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The complete metabolism of carbohydrates, as the most abundant and

structurally diverse organic matter on earth, requires the involvement of

different carbohydrate-active enzymes (CAZymes). Flavobacteriales and

Cytophagales are two groups whose members specialize in polysaccharide

metabolism, but research on their polysaccharide metabolic patterns based on

the overall CAZymes is scarce. In this study, we analyzed 702 filtered genomes of

Flavobacteriales and Cytophagales and obtained 100,445 CAZymes. According

to their taxonomic status and living environment, we explored the impact of

taxonomic status, isolation source, and environmental condition on their

potential polysaccharide metabolic patterns. The results indicated significant

differences in the CAZyme composition among different taxonomic statuses or

environments. Compared with the Flavobacteriales genomes, the genomes of

Cytophagales possess more abundant and diverse CAZymes, but have fewer

unique CAZyme families. Genomes from different families vary greatly in terms of

CAZyme family diversity and composition, but relatively small divergences were

found from families in the same order. Furthermore, our findings indicated that

genomes from the marine and tidal flat environments share more similarities in

CAZyme family composition and diversity compared with the terrestrial

genomes. Extreme environments greatly constrain the types of CAZyme

families present, and certain CAZyme families are significantly lower than those

in normal environments. Although significant differences were found among

genomes from both different taxonomic statuses and environments, the

dimensionality reduction and the clustering analysis based on CAZyme

composition indicated that evolutionary status is the main factor influencing

the polysaccharide metabolic patterns of these strains. The correlations among

CAZyme families indicated that the majority of these families are synergistically

involved in polysaccharide metabolism. This study provides a comprehensive

profile of the CAZymes in Flavobacteriales and Cytophagales, highlighting the
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role of evolutionary status in shaping the polysaccharide metabolic patterns and

the prevalence of synergism among CAZyme families. These findings have

implications for understanding microbial carbohydrate metabolism in

different environments.
KEYWORDS
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1 Introduction

Carbohydrates comprise the predominant organic matter on

earth, constituting approximately 75% of the annually renewable

biomass of approximately 200 billion tons (Lichtenthaler and

Peters, 2004). Polysaccharides, which serve as the energy storage

materials and structural components of organisms, are closely

linked to life and can act as signal molecules to facilitate

organism–environment interactions (Bar-On et al., 2018; Lapebie

et al., 2019). Furthermore, polysaccharides play important roles in

medicine, food, and chemical engineering (Li et al., 2016; Lovegrove

et al., 2017; Shanmugam and Abirami, 2019; Meneguin et al., 2021).

The terrestrial biomass is around two orders of magnitude higher

than the marine biomass, and it is mainly composed of plant

biomass (Bar-On et al., 2018). However, due to its huge area, half

of the global net primary production is generated in the marine

environment, which contains some unique polysaccharides, such as

agar, alginate, carrageenan, fucoidan, laminarin, and ulvan (Field

et al., 1998; Xu et al., 2022). Tidal flats are located in the intertidal

zone between the high and low tide levels (Murray et al., 2019;

Wang et al., 2020) and can receive carbohydrates from both marine

and land. These distinct environments possess varying

polysaccharide compositions and may harbor different enzymes

required for their degradation.

According to the calculation by Laine, hexasaccharides could

have more than 1.05 × 1012 possible isomers. As the most diverse

macromolecules on earth, polysaccharides can be composed of

different cyclic sugar monomers and replaced by different

functional groups (Laine, 1994). Due to their great structural

diversity, the complete metabolism of polysaccharides requires the

involvement of different carbohydrate-active enzymes (CAZymes),

including glycoside hydrolases (GHs), polysaccharide lyases (PLs),

carbohydrate esterases (CEs), glycosyltransferases (GTs), auxiliary

activities (AAs), and carbohydrate-binding modules (CBMs) (Drula

et al., 2022). Among them, GHs, PLs, and CEs are responsible for the

degradation of carbohydrates, GTs are mainly responsible for the

synthesis of carbohydrates, AAs are involved in various redox

transformations of carbohydrates, and CBMs can enormously

enhance the catalytic activity of the active enzymes of

corresponding carbohydrates (Wardman et al., 2022). To efficiently

utilize diverse polysaccharides, these CAZymes act synergistically in

the process of polysaccharide degradation (Sidar et al., 2020).
02
Bacteria employ numerous CAZymes and play an important

role in the carbon cycle and human health. Heterotrophic bacteria,

particularly the Bacteroidota species, are considered primary

degraders of marine polysaccharides, playing a crucial role in the

global carbon turnover (Falkowski et al., 1998; Reintjes et al., 2017).

The utilization of polysaccharides by intestinal bacteria is critical for

the stability of the gut microbiota and human health (Zafar and

Saier, 2021; Cheng et al., 2022). Moreover, numerous CAZymes are

employed by certain bacteria to facilitate the polysaccharide

utilization process in biofuel production. Lignocellulolytic bacteria

or their CAZymes can complete the pretreatment process of

lignocellulosic biomass within a few hours to several days and

without generating inhibitory compounds (Zabed et al., 2019;

Bhujbal et al., 2022; Kumar et al., 2022). Bacteroidota (the

Cytophaga–Flavobacterium–Bacteroides group) species specialize

in the degradation of a wide range of complex carbohydrates, and

metabolic flexibility makes them dominant in many carbohydrate-

rich environments (Fernández-Gómez et al., 2013; Chen et al., 2021;

McKee et al., 2021). Bacteroidota mainly relies on unclustered

CAZyme genes and polysaccharide utilization loci (PULs) on

genomes for polysaccharide degradation. The members

Flavobacteriales and Cytophagales are widely distributed in

marine and biofilm environments, typically forming the largest

bacterial groups in some marine specimens (Anantapong and

Kanjana-Opas, 2016). Furthermore, Flavobacteriales species are

notable for their ability to degrade polysaccharides through

CAZymes in PULs, and the PUL repertoires in different genera

always correspond to their ecological niches (Kappelmann et al.,

2019; Gavriilidou et al., 2020). On the other hand, Bacteroidales

species are well-known intestinal bacteria that play a pivotal role in

the degradation and utilization of complex carbohydrates within the

human gut, contributing significantly to the maintenance of gut

microbiota stability and overall human health.

