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Abstract
Marine heterotrophic prokaryotes initially release extracellular enzymes to cleave large organic molecules and then take up 
ambient substrates via transporters. Given the direct influence of extracellular enzymes on nutrient availability, understand-
ing their diversity and dynamics is crucial in comprehending microbial interactions and organic matter cycling in aquatic 
ecosystems. In this study, metagenomics was employed to investigate the functional diversity and dynamics of extracellular 
enzymes and transporters in coastal waters over a 22-day period. The metagenome-derived gene pool of organic matter-
degrading secretory enzymes and transporters was primarily contributed by three major bacterial classes. Bacteroidota were 
the primary contributors to the gene pool of secretory carbohydrate-active enzymes (CAZymes), whereas Gammaproteo-
bacteria contribute more to secretory peptidases and TonB-dependent transporters (TBDTs), and Alphaproteobacteria to 
ATP-binding cassette (ABC) transporters. The distinct substrate targets of the enzymes and transporters combined with the 
unique dynamics of these taxa across depth layers suggest that organic matter degradation and uptake machinery played 
a role in ecological niche partitioning. At the community level, the abundance of TBDT genes was more positively cor-
related with extracellular enzymes than ABC transporters. To further explore taxon-specific differences, we reconstructed 
163 bacterial and archaeal metagenome-assembled genomes (MAGs). Correlation patterns at the MAG level varied across 
taxa: Bacteroidota MAGs exhibited significant positive correlations between TBDTs and extracellular enzymes, whereas 
Gammaproteobacteria and Alphaproteobacteria MAGs showed weak or no significant correlations. These results suggest 
the diversity of ecological strategies among marine heterotrophic bacteria and highlight a potential coregulation or func-
tional linkage between extracellular enzymes and TBDTs in the metabolism of marine heterotrophic prokaryotes. Our study 
advances the understanding of the microbial adaptations driving carbon and nutrient cycling.
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Introduction

Organic matter cycling in the ocean shapes the global cli-
mate and environmental systems while sustaining marine 
biological productivity and ecological balance. Marine 
organic matter is primarily derived from phytoplankton and 
is released into the environment as dissolved or particulate 
organic matter through processes, such as photosynthetic 
overflow, excretion, cell lysis, aging, and protective mucilage 
secretion (Boyd et al. 2019). Meanwhile, the assimilation, 
transformation, and redistribution of organic matter are pre-
dominantly mediated by heterotrophic prokaryotes (Azam 
and Malfatti 2007).

High-molecular-weight (HMW) organic matter, such as 
proteins, peptides, and humic acids, serves as an important 
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carbon and energy source for heterotrophic prokaryotes. To 
cross cellular membranes, these compounds must first be 
hydrolyzed into molecules smaller than 600 Da (Arnosti 
2011). Extracellular enzymatic hydrolysis is the primary 
mechanism through which microorganisms gain access to 
HMW organic matter (Chrost and Velimirov 2013). The sub-
strate specificity of extracellular enzymes determines the 
type of organic matter that can be degraded and the rate of 
degradation (Sinsabaugh et al. 2008). Furthermore, the sub-
strate specificity of membrane-bound transporters dictates 
the uptake of these substrates once they are small enough 
to be transported into the cell (Davidson Amy et al. 2008). 
Although extracellular enzymes and transporters are key 
drivers of organic matter cycling, they have been historically 
studied in isolation (Zhao et al. 2024, 2020). Minimal atten-
tion has been paid to the potential evolutionary or genomic 
linkages between them.

ATP-binding cassette (ABC) transporters and TonB-
dependent transporters (TBDTs) are the primary transport 
systems mediating the active exchange of substrates between 
prokaryotic cells and their surrounding marine environment 
(Poretsky et al. 2010). ABC transporters facilitate the move-
ment of diverse substrates, including amino acids, sugars, 
peptides, phosphonates, metal–chelate complexes, vitamins, 
and some ions, across cell membranes; they also play a cru-
cial role in cellular nutrient and ion regulation (Francis et al. 
2021). TBDTs specialize in transporting bulky compounds, 
such as mono- and oligosaccharides, siderophores, and 
vitamin B12 (Tang et al. 2012). The secretion of extracel-
lular enzymes and the subsequent uptake of substrates by 
membrane transporters form the foundation of prokaryotic 
activity in marine ecosystems. However, a key unresolved 
question is whether marine microorganisms exhibit genetic 
coupling, such as coregulated gene clusters or phylogeneti-
cally conserved co-occurrence patterns, that synchronizes 
enzyme production with transporter deployment for optimal 
substrate acquisition.

