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Abstract

Agar, a key polysaccharide in marine red algae, offers a sustainable biomass resource. In this study,
phylogenetic and phylogenomic analyses classified the agarolytic marine bacterium strain D1326",
isolated from the Yellow Sea, as a member of the genus Agarivorans. This work elucidates the
comprehensive agarolytic network of Agarivorans sp D1326 by multi-omics. Genomic analysis revealed a
diverse repertoire of agarase genes, including glycoside hydrolase (GH) members from the GH16, GH50,
GH86, and GH118 families. Transcriptomic and proteomic profilings demonstrated the strong co-
upregulation and predominant extracellular secretion of these enzymes upon agarose induction. Three
key secreted B-agarases—GH86 (Aga1002), GH118 (Aga2820), and GH16 (Aga2799)—were identified as
primary initiators, showing extraordinary extracellular upregulation (443.97-fold, 303.7-fold, and 299.69-
fold, respectively) and likely establishing distinct pathways for producing various
neoagarooligosaccharides. The initial cleavage by the Aga2820 into neoagarooctaose/decaose, which
then serve as substrates for further degradation by GH16, GH50, and GH86 agarases. GH50-family
enzymes, exhibiting dual localization, facilitate supplementary degradation both outside and inside the
cell. A notable finding is the extracellular detection of key metabolic enzymes—neoagarobiose hydrolase
and the AHG-dehydrogenase/cycloisomerase—despite their lack of signal peptides. This suggests non-
classical secretion and points to a previously unrecognized capacity for partial extracellular processing
of AHG into 3,6-anhydro-L-galactonate, a central metabolic intermediate. The proposed agarolytic
pathway integrates extracellular polysaccharide depolymerization, oligosaccharide transport, and intra-
and extracellular sugar metabolism. This work provides the first comprehensive elucidation of a native
bacterial agarolytic network incorporating a rare GH118 3-agarase, offering fundamental insights for the
enzymatic valorization of agar.

Introduction

Macroalgae are key primary producers in marine ecosystems and support diverse microbial
communities by providing substantial nutrient input [1, 2]. In the context of sustainable development and
depleting petrochemical resources, algal biomass has garnered significant interest as a promising
renewable feedstock. Unlike terrestrial lignocellulosic biomass, marine macroalgal biomass grows
rapidly and is lignin-free, which facilitates its conversion into valuable products [3]. A major component
of this biomass is cell wall polysaccharides, which vary by algal type: agar, carrageenan, and porphyran
in red algae; fucoidan in brown algae; and ulvan in green algae [4-6]. However, despite their ecological
and potential industrial importance, the molecular mechanisms underlying the microbial degradation
and utilization of these complex marine polysaccharides remain poorly understood, especially compared
to the well-characterized systems for terrestrial plant polysaccharides like cellulose and xylan.

The rapid and efficient bioconversion of algal polysaccharides (e.g. agar) in the ocean constitutes a
fundamental biochemical process driving nutrient cycling in the biosphere [7]. Reflecting this ecological
role, marine ecosystems harbor the largest reservoir of agarolytic genes. Bacteria specialized in algal
polysaccharide conversion typically possess genomes enriched with carbohydrate-active enzyme
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(CAZyme) genes from hallmark agarase glycoside hydrolase (GH) families. According to the CAZy
database, B-agarases are classified into families GH16, GH50, GH86, and GH118, while a-agarases
belong to GH96 [8]. Among these B-agarase families, GH118 has the fewest members, especially when
compared to the highly abundant GH16 family [9]. To date, only four GH118 B-agarases have been
characterized from marine microorganisms: AgaXa from Catenovulum sp. X3 [10], AgaB from
Pseudoalteromonas sp. CY24 [11], AgaC from Vibrio sp. PO-303 [12], and AgaJA2 from Agarivorans sp.
JA-1 [13]. This scarcity underscores the limited exploration of this family. Furthermore, GH118 agarases
exhibit distinct product profiles. While GH16 enzymes predominantly yield neoagarotetraose (NA4) and
neoagarohexaose (NA6), and GH50/GH86 primarily produce neoagarobiose (NA2) [14], GH118 members
typically generate oligosaccharides with higher degrees of polymerization. For instance, AgaXa produces
NA6, neoagarooctaose (NA8), neoagarodecaose (NA10), and neoagarododecaose (NA12) [10], and the
GH118 enzyme from Pseudoalteromonas sp. CY24 mainly yields NA8 and NA10 [11].