PULs, as a gene cluster for the efficient utilization of

polysaccharides, is increasingly becoming the focus of research on

polysaccharide metabolism instead of the overall CAZymes in

bacteria. Lapébie et al. estimated the diversity of glycan structures

through the number of CAZyme combinations in PULs (Lapebie

et al., 2019). While PUL-based polysaccharide metabolic

mechanisms are common, many species of Bacteroidota heavily

rely on a “PUL-free” approach, exploiting type 9 secretion system

(T9SS) CAZymes to degrade polysaccharides such as cellulose and
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chitin (Lasica et al., 2017; Lauber et al., 2018; McKee et al., 2021).

Therefore, considering only the CAZymes in PULs will significantly

underestimate the bacterial polysaccharide metabolic ability. In

order to gain deeper insights into the differences in the

polysaccharide metabolic patterns among Flavobacteriales and

Cytophagales species, as well as to explore the influence of the

bacterial source on their polysaccharide metabolic patterns, we

employed all the CAZymes in bacteria to assess their

polysaccharide metabolic potential. Moreover, as the order of

CAZymes in PULs does not appear to be significant (Larsbrink

et al., 2014; Lapebie et al., 2019), it was feasible to use the CAZyme–

species table to construct distance matrices. In summary, this study

analyzes the differences in the polysaccharide metabolic patterns

among Flavobacteriales and Cytophagales species and, according to

their isolation source and environmental condition, reveals the

impact of living environments on their polysaccharide

metabolic patterns.
2 Materials and methods

2.1 Genome acquisition, screening,
and classification

A total of 722 complete and scaffold genomes of Flavobacteriales

and Cytophagales species were downloaded into a local server from

the National Center for Biotechnology Information (NCBI, https://

www.ncbi.nlm.nih.gov/). Notably, only RefSeq genomes were

considered in this selection process. The quality of all 702

genomes was determined using Barrnap, tRNAscan-SE, and

CheckM. Low-quality genomes were discarded. Briefly, the

number of transfer RNA (tRNA) in each genome was determined

using Barrnap (v0.9) with the parameter: –kingdom bac (https://

github.com/tseemann/barrnap). tRNAscan-SE (v2.0.12) was used

to predict the number of 16S ribosomal RNA (Chan et al., 2021).

The completeness and the contamination of the manually

downloaded genomes were assessed using CheckM (v1.2.2) with

the parameter: lineage_wf (Parks et al., 2015). Genomes were

retained only if their completeness was >95% and contamination

was <5%. At the family level, the genomes of Cyclobacteriaceae,

Cytophagaceae, Flavobacteriaceae, Hymenobacteraceae,

Spirosomaceae, and Weeksellaceae accounted for more than 94%

and were consequently selected for further analysis. In addition to

the taxonomic status of these genomes, their isolation sources were

also manually classified into three categories: land (soil, terrestrial

organisms, freshwater, saline lakes, etc.), tidal flats (estuaries,

mangroves, salt marshes, coastal sediments, etc.), and marine

(marine sediments, marine organisms, seawater, etc.) .

Furthermore, the genomes were categorized into normal

environments and extreme environments (e.g., hypersaline lake,

desert soil, and glacier) based on the environmental conditions of

their isolation. All of these pieces of information were manually

collected from the corresponding literature. The genomes of strains

without clear isolation information were also discarded.

The number counts of the genomes in these groups are visualized

in Figure 1A. A total of 702 high-quality RefSeq genomes (including
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500 genomes belonging to Flavobacteriales and 202 genomes

belonging to Cytophagales) and their related isolation

information, taxonomic information, and environmental

condition were obtained and are displayed in Supplementary

Table S1.
2.2 Genome annotation

PROKKA (v1.12) was used to predict the genes and

corresponding amino acids within these genomes. The predicted

SusC (an outer membrane TonB-dependent transporter) and SusD

(a surface glycan-binding lipoprotein) genes within these genomes

were extracted separately (Seemann, 2014). The amino acid

sequences of the SusC and SusD genes were aligned using

MAFFT v7.520 with default settings (Katoh and Standley, 2013).

The CAZymes were all predicted using the HMMER, DIAMOND,

and Hotpep tools within the dbCAN2 software based on the

Carbohydrate-Active enZYmes Database v11 (CAZy database),

and as recommended in the dbCAN2 documentation, the

CAZyme hits were only considered if at least two of the three

annotation tools were positive (Zhang et al., 2018; Drula et al.,

2022). An in-house Python script was used to summarize the

CAZymes annotated by at least two of the three annotation tools

for each genome into the genomes–CAZymes abundance table

(Figure 1B; Supplementary Table S2). The substrates of co-

occurring CAZyme families were searched through the CAZy

database (v11) and the Polysaccharide-Utilization Loci DataBase

(PULDB) (Terrapon et al., 2018).
2.3 Statistical analysis

The species taxonomic information, the genomes–CAZymes

abundance table, and the CAZyme classification information were

imported into QIIME2 (v2022.11) for summary by different

taxonomic statuses and sources using the analysis of composition

of microbiomes (ANCOM) method (Mandal et al., 2015 988;

Bolyen et al., 2019). The composition of CAZyme classes was

visualized using Circos (Krzywinski et al., 2009). Alpha diversity

was assessed by calculating the Shannon diversity and observed

species (i.e., observed CAZymes) indices of the CAZyme families in

different species. Differences in the CAZyme family diversity among

bacteria from different taxonomic statuses, sources, and

environmental conditions were compared using a t-test and/or

the Wilcoxon test through pairwise comparison. On the other

hand, differences in the relative abundance of the different

CAZyme classes and families were compared using Welch’s t-test.

Principal coordinate analysis (PCoA) was performed using binary

Jaccard distance matrices to reveal the clustering patterns of the

CAZymes from bacteria of different taxonomic ranks and sources.