Despite the crucial role of extracellular enzymes and 
transporters, their taxonomic affiliations and functional 
diversity throughout the coastal water column remain poorly 
understood. In this study, we analyzed a time-series collec-
tion of metagenomic samples obtained from the East China 
Sea within a 22-day period to explore the composition of 
the extracellular enzymes and transporters and the microbial 
taxa producing them. Owing to the prominent mixing of 
oceanic and coastal waters in this body of water, the East 
China Sea is characterized by a dynamic organic matter pool 
(Zhang 2015), making it an interesting region to investigate 
the adaptive response of microbial extracellular enzymes 
and transporters. We investigated the abundance, diversity, 
and functional classification of genes encoding secretory 
carbohydrate-active enzymes (CAZymes), peptidases, ABC 
transporters, and TBDTs across 93 metagenomes. To gain 

deep insights into genomic traits, we conducted metagen-
omic binning to recover metagenome-assembled genomes 
(MAGs) from these samples and then performed a compre-
hensive characterization of extracellular enzymes and trans-
porters at the population level. Our findings reveal a positive 
relationship between the abundance of extracellular enzymes 
and TBDTs in a dynamic marine environment, providing 
new insights into their coupling in coastal ecosystems.

Materials and methods

Sample collection, DNA extraction, 
and metagenomic sequencing

Metagenomic samples were collected at two sites in the 
East China Sea at eight different time points between July 
11 and August 4, 2022 (Fig. 1). At site A1 (30.12079°N, 
122.72947°E), water samples were collected from three lay-
ers: surface (3 m), middle (17 m), and bottom (40 m). At 
site C4 (30.1282°N, 122.74599°E), samples were obtained 
from the surface (5 m), middle (25 m), and bottom (60 m) 
layers. Seawater samples were collected using 10-L Niskin 
bottles attached to a conductivity–temperature–depth (CTD) 
rosette sampler. Environmental parameters, including tem-
perature, pH, dissolved oxygen, and salinity, were measured 
using CTD sensors. For each water sample, approximately 

Fig. 1   Sites and dates of metagenomic sampling in the East China 
Sea. The dots represent the sampling sites. The circles in the image 
represent the sampling events
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15 L of seawater was prefiltered through a 20 μm mesh and 
then sequentially filtered using 3 and 0.2 μm polycarbon-
ate membranes (Millipore, USA) to obtain size-fractionated 
biomass. Microbial DNA was extracted individually from 3 
to 0.2 μm filters using the DNeasy Powersoil Kit (MoBio, 
USA). Metagenomic sequencing was performed on the 
NovaSeq 6000 platform with Illumina PE150 chemistries 
at Hanyu Bio-Tech (Shanghai, China).

Enzyme and transporter annotation

Raw reads were processed to eliminate adaptors and low-
quality sequences using Trimmomatic v0.36 for quality 
control (Bolger et al. 2014). The clean reads were assem-
bled using Megahit v1.1.3 (Li et al. 2016), and the genes in 
the contigs were predicted using Prodigal v2.6.3 (-p meta) 
(Hyatt et al. 2010). A nonredundant gene catalog was con-
structed using CD-HIT v4.8.1 (-c 0.95, -aS 0.9) (Fu et al. 
2012). The genes were annotated using DIAMOND v2.0.7 
(Buchfink et al. 2015) by aligning them against the Kyoto 
Encyclopedia of Genes and Genomes database (Kanehisa 
et al. 2016). Gene abundances were quantified using Sam-
tools v1.7 (Li et al. 2009). The raw read counts were normal-
ized using transcripts per million to account for the differ-
ences in sequencing depth and gene length (Wagner et al. 
2012). This normalization approach adjusts for variations 
in sequencing effort and enables direct comparisons of gene 
abundances across samples (Wagner et al. 2012). CAZymes 
were annotated using hmmsearch against the CAZymes 
database, applying a threshold of e value < 1 × 10−10 and 
coverage > 0.3 (Drula et al. 2021). Peptidases were anno-
tated using DIAMOND v2.0.7 (Buchfink et al. 2015) by 
searching against the MEROPS database using cutoffs of e 
value < 1 × 10−10 (Rawlings et al. 2017). SignalP v6.0 was 
employed to identify the signal peptides in the predicted 
gene sequences (Teufel et  al. 2022). Transporters were 
identified with DIAMOND v2.0.7 (Buchfink et al. 2015) 
by searching against the transporter classification database 
(TCDB) using cutoffs of e value < 1 × 10−10 (3.A.1 for ABC 
transporters and 2.C.1 for TBDTs) (Saier et al. 2021). The 
taxonomy of gene sequences was assigned by searching 
against the nonredundant database using DIAMOND v2.0.7; 
the single best hit was selected as the taxonomic annota-
tion for each query sequence (Buchfink et al. 2015). Sub-
strate predictions of ABC transporters were retrieved from 
TCDB (Saier et al. 2021), and substrate targets of TBDTs 
were predicted by searching a curated TBDT sequence data-
base (Tang et al. 2012; Zhao et al. 2024). The same analyti-
cal pipeline was applied to two additional marine datasets: 
transcriptomic data from our Bohai Sea dataset (Yuan et al. 
2021) and publicly available metagenomic data from the 
northeastern Indian Ocean (Wang et al. 2024b).