Microorganisms capable of agar degradation typically employ multi-enzyme systems comprising
agarases from different GH families, ensuring efficient carbon acquisition[15]. Genomic, proteomic, and
biochemical studies have elucidated these complex agarolytic pathways in various bacteria, revealing
intricate enzymatic synergy. For instance, Zobellia galactanivorans utilizes a suite of GH16 B-agarases
(AgaA, AgaB, AgaC, and AgaD) and a-porphyranases or synergistic degradation of both neutral and
sulfated agar polymers [15]. Similarly, Vibrio sp. strain EJY3 employs four GH50 B-agarases and an a-
neoagarooligosaccharide (a-NAOS) hydrolase to process agarose via two distinct pathways [16]. In
Saccharophagus degradans 2—40, a combination of GH16, GH50, and GH86 agarases with endo- and
exo-lytic activities constitutes an efficient degradation system [17]. Notably, agarases (e.g., from GH16,
GH50, GH86 families) often exhibit broad substrate specificity. They can not only degrade agarose but
also further cleave shorter NAQS, a key feature for pathway synergy [18]. For example, the novel GH50 B-
agarase AQWH50B, isolated from A. gilvus WH0801, degrades both NA6 and NA8 into NA4 [19]. The
GH16 family B-agarase GH16B, from Cellvibrio sp. KY-GH-1, catalyzes the degradation of longer-chain
neoagarooligosaccharides (NA8, NA10, and NA12) to yield the final products NA4 and NA6 [20]. A GH86
agarase from B. uniformis NP1 digests NA8 and NA6 to NA2 [21]. Given the above findings, it is
reasonable to speculate that in microorganisms possessing GH118 agarases, these enzymes play a
crucial role in agarose degradation. They likely initiate the process by cleaving agarose into NAOS with a
high DP. These intermediate oligosaccharides could then serve as preferential substrates for other
agarase families (e.g., GH16, GH50, GH86), facilitating a synergistic, multi-enzyme cascade that enables
efficient and rapid depolymerization. While the specific role and integration of the rare GH118 family
within complete agarolytic pathways remain unclear, highlighting a critical gap and a promising direction
for future research.

In this study, a marine agarolytic bacterium, Agarivorans sp. D1326, was isolated from a seaweed

sample. Genomic analysis revealed a rare GH118 family agarase (Aga2820) and a diverse repertoire of

agarases belonging to families GH16, GH50, and GH86, with multiple isoforms present in several

families. Integrated transcriptomic and proteomic analyses were employed to elucidate the agar

degradation pathway, delineating the specific roles of Aga2820 and other agarases. These findings
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provide mechanistic insights into multi-agarase synergy in Agarivorans sp. D1326, establish a foundation
for comparative studies of agarolytic systems across marine bacteria, and expand the repertoire of
enzymatic resources for functional oligosaccharide production.

Materials and methods

Materials

Bacto peptone and yeast extract were purchased from Thermo Fisher Scientific Inc (USA). Other
reagents were supplied by Shanghai Yuanye Biotechnology Co., Ltd. (Shanghai, China).

Environmental sampling and strain isolation

A marine algal specimen was collected from a coastal site in the Yellow Sea, China (121°27'46"E,
37°28'15"N). For bacterial isolation, one gram of the alga was rinsed three times, homogenized in 3 mL
of sterile saline solution (0.85% w/v NaCl), and the resultant homogenate was inoculated onto marine
agar 2216 (MA; Becton Dickinson) plates with subsequent incubation at 28°C. Agarolytic activity was
indicated by halo formation around colonies, which were subsequently purified via three consecutive
streaking procedures on MA. Purified isolates were cultured on MA at 28°C and maintained as glycerol
stocks (15% v/v) in sterile saline at - 80°C for long-term storage.

Phenotypic characterizations

Gram staining were performed using previously reported methods [22]. The salinity range supporting
growth of the strain was evaluated using a modified synthetic marine ZoBell broth, consisting of 5 g
Bacto peptone, 1 g yeast extract, and 0.1 g FePO, per liter of modified artificial seawater, supplemented
with NaCl at concentrations ranging from 0 to 10% (w/v) in 1% increments. In this modified artificial
seawater, all sodium ions were replaced with equivalent potassium ions. Growth temperature was
assessed by incubating the strain in Marine Broth (MB; Becton Dickinson) at 8, 12, 16, 20, 24, 28, and
32°C for two days, and at 0, 4, 37, 42, and 45°C for 14 days. The pH range for growth was tested in MB
adjusted to pH values from 2.0 to 10.0, using citrate—phosphate buffer (pH 2.0-7.0), Tris—HCI buffer (pH
8.0-9.0), or sodium carbonate—sodium bicarbonate buffer (pH 10.0). Physiological characteristics were
examined using API 20E strips after growth on Marine Agar (MA) at 28°C for 48 hours. All procedures
followed the manufacturer’s instructions, except for inoculum preparation, where sterile artificial
seawater was used instead of the recommended suspension medium.

Analysis of 16S rRNA gene-based phylogeny

Genomic DNA extracted from strain D1326" using a Bacterial Genomic DNA Isolation Kit (Shanghai
Sangon, China) served as template for 16S rRNA gene amplification. PCR was conducted with universal
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bacterial primers B8F and B1510 (Table S1). The amplified product was gel-purified with a TaKaRa
Agarose Gel DNA Purification Kit (TaKaRa, China) and ligated into the pMD™19 vector (TaKaRa, China).
Following transformation, plasmids containing the correct insert were sequenced by Shanghai Sangon
(China) using an ABI3730 DNA analyzer (Applied BioSystems). The obtained 16S rRNA gene sequence
was submitted to GenBank and compared against the NCBI database via BLAST. The EZBioCloud
platform (https://www.ezbiocloud.net/identify) was employed to identify phylogenetic neighbors and
calculate sequence similarities [23]. Sequences used for phylogenetic analysis were aligned with the
MUSCLE program [24]. The maximum-likelihood method implemented in MEGA version 11.0.13 [25] was
employed to reconstruct phylogenetic trees based on 16S rRNA gene sequences, and bootstrap values
were calculated from 1000 replicates.