Permutational multivariate analysis of variance (PERMANOVA)

was employed to assess the significance of the differences between

different groups, and ggplot2 in R (v3.6.3) was used for

visualization. The cluster tree for the species of Flavobacteriales

and Cytophagales based on the composition of the CAZyme
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families was clustered using the unweighted pair group method

with arithmetic mean (UPGMA, Figure 1C), and the clustering

relationship of the CAZyme families in different species was

visualized using ChiPlot (https://www.chiplot.online/). The

“psych” package in R software was used to calculate the

Spearman’s correlation coefficients between CAZyme families,

and “igraph” was used to visualize these correlations. Other

statistics were visualized using STAMP v2.1.3 and R software. A

p-value less than 0.05 was considered significant, unless otherwise

indicated (Parks et al., 2014).
3 Results

3.1 CAZyme diversity

To investigate the differences in the CAZyme families between

different groups, the Shannon diversity indices were compared and the

CAZyme indices (typically referring to the observed species index in

microbial diversity) of the CAZyme families were observed. In terms of
Frontiers in Marine Science 04
phylogenetic status, it was found that there were significantly more

observed CAZyme families and higher Shannon diversity in

Cytophagales species compared with those in Flavobacteriales species

(padj < 2.22e−16 by t-test) (Figure 2), indicating greater polysaccharide

metabolic potential in Cytophagales species. This difference was also

reflected in the major families of Flavobacteriales (Flavobacteriaceae

and Weeksellaceae) and Cytophagales (Cyclobacteriaceae,

Cytophagaceae, Hymenobacteraceae, and Spirosomaceae). The

species of Weeksellaceae and Flavobacteriaceae had the lowest

Shannon diversity and observed CAZyme families on average, which

were significantly lower than those in Cyclobacteriaceae,

Cytophagaceae, Hymenobacteraceae, and Spirosomaceae species

(Figure 2). In general, a pattern of Cytophagales > Flavobacteriales

was found in both the Shannon diversity index (5.36 and 4.69 on

average, respectively) and the observed CAZyme families (73.37 and

48.10 on average, respectively). Furthermore, the diversity of CAZymes

across different environments was explored for each order

(Supplementary Figure S1). For Flavobacteriales, the Shannon

diversity of the CAZymes was significantly higher in land

environments compared with marine environments (padj = 0.031 by
FIGURE 1

Species clustering pipeline. (A) Number of species in each group. A total of 702 filtered genomes were used for analysis. (B) Filtering of the
carbohydrate-active enzymes (CAZymes) annotated using the HMMER, DIAMOND, and Hotpep tools within the dbCAN2 software. (C) Clustering of
the species according to their CAZyme composition. Binary Jaccard distance matrices were calculated according to the CAZyme
family composition.
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t-test), while no significant difference was observed between the land

and tidal flat environments. In contrast, for Cytophagales, no

significant spatial differences in CAZyme diversity were detected

among the land, marine, and tidal flat environments.

When considering only the environmental origin, the observed

CAZyme families in bacteria from land were significantly higher

than those in bacteria from marine (padj = 0.03 by t-test), but no

significant differences were observed in the CAZyme family

diversity between tidal flats and marine/land, as well as between

normal and extreme environments (Figure 3). Although not

significant, a decreasing tendency of the Shannon diversity index

(4.89, 4.88, and 4.86 on average, respectively) and observed

CAZyme families (57.13, 54.16, and 52.64 on average,

respectively) was observed from land to marine. Considering the

diversity indices of the CAZymes, the disparity between distinct

taxonomic groups was more pronounced than that between distinct

environmental groups.
3.2 CAZyme class composition

For the number of CAZymes in each genome, Cytophagales

species were higher than Flavobacteriales species in all CAZyme
Frontiers in Marine Science 05
classes (Figure 4A). The average numbers of AAs, CBMs, CEs, GHs,

GTs, and PLs annotated in each genome of Cytophagales species

were 247.4%, 130.6%, 125.5%, 70.6%, 32.3%, and 21.7% higher than

those of Flavobacteriales, respectively. Moreover, in general, the

average number of CAZymes in each genome of Cytophagales

species was 62.3% higher than that in Flavobacteriales, showing a

greater polysaccharide metabolic potential. Considering the great

difference between the genome size of species from different orders

(5.66 Mb on average for the species of Cytophagales and 3.86 Mb on

average for the species of Flavobacteriales), the number of

CAZymes per megabase genome was further analyzed

(Figure 4B). The results showed that the average numbers of

annotated AAs, CBMs, CEs, and GHs in each megabase genome

of Cytophagales species were 136.7%, 57.1%, 53.6%, and 16.2%

higher than those of Flavobacteriales, respectively, while the average

numbers of annotated GTs and PLs in each megabase genome were

10.9% and 20.7% lower than those of Flavobacteriales, respectively.

Furthermore, in general, the average number of CAZymes in each

megabase genome of Cytophagales was 10.6% higher than that of

Flavobacteriales. At the family level, for the species of

Weeksellaceae, the numbers of CAZymes in all classes were lower

than those of the species of other families, except for AAs and GTs,

which were similar to those of the species of other families
FIGURE 2

Alpha diversity characterized by the Shannon index and the observed carbohydrate-active enzyme (CAZyme) index. (A, B) Violin plots showing the
distribution of the Shannon indices of the CAZymes among species from different orders (A) and major families (B). (C, D) Observed CAZyme indices
of the CAZymes among species from different orders (C) and major families (D). A two-sided t-test was used to analyze the significance of the
differences between different groups, groups with different lowercase letters are significantly different in the t-test, while groups with the same letter
are not. Inner box plots show the median and quartiles.
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(Figures 4C, D). As members of Cytophagales, the species of

Spirosomaceae, Hymenobacteraceae, and Cytophagaceae had

relatively more CAZymes in the major CAZyme classes (e.g.,

GHs, CBMs, and CEs).

In terms of environment, compared with the tidal flat and marine

species, the terrestrial species had more AAs, CBMs, CEs, GHs, and

GTs, but fewer PLs (Figure 4E). Overall, the average number of

CAZymes in the genomes of terrestrial species was 13.94% higher

than that in marine species and 11.35% higher than that in intertidal

species. With regard to the CAZymes per megabase genome, the

terrestrial species also had more AAs, CBMs, CEs, GHs, GTs, but

fewer PLs compared with the tidal flat and marine species, and the

average number of CAZymes in each megabase genome of the

terrestrial species was 7.46% higher than that in marine species and

3.80% higher than that in intertidal species (Figure 4F). For the

different environmental conditions, species from normal

environments had more AAs, CBMs, CEs, GHs, and PLs, but fewer

GTs compared with species from extreme environments (Figure 4G).