MAG assembly, annotation, and abundance

MAGs from the metagenomic data were recovered using 
previously described methods (Liu et al. 2021). Clean reads 
were aligned to contigs longer than 1,500 bp using Bowtie2 
v2.3.2 (Langmead and Salzberg 2012), and the resulting 
BAM files were sorted with Samtools v1.7 (Li et al. 2009). 
Binning analysis was performed using MetaBAT2 v2.10.2 
by applying eight combinations of specificity and sensitivity 
parameters (–maxP set to either 60 or 95, –minS set to either 
60 or 95, and –maxEdges set to either 200 or 500) (Kang 
et al. 2019). The binning results were refined and combined 
using DAS_Tool v1.0 (Sieber et al. 2018). CheckM2 v.1.0.1 
was then used to evaluate the quality of these MAGs (Chk-
lovski et al. 2023), and MAGs with completeness ≥ 50% and 
contamination ≤ 10% were selected to retain medium- and 
high-quality MAGs, according to the MIMAG standards 
(Bowers et al. 2017). The nonredundant MAG dataset was 
generated using dRep v3.4.2 at 95% average nucleotide 
identity (–completeness 75) (Olm et al. 2017). The genes 
of MAGs were predicted using Prodigal v2.6.3 (Hyatt et al. 
2010). The CAZymes and peptidases of MAGs were also 
annotated using the CAZymes database (Drula et al. 2021) 
and MEROPS database (Rawlings et al. 2017), respectively. 
The taxonomic classification of the MAGs was determined 
using GTDB-Tk v2.1.1 (Chaumeil et al. 2019) with the 
GTDB r2.1.4 reference database (Rinke et al. 2021). A 
phylogenetic tree of the MAGs was constructed from the 
GTDB conserved marker genes (120 for bacteria and 122 
for archaea) using FastTree v2.1.10 (Price et al. 2010) and 
visualized with ChiPlot (https://​www.​chipl​ot.​online/) (Xie 
et al. 2023).

Statistical analysis and data visualization

A sampling map was generated using Ocean Data View 
v5.7.2, a widely used software for oceanographic data visu-
alization (Schlitzer 2002). Other statistics and figures were 
generated in the R language. Statistical analyses and data 
visualization were conducted using the R packages “stats”, 
“ggplot2”, “ggpubr”, and “car”.

Results

Temporal variations in the metagenomic functional 
gene composition

To assess the effect of sampling time, depth, and site on 
metagenomic composition, we performed principal coordi-
nate analysis (PCoA) based on functional genes (KO num-
bers) and nonredundant genes (Fig. S1). The results indicate 
that sampling time had the most significant effect, with the 

https://www.chiplot.online/
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functional gene composition showing the highest variation 
(adonis R2 = 0.318, p < 0.001). By comparison, depth (adonis 
R2 = 0.06, p < 0.001) and site (adonis R2 = 0.026, p < 0.026) 
had smaller but still significant impacts. Analysis of the 
nonredundant gene set revealed that sampling time had a 
stronger effect (adonis R2 = 0.1655, p < 0.001) than depth 
(adonis R2 = 0.0938, p < 0.001) and site (adonis R2 = 0.0183, 
p < 0.05). These findings suggest that temporal fluctuations 
shape microbial functional profiles. Spearman correlation 
analysis was performed among environmental factors (tem-
perature, salinity, pH, and dissolved oxygen), major families 
associated with metabolism-related functional genes, and 
corresponding gene abundances to explore the influence of 

environmental parameters on microbial metabolic potential 
(Fig. S1). Among the metabolism-associated families, the 
relative abundances of Paracoccaceae, Flavobacteriaceae, 
Halieaceae, Nitrosopumilaceae, Cryomorphaceae, and Syn-
echococcaceae showed significant correlations with salinity, 
temperature, and dissolved oxygen (p < 0.05). pH was nega-
tively correlated with the abundances of Nitrosopumilaceae 
and Erythrobacteraceae. At the functional level, only the 
genes involved in xenobiotic biodegradation and metabolism 
exhibited significant correlations with salinity, temperature, 
and dissolved oxygen (p < 0.05). No significant associations 
were observed between the abundances of other metabolic 
gene categories and environmental variables.