Genome sequencing and phylogenomic analysis

The complete genome of strain D1326" was sequenced using the paired-end method on an Illlumina
HiSeq X Ten platform at Novogene Company (Beijing, China). After quality filtering of the raw reads, high-
quality paired-end reads were assembled de novo using SOAPdenovo version 2.04 [26]. Detailed
methods for genome annotation and phylogenomic analysis are provided in the supplementary
information.

A genome-based phylogenomic analysis was performed using the Genome Taxonomy Database Toolkit
(GTDB-Tk v2.4.0), which based on the concatenated protein sequences of 120 ubiquitous single-copy
marker genes (the bac120 set from GTDB Release 220) [27]. MEGA 11.0.13 was employed to align these
joined amino acid sequences and to reconstruct a maximum-likelihood tree, with bootstrap support
evaluated from 1,000 replicates.

The Average Nucleotides Identities (ANI) values were conducted using Enveomics Gateway
(https://enveomics.scigap.org/). The in silico DNA-DNA hybridization (DDH) values were calculated
using the Genome-to-Genome Distance Calculator (GGDC) 3.0, available via the Type (Strain) Genome
Server (TYGS, https://tygs.dsmz.de), applying the recommended formula 2 [28].

Protein modeling

For structural modeling, every enzyme was submitted to the AlphaFold3 web service and processed
under its factory settings [29]. Visualization of the resulting three-dimensional models was handled in
PyMOL.

Transcriptomic analysis

Agarivorans sp. D1326 was inoculated into six flasks each containing 100 mL of 2216 liquid medium.

The cultures were incubated at 28°C with shaking at 220 rpm for 6 hours to reach the logarithmic growth

phase. Bacterial cells were then harvested by centrifugation at 4000 rpm for 5 minutes. The cell pellets
Page 6/26



from three flasks served as the control group (C group). The cell pellets collected from the remaining
three flasks were resuspended in 100 mL of 2216 medium supplemented with 0.25% (w/v) agarose and
incubated for an additional 4 hours under the same conditions. Subsequently, cells were harvested by
centrifugation to constitute the agarose induction group (I group). The harvested C group and | group
samples were sent to Majorbio Biomedical Technology Co., Ltd. (Shanghai, China) for RNA sequencing
(RNA-seq). Detailed methods are provided in the supplementary information.

Proteomic analysis

Extracellular protein samples were prepared from the culture broth of Agarivorans sp. D1326 both before
and after 4 hours of agarose induction. Following centrifugation to collect the bacterial cells, the
supernatant was lyophilized to obtain the extracellular protein fraction. For intracellular proteins, the cell
pellets collected before and after induction were resuspended in SDS lysis buffer (Beyotime, China) and
disrupted by ultrasonication. The lysate was then centrifuged, and the resulting supernatant was
lyophilized to obtain the intracellular protein samples. Protein digestion was performed using filter-aided
sample preparation (FASP). Mass spectrometry was performed on an Orbitrap Fusion Lumos (Thermo
Fisher, USA). Data-independent acquisition (DIA) data were processed using Spectronaut 18 (Biognosys,
Switzerland) with direct DIA mode. Detailed methods are provided in the supplementary information.

Results

Phenotypic characterizations of strain D1326

Seventy-one strains were isolated and purified from marine red algae sample. A strain designated

D1326" exhibited highly agarolytic activities, showing a clear hydrolysis zone on MA after cultivation at
28 °C for 96 h (Fig. S1). This strain has been preserved at the China Center for Type Culture Collection

(CCTCC), with preservation number: M20242935. Colonies of strain D1326" were circular, smooth,
opaque, and white with a diameter of approximately 1-2 mm when cultured on MA medium at 28°C for

48 h. Growth of strain D1326" occurred at 8-5°C, with an optimal temperature of 28°C. Growth occurs in
appropriately modified synthetic marine ZoBell broth with 1.08-6.0% (w/v) NaCl (optimum 3.0%). The pH
range for growth is 5.08 - 10.0 (optimum pH 7.0) (Table S2). According to the results of API 20E, strain

D1326" could produce acid from glucose and mannose, but not from inositol, sorbitol, rhamnose,
sucrose, melibiose, amygdalin, and arabinose. Urea and gelatin could not be hydrolyzed by strain

D1326". By comparing the physiological and biochemical characteristics with other agar-utilizing marine
strains, strain D1326" was found to be highly similar to them (Table S2).

Phylogenetic analysis based on the 16S rRNA

The nearly complete 16S rRNA gene sequence (1506 nt) of strain D1326" was deposited in GenBank and
assigned the accession number PX780718. Phylogenetic analysis based on the maximum-likelihood
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method revealed that strain D1326" formed a distinct cluster with the closely related type strains
Agarivorans litoreus GJSW-6 (99.1%) and A. albus MKT 106" (98.6% identity), placing it securely within
the radiation of the genus Agarivorans (Fig. S2).