In general, the average number of CAZymes in the genomes of

species in normal environments was 5.28% higher than that in

extreme environments. With regard to the CAZymes per megabase

genome, species from normal environments had more AAs, CBMs,

CEs, GHs, and PLs, but fewer GTs compared with species from

extreme environments (Figure 4H), and the average number of

CAZymes in each megabase genome of species in normal

environments was 2.54% higher than that in extreme environments.
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To compare the polysaccharide metabolic potential among bacteria

from different taxonomic statuses and sources, further analyses were

conducted on the relative abundance of each CAZyme class in the

different groups. For relative abundance, GHs and GTs were the major

CAZyme classes in Flavobacteriales and Cytophagales, followed by

CBMs, CEs, PLs, and AAs. A detailed composition of the CAZyme

classes is shown in Figure 5A. The CAZyme class composition for

bacteria from different families, sources, and environmental conditions

showed the same pattern (Figures 5B-D). In addition, it was found that

the CAZyme classes were significantly different among the species of

Flavobacteriales and Cytophagales due to their different phylogenetic

statuses. Compared with Flavobacteriales, Cytophagales tended to have

higher relative abundance of CBMs, CEs, GHs, and AAs, while

Flavobacteriales had relatively more GTs. No significant difference was

observed between the relative abundance of PLs. At the family level,

similar to Flavobacteriales and Cytophagales, the same differences were

found between Flavobacteriaceae and Cytophagaceae, as shown in the

extended error bar plot in Figure 5B, except that the relative abundance

of PLs in Flavobacteriaceae was also significantly higher than that in

Cytophagaceae. In general, the CAZyme composition exhibited a

comparatively lower degree of divergence within the major families of

Cytophagales (Cyclobacteriaceae, Cytophagaceae, Hymenobacteraceae,

and Spirosomaceae), indicating a more conserved polysaccharide

metabolic potential in Cytophagales species during their evolutionary

history. In contrast, more significant variations were observed within the

major families of Flavobacteriales (Flavobacteriaceae andWeeksellaceae)
FIGURE 3

Alpha diversity characterized by the Shannon index and the observed carbohydrate-active enzyme (CAZyme) index. (A, B) Violin plots showing the
distribution of the Shannon indices of the CAZymes among species from different sources (A) and environmental conditions (B). (C, D) Observed
CAZyme indices of the CAZymes among species from different sources (C) and environmental conditions (D). A two-sided t-test was used to
analyze the significance of the differences between different groups. Inner box plots show the median and quartiles.
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and between the major families of Cytophagales and Flavobacteriales.

The detailed differences among other families are summarized in

Supplementary Table S3. As members of Flavobacteriales, the species

of Flavobacteriaceae and Weeksellaceae had higher numbers of GTs,

particularly theWeeksellaceae species, and the number of GTs exceeded

that of GHs, becoming the most abundant CAZyme class. In terms of

environment, the bacteria isolated from marine and tidal flats had a

similar CAZyme class composition and showed no significant difference

(Supplementary Table S3). However, compared with the species isolated

from marine and tidal flats, terrestrial species appeared to have

significantly more CEs but fewer PLs, as shown in Figure 5C.
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Moreover, compared with the species in extreme environments, the

species in normal environments had significantly more PLs, as there

were more available polysaccharides (Figure 5D).
3.3 CAZyme family composition

Due to the number of significant differences that were found in

the composition and diversity of the CAZyme families among the

different bacterial groups, detailed analyses of the differences in

these CAZyme families were carried out. The CAZyme families
FIGURE 4

(A, C, E, G) Absolute number of each carbohydrate-active enzyme (CAZyme) class within each genome among different orders (A), major families
(C), sources (E), and environmental conditions (G). (B, D, F, H) Absolute number of each CAZyme class per megabase (Mb) genome among different
orders (B), major families (D), sources (F), and environmental conditions (H).
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were divided into two categories: i) CAZyme families that appeared

in only one group (unique CAZyme families, i.e., present only in

land or tidal flat or marine) and 2) CAZyme families that appeared

in all groups (shared CAZyme families, i.e., CAZymes present in

land, tidal flats, and marine).

i) We first analyzed the distribution of the unique CAZyme families

in different groups. As presented in Figure 6A; Supplementary Table S4,

there were 212 shared CAZyme families between Flavobacteriales and
Frontiers in Marine Science 08
Cytophagales and 37 Flavobacteriales-specific CAZymes, which was

higher than the 24 Cytophagales-specific CAZymes. This could be due

to the higher number of Flavobacteriales species (500 species from

Flavobacteriales and 202 species from Cytophagales). Flavobacteriaceae

species showed the most unique CAZyme families due to the great

quantity advantage of type species (413 species). The CAZyme family

types in Weeksellaceae species differed greatly from the other five

bacterial families, with only 28 CAZyme families present (Figure 6B).
FIGURE 5

Proportions and differences of the carbohydrate-active enzyme (CAZyme) classes among species in different categories. (A–D) Proportions and
differences of the CAZyme classes among species from different orders (A), major families (B), sources (C), and environmental conditions (D). padj <
0.05 are presented in the post-hoc plot. For Flavobacteriales and Cytophagales, 500 and 202 filtered genomes were used for the annotation of
CAZymes, respectively.
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Among bacteria from different sources, the terrestrial bacteria

had the most unique CAZyme families (25), with only three and

two unique CAZyme families being identified in marine and tidal

flats, respectively (Figure 6C). Tidal flats shared more CAZyme

families with terrestrial and marine bacteria, which may be

attributed to the dual carbohydrate source in tidal flats.

According to the analysis of the unique CAZyme families in

different environmental conditions (Figure 6D), extreme

environments greatly constrain the CAZyme family types. In

contrast to the 57 unique CAZyme families present in strains

from normal environments, only four unique CAZyme families

were found in extreme environments.

ii) Secondly, differences in the shared CAZyme families among

different groups were analyzed. The majority of the top 15 CAZyme

families demonstrated significant variations between the

Flavobacteriales and Cytophagales species (Figure 7A), particularly

the most abundant GT2 and GT4 families (Supplementary Figure
Frontiers in Marine Science 09
S2), both of which displayed considerable divergence. Among the 212

shared CAZyme families in Flavobacteriales and Cytophagales species,

there were 25 and 59 significantly enriched CAZyme families,

respectively (Supplementary Figure S3). The significantly enriched

GT5 family in Flavobacteriales species is mainly glycogen

glucosyltransferase and starch glucosyltransferase (Coutinho et al.,

2003), while the GH73 family is mainly responsible for the

degradation of b-1,4-glycosidic linkage between N-acetylglucosaminyl

(NAG) and N-acetylmuramyl (NAM) (Grieb et al., 2020). Among the

59 significantly enriched CAZyme families found in Cytophagales

species, the CE15 family showed the most noticeably significant

enrichment trend. This family functions to cleave the covalent ester

bonds between lignin and glucuronoxylan, playing an important role in

hydrolyzing the recalcitrant lignin–carbohydrate–complex (LCC),

which are major obstacles in the industrial enzyme biomass

hydrolysis process (De Santi et al., 2017; Arnling Bååth et al., 2018;