Fig. 2   Taxonomic breakdown at 
the phylum level (class level for 
Pseudomonadota) of total secre-
tory carbohydrate-active enzymes 
(CAZymes) (A), total peptidases 
(B), secretory CAZymes (C), and 
secretory peptidases (D)
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CAZyme and peptidase profiles revealed 
by metagenomic analysis

Analysis of the metagenomic contigs revealed 83,423 bac-
terial and 2,799 archeal CAZyme sequences and 188,107 
bacterial and 7,610 archeal peptidase sequences. The domi-
nant taxonomic groups harboring CAZymes and pepti-
dases were Gammaproteobacteria (27.5% and 32.2%), 

Alphaproteobacteria (25.4% and 27.6%), and Bacteroi-
dota (22.1% and 16.3%) (Fig. 2A and B). We identified the 
secretory fraction of these enzymes according to the pres-
ence of signal peptides. A total of 17,506 bacterial and 160 
archaeal CAZyme sequences and 39,122 bacterial and 893 
archaeal peptidase sequences with secretory potential were 
identified. Bacteroidota (33.6%) were the primary contribu-
tors to the gene pool of secretory CAZymes, followed by 

Fig. 3   Functional classification 
of genes encoding total secretory 
carbohydrate-active enzymes 
(CAZymes) (A), total peptidases 
(B), secretory CAZymes (C), and 
secretory peptidases (D) at the 
community level
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Gammaproteobacteria (31.8%) and Alphaproteobacte-
ria (14.3%) (Fig. 2C). Meanwhile, Gammaproteobacteria 
(40.0%) dominated the secretory peptidase pool, followed 
by Bacteroidota (25.5%) and Alphaproteobacteria (19.1%) 
(Fig.  2D). A clear size-fractionated stratification was 
found in the taxonomic assignments of the genes encoding 
CAZymes and peptidases (Fig. 2). Gammaproteobacteria 
were highly abundant in the particle-associated (PA) frac-
tion, whereas Alphaproteobacteria were highly abundant in 
the free-living (FL) fraction (Fig. 2). The relative contribu-
tion of Bacteroidota to the genes encoding CAZymes and 
peptidases decreased with depth, whereas those from Alp-
haproteobacteria and Gammaproteobacteria increased with 
depth (Fig. 2).

In the total CAZyme gene pool, the dominant CAZyme 
classes were glycosyl transferases (37.6%), glycoside hydro-
lases (35.7%), carbohydrate esterases (11.3%), auxiliary 
activities (9.6%), and carbohydrate-binding modules (9.2%) 
(Fig. 3A). However, in the secretory CAZyme fraction, gly-
cosyl transferases (5.8%) and auxiliary activities (4.4%) were 
less abundant, whereas glycoside hydrolases were highly 
abundant (57.8%) (Fig. 3B). The proportion of cysteine 
peptidases was considerably lower in the secretory peptidase 
pool (5.5%) than in the total peptidase pool (13.0%) (Fig. 3C 
and D). By contrast, serine peptidases, metallopeptidases, 
and peptidase inhibitors were predominant in the secretory 
peptidase gene pool throughout the coastal water column, 
accounting for 37.9%, 36.0%, and 15.5%, respectively.

ABC transporters and TBDT profiles revealed 
by metagenomic analysis

We identified 108,557 ABC transporter and 2,007 TBDT 
sequences in the metagenomic contigs. Alphaproteobacte-
ria (47.4%), Gammaproteobacteria (20.5%), Actinomycetota 
(10.4%), and Bacteroidota (6.8%) dominated the gene pool of 
ABC transporters (Fig. 4A). Among the genes encoding TBDTs, 
Gammaproteobacteria (38.1%) and Alphaproteobacteria 
(35.2%) were the major contributors, followed by Bacteroidota 
(17.2%) (Fig. 4B). Although the transporters from Alphaproteo-
bacteria and Gammaproteobacteria remained predominant, dif-
ferences in size fractions for transporters were observed between 
these two groups. Alphaproteobacteria were highly abundant 
in the FL fraction, whereas Gammaproteobacteria were highly 
prevalent in the PA fraction.

Substrate specificity analysis revealed the distinct targets 
of the ABC transporters and TBDTs. The primary substrate 
targets of the ABC transporters were sugars, peptides, 
amino acids, phosphorus compounds, metal ions, and gly-
cine betaine/proline, the composition of which was largely 
consistent throughout the coastal water column (Fig. 5A). 