Phylogenomic analysis

The draft genome of strain D1326" comprised 28 scaffolds, totaling 4.69 Mb, and was predicted to
encode 4,185 proteins (Table S3, Fig. S3). The completeness is 99.32% and the contamination is 1.35%
evaluated using CheckM implemented in NCBI (Table S3). The DNA G + C content of strain D1326" was
44.5%, closely to other strains in the genus Agrivorans (Table S3). In the phylogenomic tree, strain
D1326" formed a distinct clade with A. albus MKT 106" and A. aestuarii hyd662", showing a closer
affiliation to A. albus MKT 106". This clade, in turn, grouped with A. litoreus GJSW-6T. Accordingly, strain
D1326" fell within the genus Agarivorans cluster (Fig. 1). This phylogenomic placement further supports
the assignment of strain D1326" to the genus Agarivorans. The phylogenomic tree inference was
strongly supported by overall genome relatedness indices. Strain D1326" exhibited the highest ANI
(96.86%) and DDH (75.10%) values with A. albus MKT 106" (Table S4). Thus, strain D1326" belongs to A.
albus.

Genome-based profiling of agarolytic enzymes

Genomic analysis of Agarivorans sp. D1326 identified 182 Carbohydrate-Active enZYmes (CAZy)
modules (Fig. 2a), among which 97 genes (53.3%) encode glycoside hydrolases (GH). Genomic
annotation of Agarivorans sp. D1326 revealed a cluster encoding five putative GH16 agarases, four GH50
agarases, two GH86 agarases, one GH118 agarase, one GH117 neoagarobiose hydrolase, two AHG
dehydrogenases, one 3,6-L-anhydrogalactonate (AHGA) cycloisomerase, one L-galactonate-5-
dehydrogenase, two a-galactosidases, one B-galactosidase, one B-carrageenase, and one -
porphyranase (Fig. 2, Table S5).

In Agarivorans sp. D1326, all five GH16 agarases possess this catalytic domain in conjunction with
carbohydrate-binding modules (CBMs) (Fig. S4, Table S5). Detailed structural analysis reveals: Aga1448
(75.22% sequence identity to Vibrio sp. AgaV, UniProt ID: A1E2B6); Aga2214 (50.76% identity to Z.
galactanivorans AgaD catalytic domain, PDB ID: 4ASM); Aga2205 (46% identity to Z. galactanivorans -
agarase B, PDB ID: 104Z); Aga15 (56.63% identity to Z. galactanivorans AgaC, PDB ID: 6HY3); Aga2279
(29.72% identity to Wenyingzhuangia fucanilytica k-carrageenase Cgbk16A catalytic domain, PDB ID:
91JC). All enzymes contain N-terminal signal peptides, with extracellular localization confirmed for four
enzymes, whereas Aga2205 demonstrates ambiguous cellular localization (Table S5).

Crystallographically resolved GH50 agarases include AQWH50C (PDB ID: 5Z6P) from A. gilvus WH0801,
Aga50D (PDB ID: 4BQ2) from S. degradans 2-40, and BpGH50 (PDB ID: 5T3B) from B. plebeius DSM
17135. The canonical structure of GH50 family agarases features an (a/B)s TIM barrel catalytic domain
core supplemented by carbohydrate-binding modules (CBMs). Homology modeling of four GH50
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agarases from Agarivorans sp. D1326 reveals highly conserved catalytic domains (Fig. S5) with
significant structural similarity to AQWHS50C, while exhibiting CBM divergence: Aga1474 contains one
CBM whereas the others possess two CBMs. Notably, Aga1474 lacks an N-terminal signal peptide,
contrasting with the signal peptide-bearing Aga1459, Aga1466, and Aga1467. Subcellular localization
predictions indicate distinct compartments: outer membrane (Aga1459), periplasm (Aga1466),
extracellular space (Aga1467), and cytoplasm (Aga1474) (Table S5). In this study, phylogenetic analysis
of reported GH50 agarases and four GH50 members from Agarivorans sp. D1326 (Fig. S6) revealed close
evolutionary relationships: Aga1459 is phylogenetically affiliated with VejGH50A from Vibrio sp. EJY3
(57.9% sequence identity, Fig. S7); Aga1466 clusters with AQWH50B from A. gilvus WH0801 (72.16%
identity, Fig. S8); Aga1474 shows proximity to AQWH50C (65.53% identity, Fig. S19); and Aga1467
exhibits near-identity (99.7%, Fig. S10) with AgaA11 from Agarivorans sp. JAMB-A11.

Genomic analysis of Agarivorans sp. D1326 in this study identified two GH86 agarases, designated
Aga1002 and Aga1341 (Table S5). Homology modeling revealed that their catalytic domains exhibit high
structural similarity to each other and strong conservation with the catalytic domain of Aga86A_Wa from
W. aestuarii (Fig. S11). The catalytic domain of Aga1002 in this study shares the highest sequence
identity (34%) with Aga86A_Wa (PDB ID: 8H97) based on SWISS-MODEL modeling. Amino acid sequence
alignment predicted the corresponding putative catalytic residues in Aga1002 to be E786 and E951 (Fig.
S12). Furthermore, three-dimensional structural comparison (Fig. S13) indicated that Aga1002
possesses three N-terminal CBMs followed by a catalytic domain, which exhibits high structural
similarity to Aga86A_Wa, particularly within the catalytic center, and presumably hydrolyze agarose to
yield NA2.

Genomic analysis of Agarivorans sp. D1326 identified a novel GH118 agarase, Aga2820, which contains
an N-terminal signal peptide and is predicted to localize extracellularly (Table S5). Structural
characterization of GH118 enzymes remains unexplored; however, AlphaFold3 modeling of Aga2820 and
other GH118 B-agarases revealed a distinctive B-helix fold (Fig. S14). Furthermore, the role of GH118
agarases in agarose catabolism is currently unelucidated.