Kmezik et al., 2021). Furthermore, a substantial presence of unclassified
FIGURE 6

Upset plots showing the distribution of the carbohydrate-active enzyme (CAZyme) families in different orders (A), major families (B), sources (C), and
environmental conditions (D). A total of 100,445 CAZymes belonging to 273 CAZyme families were used for statistics. The histograms show the
counts of CAZyme families in each subset of overlap. The dots and lines at the bottom right represent the subsets of overlap. The strip at the bottom
left show the counts of CAZyme families within each category.
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GH (GH0) in Flavobacteriales and Cytophagales species was observed

(Supplementary Figure S4). Specifically, the GH0 numbers both per

genome and per megabase genome in Cytophagales species were

significantly higher than those in Flavobacteriales species. In addition

to the CAZyme families previously mentioned, significant numbers of

susC/susD genes were also identified in Flavobacteriales and

Cytophagales species, demonstrating significant taxonomic

divergences (Supplementary Figure S5). Compared with

Flavobacteriales species, Cytophagales species exhibited significantly

higher abundance of susC/susD genes in each genome and per

megabase genome.

At the family level, as members of Flavobacteriales, the species

of Weeksellaceae and Flavobacteriaceae had a significantly enriched

GT2 family (Figure 7B), which was the most abundant CAZyme

family, as described above. As the second most abundant CAZyme

family, the GT4 family was significantly enriched in Weeksellaceae
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species. The species of Spirosomaceae, Cytophagaceae, and

Cyclobacteriaceae exhibited a significant enrichment of the GH20

and GH43 families, which play a pivotal role in the degradation of

chitin and hemicellulose (Morais et al., 2021; Mészáros et al., 2022),

particularly the GH43 family, which was enriched in all four major

families of Cytophagales.

In terms of environment, the composition of the top 15

CAZyme families in terrestrial bacteria exhibited slight variations

compared with those in marine and tidal flat environments

(Figure 7C). Nevertheless, considering all of the shared CAZyme

families among the terrestrial, marine, and tidal flat bacteria,

significant different polysaccharide metabolic patterns were

observed (Supplementary Figures S5A, B). Compared with the

marine and tidal flat bacteria, the terrestrial bacteria possessed

significantly more GH25, GH77, and CBM20 families, indicating

the degradation potential of terrestrial polysaccharides. The GH25
FIGURE 7

Differences in the proportions of carbohydrate-active enzyme (CAZyme) families among different orders (A), major families (B), sources (C), and
environmental conditions (D). The significance of the differences for each group was determined by comparing a group to all other groups. The dot
size was based on the proportion (in percentage) of CAZyme family in each group. The dot color indicates the significance of the enrichment. Only
the top 15 abundant CAZyme families are displayed.
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family comprises well-known bacterial lysozymes that play essential

roles in oomycete pathogen antagonism for the terrestrial plant

Arabidopsis thaliana and in the intestinal bacterial cell wall

breakdown of dairy cows (Vollmer et al., 2008; Eitzen et al., 2021;

Lin et al., 2023). The GH77 and CBM20 families are involved in

intracellular maltose–maltodextrin metabolism and bind starch to

promote starch hydrolysis (Son Tung et al., 2019; Marecek et al.,

2021; Christensen et al., 2023). In addition, the CAZymes that were

significantly enriched in bacteria from marine and tidal flats had

stronger degradation potential for marine polysaccharides, such as

the GH113, PL17, PL7, PL6, GH15 families. Of these, GH113 is a

family with specificity toward mannans, which is distributed in both

marine and terrestrial plants (del-Carmen-Rodriguez-Gacio et al.,

2012; Terrett et al., 2019; Couturier et al., 2022). The GH15 family is

generally known as glucoamylases (Trochine et al., 2022). However,

a recent study has revealed that some enzymes in the GH15 family

can also participate in the degradation of trehalose (Yuasa et al.,

2018; Zhang et al., 2022). The PL6, PL7, and PL17 families all

correspond to degrade alginate (Mathieu et al., 2016; Chernysheva

et al., 2021). Different from the other groups, the bacteria from

marine and tidal flats nearly had no significant difference in the
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composition of CAZyme families, except for the GH19 family

enriched in marine and the PL28 family enriched in tidal flats

(Supplementary Figure S5C). Of these, GH19 is a family of

chitinases, while the PL28 family is associated with ulvan lyases.

As shown in the ternary phase diagram, the top 100 CAZyme

families in the three sources were distributed near the central axis

(dashed blue line) between the marine and tidal flat environments

(Supplementary Figure S5D), indicating that the bacteria from

marine and tidal flats had a similar CAZyme family composition

and are noticeably different from terrestrial bacteria.

As shown in Figure 7D, our analysis revealed a prominent

enrichment of certain CAZyme families, specifically CBM48, GH13,

and GH43, within the bacteria isolated from extreme environments.

These enriched families are notably associated with the degradation

of glycogen and hemicellulose (Ping et al., 2020; Morais et al., 2021).

Based on the CAZyme family composition (i.e., both unique and

shared CAZyme families), beta diversity analyses (PCoA) were further

conducted using binary Jaccard distance matrices to discover novel

insights into the factors that influence their polysaccharide metabolic

patterns (Figure 8). Species in the different orders could be well

separated, and the clustering of the Cytophagales species was more
FIGURE 8

Principal coordinate analysis (PCoA) based on the binary Jaccard distance among different orders (A), major families (B), sources (C), and
environmental conditions (D).
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compact than that of the Flavobacteriales species, indicating that the

difference in the CAZyme family composition for the species of

Cytophagales was smaller than that in Flavobacteriales. The main

families of Cytophagales (Cyclobacteriaceae, Cytophagaceae,

Hymenobacteraceae, and Spirosomaceae) clustered tightly together

compared with the major families of Flavobacteriales. In

Flavobacteriales, the CAZyme family composition between the

Flavobacteriaceae and Weeksellaceae species significantly differed,

and their clusters were far away from each other. Notably,

consistent with the analysis above, the isolation sources greatly

influenced the polysaccharide utilization patterns, with species from

the tidal flat and marine environments clustering tightly together and

were distinguished from terrestrial species, indicating higher similarity

of the beta diversity of the CAZyme families between species from

marine and tidal flats. Although the sources affected the

polysaccharide metabolism patterns of these species, no clear

distinction was found for the species from different environmental

conditions. In order to reveal the main factor influencing the CAZyme

family composition, a cluster tree was constructed using UPGMA

(Figure 9). The species were mainly divided into two main groups

(Flavobacteriales and Cytophagales). However, the species from

different sources did not show a clear distinction, indicating that the

evolutionary status plays a more pivotal role than the habitat in

determining the CAZyme family composition of these bacteria.
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3.4 Co-occurrence networks of CAZymes