Within Alphaproteobacteria, SAR11 and Rhodobacterales 
transporters were primarily associated with taurine uptake 
and polyamine transport, respectively. The substrate tar-
gets of TBDTs included chitooligosaccharides, arabinose, 
digested proteins, starch, vitamin B12, and iron-containing 
siderophores and thiamin (Fig. 5B). The substrate specific-
ity of TBDTs did not vary substantially between the size 
fractions or sampling layers but was influenced by the sam-
pling dates. Alphaproteobacterial and gammaproteobac-
terial TBDTs showed significant differences in substrate 
preference. In the FL and PA fractions, approximately 70% 
of alphaproteobacterial TBDTs targeted heme (41.2%), 
siderophore (19.5%), and vitamin B12 (10.0%) (Fig. 5B). 
By contrast, gammaproteobacterial TBDTs primarily tar-
geted siderophores (38.6%), followed by heme (15.5%) and 
vitamin B12 (SiderophoreVitamin_Cluster_973, 12.5%) 
(Fig. 5B). For Bacteroidota, 50% of the TBDTs were related 
to siderophores (36.2%) and vitamin B12 (14.5%) (Fig. 5B).

Correlation between enzymes and transporters 
at the community level

To examine the relationship between enzymes and transport-
ers at the community level, we conducted linear regression 
and Pearson’s correlation analyses. The abundances of total 
CAZyme and peptidase genes were positively correlated 
with those of ABC transporters (r = 0.35, 0.60, respec-
tively; p < 0.001) and TBDTs (r = 0.87, 0.88, respectively; 
p < 0.001) (Fig. S2). For secretory gene pools, no significant 
correlation was observed with ABC transporters (p > 0.05), 
whereas secretory CAZyme (r = 0.68, p < 0.001) and pepti-
dase genes (r = 0.76, p < 0.001) were positively correlated 
with TBDTs (Fig. 6). This trend was further supported by 
two additional marine datasets. In the transcriptomic data 
from the Bohai Sea (Fig. S3), transcript abundance correla-
tions revealed strong positive associations between TBDTs 
and secretory CAZymes (r = 0.72, p < 0.001) and secre-
tory peptidases (r = 0.80, p < 0.001). By contrast, ABC 
transporters showed weaker or nonsignificant correlations 
with secretory CAZymes (r = 0.34, p > 0.05) and secretory 
peptidases (r = 0.43, p < 0.05). Similarly, gene abundance 
correlations in the metagenomic data from the northeastern 
Indian Ocean (Fig. S4) indicated significant relationships of 
TBDTs with secretory CAZymes (r = 0.70, p < 0.001) and 
secretory peptidases (r = 0.66, p < 0.001), whereas ABC 
transporters exhibited nonsignificant correlations (secre-
tory CAZymes: r =  − 0.28, p > 0.05; secretory peptidases: 
r =  − 0.14, p > 0.05).
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MAGs of prokaryotes

To investigate the carbohydrate and protein utilization poten-
tial at a high resolution, we constructed 163 nonredundant 
MAGs with ≥ 75% completeness and ≤ 10% contamination at 
a 95% average nucleotide identity (Fig. 7). These MAGs cap-
tured a substantial fraction of microbial metagenomic reads, 
ranging from 7.6 to 53.7%. In accordance with the GTDB 
taxonomy, 154 bacterial MAGs were taxonomically assigned 
to 12 phyla, and 9 archaeal MAGs were assigned to 4 phyla. 
Among the bacterial MAGs, Pseudomonadota (n = 74) was 
the most prevalent, followed by Bacteroidota (n = 43) and 
Actinomycetota (n = 14). For the archaeal MAGs, Thermo-
plasmatota (n = 5) had the most representatives.

Correlation between enzymes and transporters 
at the MAG level

Within the nonredundant MAG catalog, the largest secre-
tory CAZyme and peptidase gene repertoires were found 
in the MAGs of Gemmatimonadota and Bacteroidia, with 
averages of 24 and 21 CAZymes per Mbp, respectively 
(Fig. 7). For transporters, Bacillota, Asgardarchaeota, and 

Actinomycetota MAGs had high ABC transporter gene con-
tents, whereas Gemmatimonadota and Bacteroidia MAGs 
had high TBDT gene contents. To further explore taxon-
specific trends, we conducted a detailed analysis of MAGs 
from the three major groups: Alphaproteobacteria, Gam-
maproteobacteria, and Bacteroidota (Fig. 8). In Bacteroi-
dota MAGs, the TBDT gene counts showed a significant 
positive correlation with the extracellular enzyme gene 
counts, including secretory CAZymes (r = 0.32, p < 0.05) 
and secretory peptidases (r = 0.54, p < 0.001). Meanwhile, 
the correlations in Gammaproteobacteria MAGs were not 
significant (secretory CAZymes: r = 0.34, p > 0.05; secre-
tory peptidases: r = 0.26, p > 0.05). For Alphaproteobacte-
ria MAGs, the correlation coefficients were low with poor 
model fit (secretory CAZymes: r = 0.009, p > 0.05; secretory 
peptidases: r =  − 0.059, p > 0.05), indicating the lack of sig-
nificant relationship in this group.

