 2007; Munoz
et al., 2016). Therefore, carbohydrate preferences are more similar
with increasing phylogenetic relatedness, since more closely related
strains tend to have more similar metabolic profiles (Bryson et al.,
2017; Fahimipour and Gross, 2020; Kieft et al., 2021). However, a
higher overlap index means a competitive relationship for
carbohydrate utilization. The paradox that species with similar glycan
niches tend to co-occur can be explained by deterministic
environmental filtering (Santillan and Wuertz, 2022). A specific
environment that provides some set of resources will be occupied by
species that demand these resources, whereas a different set of species
will fit a different environment offering a different set of nutrients
(Levy and Borenstein, 2013). The similar utilization of diatom-
produced polysaccharides (i.e., sulfated polysaccharide) determined
glycan niche overlap among these taxa (Planctomycetota,
Bacteroidota, Verrucomicrobiota, Gammaproteobacteria). In this
study, the abundance of Alteromonas was higher than those of
Pseudoalteromonas, indicating low-level co-occurrence degree
although they had similar CAZymes structures. It has been found
N uptake ability than
Pseudoalteromonas (Arandia-Gorostidi et al., 2022), suggesting that

that Alteromonas have a faster
N-poor status in this study might reduce the competitiveness of
Pseudoalteromonas. Therefore, the deterministic processes played an

important role in microbiome assembly (Teeling et al., 2016).

5. Conclusion

This study offers insight into the mechanisms of microbial
communities to degrade polymeric carbohydrates in the inner shelf of
the estuarine system. In this study, nutrients and Chl a indicated
relative nutrient-poor status during the sampling time, inducing a high
fraction of GHs genes targeting peptidoglycan (bacterial cell wall) and
chitin. Furthermore, significant differences in CAZymes profiles were
found between water and sediment and between free-living and
particle-attached bacterial fractions in water. The vertical distribution
of CAZymes genes suggested a selective degradation of polysaccharides
with different bioavailability, and a higher degree of recalcitrant FRSP
biotransformation in sediment rather than in water. Proteobacteria and
Bacteroidota had the highest abundance and glycan niche width of
CAZymes in water, respectively. Members of the Alphaproteobacteria
(Candidatus Pelagibacter), Gammaproteobacteria (Alteromonas,
Pseudoalteromonas, and Woeseia), and Flavobacteriaceae were among
the most prominent responders to the polymer carbohydrates. At the
genus level, the glycan niches width of the genus Alteromonas were the
widest for degradation of laminarin, starch, and nitrogen-containing
polysaccharides, carboxylic-acid polysaccharides, cellulose, and lignin,
associated multiple sugar transporter in sharing modal, and marked
with depth difference (BF>SF) for free-living fraction and size
difference for bottom samples (BP>BF). While the functional
potentials of Candidatus Pelagibacter showed dominance for substrates
like oligo-glucan, nitrogen-containing polysaccharides, oligo-cellulose,
and lignin-derived aromatic fragments. The most abundant CAZymes
and related genes and the widest glycan niche in the abundant bacterial
taxa suggested their potential key roles in organic carbon utilization.
The high extent of glycan niche overlap for utilization of diatom-
produced polysaccharides revealed a close connection between
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bacteria (e.g., Bacteroidota, Gammaproteobacteria, Planctomycetota,
and Verrucomicrobiota) and algae. Collectively, CAZymes gene traits
and their related transporters as a good proxy for assessing distinct
‘polymeric carbohydrate utilization types’ of the microbial communities
indicated different bacterial strategies of polysaccharide degradation
and the niches separation subject to polymeric carbohydrate substrates
in the estuarine system.
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