The co-occurrence patterns of the bacteria from Flavobacteriales

and Cytophagales were further analyzed. As shown in Figure 10, the

analysis revealed intricate patterns of correlation among the various

families of CAZymes within the bacterial orders of Flavobacteriales and

Cytophagales. In both co-occurrence networks, the vast majority of

CAZyme families exhibited positive correlations, particularly within the

Cytophagales species, where all of the significant relationships

(correlation coefficients >0.6 and p < 0.05) were positive correlations,

indicating the synergistic effects among these CAZyme families. Of the

positively correlated CAZymes, the GH2, GH28, GH43, GH95, GH105,

and CE20 families exhibited the highest connection degree in both co-

occurrence networks, indicating the pivotal role of these CAZyme

families in the bacterial metabolism of polysaccharides. Moreover, the

CAZyme families of CBMs, CEs, GHs, GTs, and PLs demonstrated

certain correlations with each other within the Flavobacteriales and

Cytophagales groups in both co-occurrence networks, while the

CAZyme families of AAs did not. Among them, a marked prevalence

of GH class enzymes was observed, with most of the co-occurring

CAZyme families belonging to them. Several CAZyme families

exhibited significant positive correlations in both network graphs

(e.g., between PL6 and PL7, and CE20 and GH43), which might

suggest their synergistic roles in polysaccharide metabolism.
FIGURE 9

Unweighted pair group method with arithmetic mean (UPGMA) cluster tree based on the binary Jaccard distance. Branch colors represent the
taxonomic status of the strains. The color on the inner ring refers to the sources of strains. The middle ring refers to the percentage of each type of
carbohydrate-active enzyme (CAZyme) class, while the outer ring refers to the genomic sizes of the strains.
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Despite these similarities, distinct differences were also evident

between the two networks. The CAZyme families in Flavobacteriales

and Cytophagales showed notable differences in the architecture of the

co-occurrence networks. Flavobacteriales exhibited a higher number of

modules, and the connections between various CAZyme families

within the main module displayed greater intricacy and compactness.

The co-occurrence network of Cytophagales exhibited a higher number

of CBMs, CEs, and GTs compared with Flavobacteriales, along with

greater connection degree, suggesting that they could play a more

crucial synergistic role within Cytophagales species. Conversely, PLs

were more prevalent in the co-occurrence network of Flavobacteriales.
4 Discussion

4.1 Differences in the polysaccharide
metabolic patterns among different
phylogenetic groups

Comprising the largest taxon in the phylum Bacteroidota,

Flavobacteriales species are known for their ability to degrade

polysaccharides (Gavriilidou et al., 2020). However, in this study,

the overlooked polysaccharide metabolic potential of Cytophagales

species was revealed. Notably, in terms of the absolute abundance of

CAZymes per genome and per megabase genome, the CAZyme

diversity, and the number of enriched CAZyme families, the

Cytophagales species exhibited higher values compared with the

Flavobacteriales species, indicating their greater polysaccharide

metabolic potential.

As the differences in the CAZyme classes between Cytophagales

and Flavobacteriales were substantial, a comprehensive comparison
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of their polysaccharide metabolic potential was further performed.

The Flavobacteriales sourced from marine habitats accounted for

143/500, while the Cytophagales isolated from the marine

environment only accounted for 28/202. The high counts of PLs

per megabase genome in Flavobacteriales species could be

attributed to their extensive distribution across tidal flat and

marine environments (Gavriilidou et al. , 2020). These

environments are rich in marine polysaccharides containing

abundant uronic acids (Furusawa et al., 2021; Yang et al., 2022),

which necessitate various phospholipases for degradation (Michaud

et al., 2003). In addition, a large number of GH0 was also found,

with average numbers of 0.4 and 0.24 per megabase genome for the

species of Cytophagales and Flavobacteriales, respectively

(Supplementary Figure S4B). The greater number of unidentified

GHs in Cytophagales species indicates that research on their

CAZymes is still insufficient or incomplete. As a result, the

average number of CAZymes belonging to each class per

megabase genome of Cytophagales species was not noticeably

higher than that of Flavobacteriales species.

However, SusC and SusD, the outer membrane TonB-

dependent transporter and surface glycan-binding protein,

respectively, recognized as indicators of Bacteroidota PULs

(Kappelmann et al., 2019; Wardman et al., 2022), provide

additional evidence for the higher polysaccharide metabolic

potential of Cytophagales species (Supplementary Figure S5).

Cytophagales species exhibited higher average counts of SusC

(63.97 per genome and 11.78 per megabase genome) and SusD

(29.31 per genome and 5.39 per megabase genome) compared with

Flavobacteriales species (33.57 per genome and 8.93 per megabase

genome for SusC; 12.45 per genome and 3.31 per megabase genome

for SusD). These results further indicated that Cytophagales species
FIGURE 10

Co-occurrence networks of the carbohydrate-active enzyme (CAZyme) families for the Flavobacteriales (A) and Cytophagales (B) bacteria. Nodes
represent the CAZyme families, while the size represents their connection degree. The thickness and the color of the lines were determined using
Spearman’s correlation coefficients. Only correlation coefficients >0.6 and p < 0.05 are shown.
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may possess more PULs associated with polysaccharide metabolism

and could represent a new group with higher polysaccharide-

degrading potential.

Among the taxon-specific CAZyme families, the GT113 and

PL36 families comprised relatively large proportions in

Flavobacteriales species, accounting for 0.048% and 0.035% of the

total CAZymes, respectively (29 and 21 CAZymes, respectively), but

were not found in Cytophagales species (Supplementary Table S4).