Fig. 4   Taxonomic breakdown at the phylum level (class level for Pseudomonadota) of ATP-binding cassette (ABC) transporters (A) and TonB-
dependent transporters (TBDTs) (B)
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Discussion

Core microbial population involved in organic 
matter metabolism in coastal seawater

This study revealed that Alphaproteobacteria, Gammapro-
teobacteria, and Bacteroidota were the major clades of het-
erotrophic bacteria responsible for organic matter degrada-
tion in coastal environments (Figs. 2 and 4). These groups 
were the dominant contributors to extracellular enzymes 
and transporters (Figs. 2 and 4), but their roles differed 
across size fractions and organic matter classes. For exam-
ple, the genes associated with organic matter degradation 
were predominantly observed in Gammaproteobacteria 
within the PA fraction; such genes were considerably 
enriched in Alphaproteobacteria inhabiting the FL frac-
tion (Fig. 2). This finding is consistent with a previous 

observation during spring phytoplankton blooms (Wang 
et al. 2024a): Gammaproteobacteria efficiently degraded 
complex organic matter in the PA fraction, whereas Alp-
haproteobacteria primarily contributed to organic matter 
processing in the FL fraction, reflecting their adaptation to 
small genome sizes and streamlined metabolisms (Crespo 
et al. 2013). Bacteroidota were the primary contributors 
of secretory CAZymes (Fig. 2D), highlighting their spe-
cialization in HMW polysaccharide degradation, particu-
larly during marine algae blooms (Beidler et al. 2023). 
Their glycan-degrading systems involve the secretion of 
CAZymes to partially degrade polysaccharides into oli-
gomers outside the cell before being transported into the 
periplasm, providing a competitive advantage by taking 
the substrates out of the dissolved pool (Anderson and 
Salyers 1989). Overall, the distinct contributions of these 
bacterial taxa to the secretory enzyme pools across differ-
ent size fractions emphasize their specialized adaptations 

Fig. 5   Substrate specificity of ATP-binding cassette (ABC) transporters (A) and TonB-dependent transporters (TBDTs) (B) in the metagenomic 
dataset
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to utilize organic compounds of diverse types and sizes. 
Furthermore, the extracellular release of hydrolysis prod-
ucts likely fosters crossfeeding interactions among micro-
bial populations, promoting complementary roles in the 
overall degradation and recycling of organic matter in 
marine environments.

Transporter genes, which are the key indicators of organic 
matter uptake patterns (Green et al. 2014; Debeljak et al. 
2023), also exhibited distinct taxonomic contributions. 
Alphaproteobacteria dominated the ABC transporter gene 
pool (47.4%) (Fig. 4A), with SAR11 playing a significant 
role in taurine uptake and Rhodobacterales specializing in 
polyamine transport. Both are critical for nutrient cycling 
(Clifford et al. 2019). Despite the higher relative abundance 
of ABC transporter genes compared with TBDTs (Fig. 6), 
metaproteomic evidence suggests that TBDTs are more 
actively utilized in marine ecosystems (Zhao et al. 2024). 
We found that TBDTs were primarily of Gammaproteobac-
teria and Bacteroidota origin (Fig. 4B) and were predicted 
to target complex organic molecules, such as chitooligosac-
charides (DOM_Cluster_3090) and digested proteins and 
starch (DOM_Cluster_720) using TBDTs (Fig. 5B). Despite 
the heterogeneous composition of the organic matter supply 
(Mou et al. 2008), the diversity in extracellular enzymes 
and transporters contribute to ecological niche partitioning 
among bacteria throughout the water column.