Following the degradation of agarose into NA2 by B-agarase, it can be further hydrolyzed into galactose
and L-AHG under the catalysis of NA2 hydrolase (NABH) [18]. The enzyme NABH1462 of Agarivorans sp.
D1326, exhibits high sequence identity with these two enzymes: 82% identity to VejGH117 from Vibrio
sp. EJY3 [16] and 80% identity to AgaWH117 from A. gilvus WH0801[30] (Fig. S15). Bioinformatic
analysis further confirmed that it belongs to GH117 family, consistent with the family classification of
the reported NA2 hydrolases (Table S5).

L-AHG is further converted to 2-keto-3-deoxy-galactonate (KDGal) through sequential catalysis by AHG
dehydrogenase (AHGD) and AHGA cycloisomerase (AHGC) [31, 32]. Genomic analysis in this study
confirmed the presence of these enzymes: AHGD1449 and AHGD2206 as AHG dehydrogenases, and
AHGC1452 as an AHGA cycloisomerase (Table S5). While the crystal structure of AHGD from Vibrio
variabilis JCM 19239 (VVAHGD) has been resolved [33], homology modeling of AHGD1449 and
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AHGD2206 revealed high structural congruence with VVAHGD (Fig. S16). Comparative sequence analysis
revealed that AHGD1449 shares 47.48% identity with VVAHGD, while AHGD2206 exhibits significantly
higher identity (67.43%). The crystal structure of the AHGC enzyme from the marine bacterium Vibrio sp.
strain EJY3 has been determined [34]. The homology modeling model of AHGC1452 exhibits high
structural consistency with this resolved structure (Fig. S17). Sequenc e alignment analysis revealed a
sequence identity of 78.45% between the two.

Transcriptomic analysis

After transferring Agarivorans sp. D1326 from 2216 medium with glucose as the carbon source to an
agarose-based medium (Fig. 3a), the cells rapidly adapt to the new environment and continue to grow
quickly. Compared to cells originally cultured in 2216 medium, they ultimately achieve a higher final
biomass. This also indicates that this strain possesses the ability to rapidly utilize agarose. Comparative
transcriptomics of bacterial cells before and after agarose induction revealed upregulation of 746 genes
and downregulation of 611 genes (Fig. 3b). Based on KEGG enrichment analysis of the top 20 relevant
pathways, we observed significant changes in the expression of genes associated with transporter
activity after switching the carbon source from glucose to agarose (Fig. S18). This suggests that a large
number of enzymes are likely secreted into the culture medium, while substantial amounts of metabolic
products are transported into the cells (Fig. 3c). Furthermore, expression levels of beta-agarase-related
genes changed markedly.

As predicted by prior analyses, agarose induction markedly upregulated multiple agarase-encoding
genes across distinct GH families in Agarivorans sp. D1326 (Fig. 3f). The most pronounced induction
was observed for gene7002 (292.64-fold), encoding the GH86 agarase Aga1002. Significant upregulation
also occurred for the GH16 agarase gene gene1448 (> 100-fold) and the GH118 agarase gene gene2820
(45.54-fold), encoding Aga2820. Multiple GH50 agarases genes exhibited substantial induction:
gene1459 (83.10-fold), gene1466 (31.51-fold), gene1467 (35.28-fold), and gene1474 (19.17-fold). These
findings collectively demonstrate the concerted action of GH16, GH50, GH86, and GH118 family
agarases in agarose utilization. Concomitantly, the transcription level of gene1462 encoding a GH117
family NA2 hydrolase was significantly upregulated by 10.48-fold (Fig. 3f). This indicates that during
agarose utilization by Agarivorans sp. D1326, agarose is ultimately depolymerized into monomeric
sugars. As expected, genes encoding enzymes for subsequent L-AHG catabolism were robustly induced:
gene1449 (encoding AHG dehydrogenase; 171.09-fold) and gene1457 (encoding L-galactonate-5-
dehydrogenase; 213.28-fold) exhibited the most significant responses (Fig. 3f). This divergent
transcriptional regulation suggests preferential activation of downstream L-AHG metabolic pathways
during agarose utilization in Agarivorans sp. D1326.

As predicted, substitution of glucose with agarose as the carbon source induces extracellular secretion
of these agarases to initiate enzymatic hydrolysis of agarose. Transcriptome profiling demonstrated
significant upregulation of Twin-Arginine Translocation (Tat) protein export system components:
gene0006 (protein translocase TatB; 99.38-fold increase) and gene0007 (protein translocase TatA; 88.1-
fold increase). Conversely, General Secretory (Sec) protein export system genes exhibited marked
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downregulation (gene2354 and gene4553), while gene36117 expression decreased to 0.66-fold of pre-
induction levels despite lacking statistical significance (Fig. 3e, Table S6).

Transcriptomic analysis revealed that ATP-binding cassette (ABC) transporter-related genes (e.g.,
gene2840, gene2848, and gene2841, each > 250-fold) and two Major Facilitator Superfamily (MFS)
transporter genes (gene14517: 245.59-fold; gene1464: 38.58-fold) were upregulated in Agarivorans sp.
D1326, whereas two glucose-specific phosphoenolpyruvate-dependent phosphotransferase system
(PTS) transporter genes (gene1106 and gene3664) were significantly downregulated (Fig. 3d, Table S7).