Specifically, the GT113 domain adopts a GT-B fold and is the most

similar GT to GT47. Wilson et al. suggested that the GT113 family

in bacteria may be closely related to the eukaryotic GT47 family

(Wilson et al., 2022). Moreover, 20 of the 21 PL36 family members

were present in Flavobacterium species, as b-D-mannuronosyl

linkage-specific lyases (EC 4.2.2.3, M-specific). The PL36 family

can participate in the degradation of alginate, play an important role

in alginate oligomer preparation, and fuel ethanol production from

brown algal alginate (Enquist-Newman et al., 2014; Ghadam et al.,

2017; Dong et al., 2019).

In contrast, the Cytophagales-specific CBM8 and GH93 families

showed metabolic potential of terrestrial polysaccharides,

accounting for 0.038% and 0.025% of the total CAZymes,

respectively. CBM8 has been experimentally shown to bind

cellulose (Liberato et al., 2022), while GH93 is an exo-a-L-1,5-
arabinanase that plays an important role in the exo-mode

degradation of arabinose, which is the major component in pectin

(McKie et al., 1997; Seiboth and Metz, 2011; An et al., 2022).

More taxon-specific CAZyme families were found among different

families. For example, the GH78 and GH9 families accounted for more

than 1% of the total CAZymes in Cytophagaceae species, but were not

detected in theWeeksellaceae species, showing their metabolic ability to

degrade cellulose and polysaccharides containing L-rhamnose. Notably,

most of the GH9 family endoglucanases have catalytic domains linked

to CBM3 (Konar et al., 2022), which is well consistent with our study

wherein the CBM3 family accounted for 0.16% of the total CAZymes in

Cytophagaceae species, but was not found in Weeksellaceae species.

Detailed differences of the CAZyme families in different taxonomic

families are presented in Supplementary Table S4.

The GT2 and GT4 families were notably prevalent and emerged

as the most abundant CAZymes in both orders (Supplementary

Figure S2). They play important roles in critical glycan synthesis

processes. The GT2 family is primarily associated with the synthesis

of cell walls and extracellular b-glucans (Oehme et al., 2019),

contributing significantly to the formation and modification of long

polysaccharide structures, such as celluloses, chitin oligosaccharides,

mannans, and glucans (Coutinho et al., 2003; Gómez-Silva et al.,

2019). The GT4 family encompasses a-glucosyltransferase, a-
mannosyltransferase, and glucosyltransferase, and even enzymes

harness nucleotide-sugar and phospho-sugar donors. The GT2 and

GT4 families have been speculated to be the original GTs, which

evolved into other GTs in archaea (Coutinho et al., 2003). In addition,

the GT2 and GT4 families in Flavobacteriaceae and Weeksellaceae

species play a crucial role in the formation of biofilms, and they

account for approximately 20% and 5% of the total biomass in the

biofilm on household plastic surfaces within estuarine ecosystems,

respectively (Lear et al., 2022). Moreover, the abundant presence of
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the GT2 and GT4 families has been proposed to exert a pivotal

influence on the construction of biofilms on copper surfaces (Zhang

et al., 2019c). Our analysis revealed noticeably high proportions of the

GT2 and GT4 families in both Flavobacteriaceae and Weeksellaceae

species (Figure 7B; Supplementary Figure S2), indicating that the

species of Flavobacteriales (mainly composed of Flavobacteriaceae

and Weeksellaceae species) could play an important role in the

formation of coastal microbial biofilms.
4.2 Differences in the polysaccharide
metabolic patterns among
different environments

Compared with those in the tidal flat and marine environments,

terrestrial bacteria exhibited distinct polysaccharide metabolism

patterns. In general, the marine lineages of Bacteroidota demonstrate

a higher peptidase/GH ratio than non-marine lineages (Fernández-

Gómez et al., 2013; Kolton et al., 2013; Zhang et al., 2019a).

Comparative genome analysis of six Vibrionaceae species also

revealed that non-marine and free-living members of the Rumoiensis

clade possess a greater abundance of GHs (Tanaka et al., 2020). Our

comprehensive study of the CAZymes across all type strains of

Cytophagales and Flavobacteriales indicated that there are not only

more GHs but also more AAs, CBMs, CEs, and GTs (Figures 4E, F), as

well as higher CAZyme diversity and more unique CAZymes, in

terrestrial lineages (Figures 3C, 6C). This phenomenon might be

attributed to the higher diversity and complexity of the terrestrial

ecological environments, where vascular plants also possess a higher

proportion of carbohydrates (15%–30%) compared with marine

phytoplanktons (5%–25%) (Zhang et al., 2019a), further proving the

importance of the terrestrial bacteria participating in terrestrial carbon

source turnover (Delgado-Baquerizo et al., 2016; Žifčáková et al., 2017).

In addition, species in the tidal flat and marine environments

showed high similarity in their CAZyme profiles, with most of their

CAZyme classes exhibiting similar absolute and relative abundances

(Figures 4E, F, 5C). A few CAZyme families were observed to be

significantly different between the marine and tidal flat species

(Supplementary Figure S6C). The GH19 family was enriched in the

marine environment, and the PL28 family was enriched in tidal

flats. As chitinases, the GH19 family plays an important role in the

degradation of chitin, which has been estimated to be second to that

of cellulose and widely distributed in shells of crustaceans (Zewude

et al., 2022). The PL28 family was the most recently discovered

ulvan lyase, although ulvan is present in marine algae such as the

genus Ulva (Chlorophyta). However, with the influence of seasonal

monsoons and ocean currents, they usually accumulate near tidal

flats (Zhang et al., 2019b; Chen et al., 2020; Sun et al., 2022), hence

the enrichment of the PL28 family in tidal flats. The similarity

between the marine and tidal flat environments could be attributed

to the frequent material exchange between them facilitated by the

strong fluidity of seawater and tidal periodicity (Wang et al., 2020).

Despite tidal flats being always considered to be the recipient of

both marine and terrestrial organic carbon (Kubo and Kanda, 2017;

Sasmito et al., 2020; Li et al., 2022), our analysis only presented very
frontiersin.org

https://doi.org/10.3389/fmars.2025.1551618
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org


Ma et al. 10.3389/fmars.2025.1551618
limited CAZyme similarity between the tidal flat and terrestrial

species. This could be due to most of the terrestrial organic matter

being consumed by freshwater microorganisms during

transportation, resulting in only a minor fraction of the organic

matter flux reaching the tidal flats, although they could reach tidal

flats through rivers and underground rivers (Regnier et al., 2022).

Compared with the bacteria isolated from different sources, finite

divergences of the CAZyme composition were found between species

in extreme and normal environments. Extreme environments greatly

limited the size of the CAZyme family categories (Figure 6D), with the

average numbers of GHs and PLs in extreme environments also lower

than those in normal environments (Figures 4G, H), illustrating the

impact of environmental conditions on microbial ecological functions.