Potential functional associations between TBDTs 
and extracellular enzymes

Our PCoA results suggest that the sampling time has the 
most significant impact on the metagenomic functional 
composition (Fig. S1). Our previous study found that dur-
ing this sampling period, the composition of dissolved 
organic matter substantially fluctuated (Liu et al. 2024). This 
dynamic organic matter pool provides an excellent oppor-
tunity to investigate the relationship between extracellular 
enzymes and transporters under varying substrate condi-
tions. In the present work, a significant positive relation-
ship was observed between the abundance of extracellular 
enzymes and TBDTs, not ABC transporters (Fig. 6). This 
difference can be attributed to several factors. First, despite 
being one of the most prevalent and essential transport pro-
teins in marine bacteria, ABC transporters exhibit relative 
specificity, with each substrate corresponding to a specific 
transporter (Winkelmann 2002). They primarily facilitate 
the transport of amino acids, carbohydrates, peptides, vita-
mins, and metal–ion complexes (Poretsky et al. 2010; David-
son and Chen 2004; Sowell et al. 2009). In contrast to ABC 
transporters being situated in the inner membrane, TBDTs 
are located on the outer membrane (Moeck and Coulton 
1998). TBDTs were initially identified as a facilitator of 
the uptake of scarce nutrients, with a particular affinity for 
iron complexes, such as siderophores, citrate, heme, hemo-
globin, transferrin, and lactoferrin (Moeck and Coulton 
1998; Hopkinson and Barbeau 2012). They were also asso-
ciated with the transport of vitamins B12 and B1 and metal 
ions (Shultis et al. 2006; Schauer et al. 2007). However, 
further studies revealed that TBDTs can also mediate the 
transport and absorption of carbohydrates, amino acids, and 
organic acids (Schauer et al. 2008; Blanvillain et al. 2007) 
and participate in the translocation of large organic mol-
ecules, including aromatic compounds (Miller Todd et al. 
2010). Although TBDTs do not exhibit the high specificity 
of ABC transporters, they can handle a broader and more 
diverse range of substrates. The increased breakdown of 
HMW organic matter by extracellular enzymes generates a 
diversity of complex small molecules, necessitating the use 
of additional TBDTs to efficiently import these substrates 
into bacterial cells for utilization. In addition to their roles in 
import processes, TBDTs are involved in protein secretion. 
A previous study highlighted the essential role of TBDT 
Oar for the extracellular secretion of the protease PopC in 
bacteria (Gómez-Santos et al. 2019). Many TBDTs remain 
uncharacterized, and some of these could play roles in both 
the import and secretion—or exclusively in the secretion—
of proteins across the outer membrane (Gómez-Santos et al. 
2019). Therefore, the relationship between extracellular 
enzymes and TBDTs, as opposed to ABC transporters, is 
likely attributed to the broad substrate range of TBDTs, their 

Fig. 6   Correlation among the abundances of ATP-binding cassette 
(ABC) transporters (A), TonB-dependent transporters (TBDTs) (B), 
and extracellular enzymes at the community level
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essentiality in importing complex small molecules created 
through the actions of extracellular enzymes, and their addi-
tional role in protein secretion. This genetic correlation sug-
gests a potential coregulation or functional linkage between 
extracellular enzymes and TBDTs in the metabolism of 
marine heterotrophic prokaryotes.

To further enhance the generalizability of our conclu-
sions, we utilized the transcriptomic data from our own 
Bohai Sea dataset (Han et al. 2022) and the publicly avail-
able metagenomic data from the northeastern Indian Ocean 
(Wang et al. 2024b). In both datasets, we observed a signifi-
cant positive correlation between extracellular enzymes and 
TBDTs, not ABC transporters, which is consistent with our 
primary findings (Fig. S3 and S4). These additional datasets, 
representing distinct marine environments, further validate 
our results. Our conclusions are also consistent with our 
previous laboratory experiments, where sole carbon source 
cultivation assays revealed high levels of TBDTs and extra-
cellular enzymes in proteomic analyses (Liu et al. 2023). 

Overall, these findings support the association between 
TBDTs and extracellular enzymes across diverse marine 
environments. The consistent coupling of these gene groups 
across multiple datasets suggests their functional linkage, 
which potentially reflects coordinated microbial strategies 
for resource acquisition and organic matter utilization.

The functional coupling between extracellular enzymes 
and TBDTs plays a pivotal role in microbial organic mat-
ter utilization by facilitating the simultaneous breakdown 
of complex macromolecules and the efficient uptake of the 
resulting degradation products. Extracellular enzymes, such 
as glycoside hydrolases and proteases, break down polysac-
charides and proteins into oligomers or small monomers 
(Arnosti 2011). TBDTs specialize in the transmembrane 
transport of these degradation products, ensuring their rapid 
internalization for further metabolism (Tang et al. 2012). 
This synergistic mechanism enhances the microbial resource 
acquisition efficiency, providing a competitive advantage in 
nutrient-limited environments. In marine ecosystems, the 