Proteomic analysis

Based on prior genomic and transcriptomic analyses, agarose induction transcriptionally activated
agarose-degrading enzymes in Agarivorans sp. D1326. SDS-PAGE of intracellular proteins revealed
significant composition and abundance changes after induction (Fig. 4a). To further investigate key
enzyme systems governing agarose utilization, including subcellular localization and the role of the
poorly characterized GH118 agarase Aga2820, we performed comparative proteomics on culture
supernatants (extracellular) and cell lysates (intracellular) before and after agarose induction.

Our results demonstrate substantial alterations in protein expression profiles within both the culture
supernatant (Fig. 4b) and intracellular compartments (Fig. 4c). Notably, significant expression changes
were observed in agarose-degrading enzymes (Fig. 4d), representing our primary focus. Proteomics
revealed substantial induction of GH16 B-agarases upon agarose exposure, with distinct subcellular
patterns. Aga2799 increased 299.69-fold (extracellular) and 5.09-fold (intracellular). Aga1448 was
upregulated 25.84-fold in the supernatant but downregulated intracellularly (0.71-fold). Aga2205 and
Aga2214 showed parallel extracellular/intracellular induction: 52.43/69.59-fold and 20.33/4.95-fold,
respectively.

Concurrent with GH16 induction, four GH50 family agarases (Aga1459, Aga1466, Aga1467, and
Aga1474) exhibited significant transcriptional upregulation in Agarivorans sp. D1326. Notably, Aga1467
demonstrated the most pronounced induction with 103.49-fold and 80.29-fold increases in extracellular
and intracellular abundance, respectively. Unlike the compartmentalized regulation observed in GH16
enzymes, all characterized GH50 isoforms displayed comparable induction magnitudes between
extracellular and intracellular environments (< 2.5-fold differential), suggesting distinct subcellular
trafficking mechanisms. This striking contrast to the extracellular-dominant induction pattern of GH16
agarases implies functional specialization within the agarolytic enzyme repertoire, where GH50 enzymes
may operate through coordinated intra- and extracellular action rather than polarized secretion.

Concurrently, two additional agarases exhibited extraordinary induction: GH86 family member Aga1002
and GH118 family enzyme Aga2820. These enzymes demonstrated 443.97-fold and 303.72-fold
extracellular upregulation, respectively, contrasted with modest intracellular increases of 6.06-fold and
16.92-fold (Fig. 4d). This compartmentalized induction pattern-mirroring that of GH16 agarases-implies
efficient secretion for extracellular agarose depolymerization.
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GH117 NABH is responsible for hydrolyzing NA2 to AHG and galactose [18]. Proteomic analysis
demonstrated that upon agarose induction, the expression levels of GH117 NABH1462 was significantly
upregulated by 36.96-fold intracellularly and 19.97-fold in the culture supernatant. AHG can be firstly
converted to AHGA by AHG dehydrogenase (AHGD) [33], which is subsequently transformed into KDGal
under the catalysis of AHGA cycloisomerase (AHGC).. In this study, we observed that both type enzymes
in Agarivorans sp. D1326 exhibited significantly upregulated expression upon agarose induction:
AHGD1449 and AHGD2206 showed 46.31-fold and 21.53-fold upregulation intracellularly, and 24.30-fold
and 22.63-fold upregulation in the culture supernatant, respectively; AHGC1452 demonstrated 5.68-fold
intracellular and 20.34-fold extracellular upregulation.

In this study, we also observed that the expression of the L-galactonate 5-dehydrogenase GOD1457
encoded by gene1457 was significantly upregulated upon agarose induction (26.42-fold intracellularly
and 30.16-fold in the supernatant). This enzyme catalyzes the conversion of L-galactonate to D-
tagaturonate, which is ultimately cleaved into pyruvate and D-glyceraldehyde for entry into central carbon
metabolism [35]. However, neither L-galactonate synthase nor D-tagaturonate lyase was identified in the
genome, indicating this pathway remains incompletely resolved. Notably, a/B-galactosidases (Agl1497,
Agl552, Bgl553) and the porphyranase Por2270 (encoded by gene2270) showed no significant
upregulation after induction, highlighting the strain's specific adaptation to agarose degradation.

Discussion

Our group has long been dedicated to the mining and engineering of agarase-producing strains and
agarase resources [36] [37]. In this study, we isolated an agarolytic strain from a marine algal sample
collected along the coastline of the Yellow Sea. Physiological and biochemical characterization revealed
that strain D1326" shares high similarity with members of the genus Agarivorans. Both phylogenetic and
phylogenomic analyses support the classification of strain D1326" as a novel representative of this
genus. The highest ANI (97.09%) and DDH (75.10%) values further confirmed that strain D1326" belongs

to the same species as Agarivorans albus MKT 106" [38].