In addition, species in extreme environments require encoding a large

amount of GTs for survival. As critical enzymes in extracellular

polysaccharide production, the GTs enriched in extreme

environments may be related to the secretion of polysaccharides that

help cells resist external environmental stress (Soumya and

Nampoothiri, 2021). Moreover, some of the flagellar glycans

synthesized by GTs may be associated with bacterial motility, biofilm

formation, and colonization (Kint et al., 2022; Tomás et al., 2022),

thereby supporting the survival of species that inhabit extreme

environments. However, as shown in Supplementary Table S4, in

contrast to that in extreme environments, the enriched GH17, GH128,

and CBM85 in normal environments were associated with the

degradation of b-1,3-glucans, which are widely present in animals,

plants, and microbes. These polysaccharides, which are found in

various normal environments such as soil, the gut, aquatic

ecosystems, and plants, participate in numerous biological processes

ranging from energy metabolism to cellular construction and are

among the most abundant and commercially important

polysaccharides (Santos et al., 2020; Walton, 2020). These

observations underscore the intricate interplay between microbial

communities and their surroundings, with the microbial CAZyme

profiles being indicative of specific ecological niches. Such insights into

the composition of CAZymes contribute to our understanding of the

functional potential of microbial communities in different

environments and shed light on their roles in nutrient

transformation and ecosystem stability.
4.3 Phylogeny: the major factor shaping
the polysaccharide metabolic pattern

In this study, the comparison between Flavobacteriales and

Cytophagales revealed a substantial divergence in the CAZyme

family diversity and composition, which are closely tied to their

taxonomic positions. While environmental factors such as habitat

(land or marine) undoubtedly influence microbial communities,

they appear to play a secondary role in shaping the CAZyme

diversity and composition compared with taxonomic lineage.

Compared with different sources, strains from different taxa

exhibited more significant divergence in CAZyme family diversity

(Figures 2, 3). Similarly, strains belonging to different taxa displayed

greater disparities in CAZyme class and family composition than

those from different habitats (Figures 4-7).
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Recent studies have indicated that CAZymes are phylogenetically

conserved and vary significantly among microbial phyla (López-

Mondéjar et al., 2022). At finer levels of taxonomic resolution, some

researchers have found that the functional traits within

Flavobacteriaceae are consistent with both single-copy marker gene-

based phylogeny and 16S rRNA gene-based phylogeny rather than the

habitat type (Liu et al., 2019; Silva et al., 2019; Gavriilidou et al., 2020).

However, other studies have suggested that the PUL repertoire of

Flavobacteriia species is more dependent on their distinct ecological

niches, with phylogeny playing a secondary role (Kappelmann et al.,

2019). In this study, the clusters for strains in different taxa and

environments can be well separated, indicating that habitat type and

phylogeny both influence the polysaccharide metabolic patterns of

Cytophagales and Flavobacteriales species (Figure 8). However, the

PERMANOVA results indicated that the explained variance grouping

by taxon (10.7% and 21.2%, respectively) was greater than that of

grouping by environment (2.8% and 0.4%, respectively), revealing that

the CAZyme family composition was mainly affected by the taxonomic

status. Furthermore, a cluster tree generated using UPGMA divided

these strains into two major groups (Flavobacteriales and

Cytophagales) (Figure 9), indicating that the composition of the

CAZyme family was more affected by the phylogenetic status. Recent

studies have also shown intra-clade diversity in encoding the potential

and phylogenetic conservation of specific CAZymes at the genus level,

reinforcing the idea that the phylogenetic status mainly shapes the

CAZyme distribution in marine bacteria (Sun et al., 2021).
4.4 Synergism: the primary mechanism of
Flavobacteriales and Cytophagales species
in polysaccharide metabolism

In recent years, there has been a growing number of research works

on the polysaccharide metabolism of the members of Bacteroidota,

being the primary degraders of polysaccharides. However, unraveling

the intricate interplay among CAZymes requires extensive and

meticulous experimental investigations. In this study, co-occurrence

analysis was employed to reveal the widespread positive associations

among Flavobacteriales and Cytophagales species. A large number of

positive correlations were found in both co-occurrence networks,

indicating the reliability of the co-occurrence analysis. These results

could suggest potential synergistic interactions among these

CAZymes (Figure 10).

Many positively correlated CAZymes in the co-occurrence

networks exhibited synergistic effects in polysaccharide

metabolism. The GH15 and GT20 families in Flavobacteriales

species exhibited an extremely high positive correlation. It was

also found that their positions in PULs were always adjacent to each

other, as shown in PULDB, and GH15 was related to trehalose

metabolism. Furthermore, the co-occurrence of the PL6 and PL7

families indicated their synergism in cleaving alginate, while the co-

occurring GH78, GH106, and CBM67 families showed the same

ability in the degradation of polysaccharides containing a-L-
rhamnose. Moreover, the co-occurring CBM48 family showed

glycogen-binding function, which appended to GH13 modules

(Machovic and Janecek, 2008; Ping et al., 2020). In contrast to
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some of the positively correlated CAZyme families showing

synergistic effects, a number of CAZyme families with analogous

functions were also observed to have negative correlations. For

example, the negatively correlated CAZyme families GH23 and

GH25 are both lysozymes, suggesting a potential functional

substitution between them. Some other co-occurring CAZyme

families might possess unknown collaborative or alternative

mechanisms awaiting further exploration.
5 Conclusions

The results of this study revealed that Cytophagales possessed

greater diversity and abundance of CAZymes compared with

Flavobacteriales, suggesting a higher polysaccharide metabolic

potential. Moreover, the findings demonstrated that taxonomic

status has a more significant impact on the CAZyme composition

and diversity than environmental conditions. While the strains in

different environments, such as terrestrial, marine, and tidal flats,

displayed distinct CAZyme compositions, the strains in the tidal flat

and marine environments showed notable similarities, likely due to

the frequent hydrodynamic disturbances that facilitate the biotic

and abiotic exchanges between these two environments. This study

highlighted the presence of synergistic interactions among various

CAZyme families, indicating a cooperative mechanism in

polysaccharide degradation. These findings provide valuable

insights into the polysaccharide metabolic patterns across

different habitats and taxa, contributing to our understanding of

microbial carbohydrate metabolism and its ecological roles.
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