Fig. 7   Phylogenetic trees of the 164 dereplicated metagenome-assembled genomes (MAGs) inferred using maximum-likelihood analysis with a 
concatenated set of 122 archaeon-specific and 120 bacterium-specific marker genes



Marine Life Science & Technology	

secretion of extracellular enzymes promotes nutrient shar-
ing within microbial communities, and the specificity of 
TBDTs ensures that degraders benefit from their own enzy-
matic activity. This finding aligns with the previous reports, 
proposing that “selfish” substrate acquisition strategies 
reduce carbon leakage to the environment (Reintjes et al. 
2017, 2019). Our MAG analysis revealed distinct patterns 
across taxonomic groups. Bacteroidia MAGs exhibited a sig-
nificant positive correlation between extracellular enzymes 
and TBDT gene abundances (Fig. 8), aligning with their 
role as “selfish” degraders that prioritize enzymatic invest-
ment for private metabolite harvest (Reintjes et al. 2019). 
By contrast, Gammaproteobacteria MAGs showed nonsig-
nificant correlations (Fig. 8), suggesting a mixed ecologi-
cal strategy where some members engage in selfish uptake 
and others act as scavengers reliant on exogenous hydrolysis 
products (Reintjes et al. 2019). Alphaproteobacteria MAGs, 
including oligotrophic specialists such as SAR11, displayed 
negligible correlations (Fig. 8), consistent with their known 
scavenging lifestyle of being dependent on low-molecular-
weight dissolved organic matter (Reintjes et al. 2019). These 

findings suggest that enzyme–transporter coupling enhances 
the efficiency of organic matter degradation while reduc-
ing carbon loss to the surrounding microbes. Moreover, the 
coupling of extracellular enzymes and TBDTs accelerates 
the bacterial intracellular turnover of organic matter, thereby 
enhancing the efficiency of the microbial carbon pump by 
promoting the transformation of labile carbon into refractory 
dissolved organic carbon for long-term sequestration (Jiao 
et al. 2024). This coordinated action is a crucial upstream 
process that directly influences long-term carbon storage in 
marine systems.

Limitations and future directions

This study identified potential functional associations 
between TBDTs and extracellular enzymes at the metagen-
omic level. Although our findings provide a strong founda-
tion for this hypothesis, experimental validation is still war-
ranted to elucidate the underlying biochemical mechanisms. 
Conducting targeted TBDT gene knockout experiments in 
a specific bacterial strain and analyzing their impact on 
extracellular enzyme activity are essential. Future studies 
employing metaproteomics under varying environmental 
conditions and coculture experiments will further refine our 
understanding of these interactions. These strategies will 
elucidate the regulatory mechanisms governing extracellular 
enzyme secretion and transporter function, providing deep 
insights into microbial substrate degradation.

Conclusion

In this study, we used metagenomics to explore the diversity 
and distribution of extracellular enzymes and transporters in 
coastal waters, revealing distinct patterns in their taxonomic 
affiliations. Our results highlight the critical roles of Gam-
maproteobacteria, Alphaproteobacteria, and Bacteroidota 
in organic matter degradation, each with unique strategies 
for processing and assimilating organic compounds. Gam-
maproteobacteria were predominantly associated with PA 
fractions and contributed notably to the secretion of pepti-
dases. Alphaproteobacteria were prevalent in FL fractions 
and dominated the gene pool of ABC transporters. Bacte-
roidota were the major contributors to the secreted CAZyme 
pool. Our study uncovered a significant positive correlation 
between extracellular enzymes and TBDTs at the metagen-
omic and MAG levels, particularly in Bacteroidota. This 
result suggests a functional linkage between the hydroly-
sis of HMW organic matter and the subsequent uptake 
of the cleaved compounds through TBDTs. Despite their 
abundance, ABC transporters showed weaker correlations 
with extracellular enzyme activities, possibly due to their 
substrate specificity and involvement in the uptake of small 

Fig. 8   Correlation between TonB-dependent transporter (TBDT) 
gene counts and secretory extracellular enzyme gene counts in 
metagenome-assembled genomes (MAGs) from Alphaproteobacteria 
(A), Gammaproteobacteria (B), and Bacteroidota (C)
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organic molecules. These findings provide new insights into 
the metabolic strategies employed by marine heterotrophic 
prokaryotes, emphasizing the role of extracellular enzymes 
and transporters in shaping the communities of microbes and 
their ability to occupy distinct ecological niches in dynamic 
marine environments. This work contributes to a compre-
hensive understanding of organic matter cycling in coastal 
ecosystems and highlights the importance of considering 
enzymatic and transporter-mediated processes in future 
microbial ecology studies.
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