The degradation and utilization of agar constitute a complex process that requires the synergistic action
of multiple agarases from different families. Genomes of all known agar-degrading bacteria have been
found to harbor agarose-degrading enzymes from various families, with some families represented by
more than one coding gene. For example, the genome of Paraglaciecola hydrolytica S66' contains six
GH16 B-agarases, four GH50 B-agarases, two GH86 B-agarases, one GH117 NA2 hydrolase, as well as
multiple enzymes involved in L-AHG metabolism [39, 40]. In contrast, Saccharophagus degradans 2-40"
possesses one GH16 B-agarase, two GH86 B-agarases, and two GH50 B-agarases [17]. In this study,
through genomic analysis of Agarivorans sp. D1326, we also found that this strain harbors multiple agar-
degrading enzymes from different families, including four GH16 B-agarases, four GH50 B-agarases, two
GH86 B-agarases, one GH118 B-agarase, one GH117 NA2 hydrolase, and several enzymes involved in L-
AHG metabolism. To date, this study represents the first genomic analysis of an agar-degrading
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bacterium that contains a GH118 family agarase. Furthermore, through transcriptomic and proteomic
approaches, we have elucidated the role of the GH118 family agarase in agar metabolism.

Genomic analysis of Agarivorans sp. D1326 revealed multiple agarases from different GH families (Fig. 1,
Table S5). However, key questions remain: whether GH118 agarase participates in agar degradation and
if its activity is intra- or extracellular, and the roles of other agarases. Prior research on Vibrio fluvialis A8
employed multi-omics method to characterize its agarose degradation pathway [41]. In this study, we
performed transcriptomic and proteomic researches to address the key role of GH118 agarase in the
agarose utilization network.

When the carbon source in the culture medium of Agarivorans sp. D1326 was switched from glucose to
agarose, transcriptomic and proteomic analyses revealed that the transcriptional and translational levels
of a series of agar-degrading enzyme genes were rapidly upregulated. Simultaneously, large amounts of
agarases were secreted into the extracellular environment, contributing to agarose degradation. Under
the condition with agarose as the sole carbon source, bacterial biomass increased rapidly, indicating that
the degradation products of agarose were transported into cells and participated in cellular metabolism
and bacterial proliferation (Fig. 3, Fig. 4).

Bacteria utilize two principal pathways for protein translocation across the cytoplasmic membrane: the
Sec Pathway and the Tat pathway [42]. When agarose replaced glucose as the carbon source,
Agarivorans sp. D1326 upregulated the Tat protein export system and downregulated selected Sec
system components (Fig. 3e, Table S6). Our transcriptomic profiling of Agarivorans sp. D1326 provides
the first direct evidence that agarose metabolism triggers coordinated reprogramming of the protein
export machinery. The functional relevance of this native mechanism is further supported by
heterologous studies, in which engineering the Tat pathway in Corynebacterium glutamicum enabled
efficient secretion of Streptomyces coelicolor B-agarase (DagA) [43].

ABC transporters actively pump diverse substrates across cellular membranes using ATP hydrolysis [44];
Major Facilitator MFS is the largest secondary active transporter family, moving diverse substrates [45];
and glucose-specific PTS transport with substrate phosphorylation [46]. Agarose induced upregulation
of ABC (> 250-fold) and MFS transporters, and downregulation of PTS genes (Fig. 3d, Table S6). This
suggests ABC transporters dominate uptake of agarose-derived sugars. The concurrent MFS
upregulation implies cooperative ABC-MFS transport. PTS downregulation reflects
carbon-source-dependent reprogramming, consistent with the shift from glucose to agarose.

In this study, transcriptomic and proteomic results indicate that genes involved agarose degradation
process with elevated transcriptional levels show correspondingly increased translational levels,
remaining largely consistent (Fig. 3, 4). The top three most upregulated enzymes are GH86 B-agarase
Aga1002, GH118 B-agarase Aga2820, and GH16 B-agarase Aga2799. All three enzymes are highly
expressed in the culture supernatant while showing significantly lower intracellular expression (Fig. 4),
indicating their predominant secretion after intracellular synthesis, consistent with their predicted
localization (Table S5). Given that GH16 family enzymes directly hydrolyze agarose into the predominant
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product NA4 and serve as the primary depolymerization system in agarolytic microbes [18], our findings
collectively indicate that multiple GH16 agarases encoded by distinct genes mediate agarose catabolism
in Agarivorans sp. D1326. Extracellular degradation appears to be the principal mechanism, as supported
by the predominant localization of these enzymes and their substantial induction in the culture
supernatant. Structural analysis reveals that GH118 agarases possess more open substrate-binding
pockets than their GH16 counterparts, which is consistent with prior biochemical evidence confirming
their direct activity on agarose [10, 11, 13, 18]. Furthermore, the observed extracellular localization of
Aga2820, together with its confirmed substrate specificity, establishes this poorly characterized GH118
family member as a quantitatively predominant agarase within the agarolytic system of Agarivorans sp.
D1326. All three GH B-agarase families (GH86, GH118, and GH16) directly utilize agarose as a substrate
but yield distinct hydrolysis products: NA2 from GH86, NA8/NA10 from GH118, and NA4 from GH16 [11,
18, 47]. Therefore, we propose that the initial step of agarose degradation by Agarivorans sp. D1326
proceeds through three major pathways mediated by these enzymes (marked with red, green, and blue
lines in Fig. 5). Additionally, other upregulated GH16 agarases detected in the culture fluid (Aga2205,
Aga2214, and Aga1448) likely contribute to partial agarose degradation.

Unlike Aga1002, Aga2820, and Aga2799, GH50 agarases exhibit minimal differential expression between
intracellular and extracellular compartments (Fig. 4). Currently documented GH50 agarases are primarily
classified into two functional categories: (1) endolytic enzymes that depolymerize agarose into NA4 as
the dominant oligosaccharide [48], and (2) exolytic enzymes yielding NA2 as the end product [49]. Based
on phylogenetic proximity, we propose that Aga1466 functions as an endolytic enzyme producing NA4,
while the other three (Aga1459, Aga1467, Aga1474) are exolytic enzymes generating NA2 (Fig. S12).
Therefore, we propose supplementary extracellular agarose degradation pathways mediated by GH50
agarases: 1) Aga1467/Aga1459/Agal1474-catalyzed conversion to NA2, and 2) Aga1466-catalyzed
conversion to NA4 (Fig. 5).

Agarases belonging to the GH86, GH16, and GH50 families are capable of utilizing not only agarose but
also short-chain agarooligosaccharides as substrates, catalyzing their degradation into lower molecular
weight agarooligosaccharides [18]. Consequently, the GH118 agarase Aga2820 hydrolysis products
(such as NA8) can be further degraded to NA2 by agarases such as Aga1002 (GH86) or
Aga1467/Aga1459/Aga1474 (GH50), or to NA4 by agarases such as
Aga2799/Aga2205/Aga2214/Aga1448 (GH16) or Aga1466 (GH50). In currently reported agarose
degradation pathways, NA4 and NA2 can be transported into the cytoplasm via transporter proteins
located on the cell membrane, such as ABC transporters. This study also identified, through
transcriptomic analysis, the significant upregulation of multiple genes encoding ABC transporters

(Fig. 3). Furthermore, the intracellular expression levels of the GH50 family agarases Aga1467, Aga1459,
and Aga1474 were also markedly increased. This suggests that these intracellular agarases may further
degrade a portion of the NA4 transported into the cell down to NA2. Therefore, the conversion of NA4 to
NAZ2 is likely to occur both intra- and extracellularly (Fig. 5).

Page 14/26



GH117 NABH is responsible for hydrolyzing NA2 to AHG and galactose [18]. Current studies consistently
indicate that intracellular NA2 is hydrolyzed by NA2 hydrolase (NABH) into galactose and AHG. L-AHG is
further converted to 2-keto-3-deoxy-galactonate (KDGal) through sequential catalysis by AHG
dehydrogenase (AHGD) and AHGA cycloisomerase (AHGC), enabling its entry into the Entner-Doudoroff
pathway to integrate into central carbon metabolism alongside galactose [31, 32, 39, 40]. However, this
study observed significant upregulation of the NABH enzyme NABH1462, detected in both supernatant
(19.97-fold increase) and intracellular fractions (36.96-fold increase). Notably, although NABH1462 lacks
a signal peptide and is predicted to localize cytoplasmically (Table S5), its extracellular presence raises
the possibility of alternative translocation mechanisms. This warrants further investigation, particularly
given precedents in other bacteria. For instance, in Gram-negative Escherichia coli, hemolysin A is
secreted extracellularly via Type 1 secretion systems (T1SSs) independent of N-terminal signal peptides,
utilizing three ABC transporters [50]. Similarly, AHG-degrading enzymes AHGD1449/AHGD2206 and
AHGC1452 in this study also lack signal peptides yet exhibit markedly elevated expression in
supernatant (Fig. 4; Table S5). Based on these experimental findings and existing literature, we propose
that AHG degradation in Agarivorans sp. D1326 might occurs both extracellularly and intracellularly
during agar utilization.

Conclusion

This study isolated the marine bacterium Agarivorans sp. D1326, which harbors agarase genes from
GH16, GH50, GH86, and the rare GH118 families. Multi-omics revealed the complete agarose utilization
pathway: upon induction, multiple agarases were synergistically upregulated (transcriptionally and
translationally) and secreted predominantly via the Tat pathway. We report the first demonstration of a
GH118 agarase's significant upregulation in a native pathway. Data also show coordinated
oligosaccharide uptake by ABC and MFS transporters, Tat-mediated export of folded agarases, and
GH117-catalyzed hydrolysis of NA2 to monomers. This work underscores GH118's crucial role in the
native degradation network, expands understanding of this family, and provides enzyme resources and a
theoretical foundation for green production of agar oligosaccharides.
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Figure 1

Genes related to the carbohydrate metabolism in the genome of Agarivorans sp. D1326. (a) Proportion of
genes in each CAZy class; (b) The number glycoside hydrolases, specifically in families GH16, GH50,
GH86, and GH118 agarases; (c) The genomic organization of a region encodes enzymes for agar
degradation. Genes are numbered 1 to 22, with arrow orientations indicating direction and lengths
representing the relative number of bases. Functions and family classifications were predicted using the
dbCAN3 server, with colors distinguishing categories. Protein names are below the arrows, and enzyme
family classifications are above
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Figure 2

Structural modeling of GH118 B-agarases using AlphaFold3. (a) Aga2820 in this study; (b) AgaB (UniProt
ID: AAQ56237) from Pseudoalteromonas sp. CY24 [11]; (c) AgaC (QOKKW9) from Vibrio sp. PO-303 [12];
(d) AgaJA2 (K7WTF8) from Agarivorans sp. JA-1 [13]; (e) AgaXa (ADF46235) from Catenovulum sp. X3
[10].
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Figure 3

Analysis of gene expression level changes in Agarivorans sp. D1326 after induction with agarose added
to the culture medium. (a) Agarivorans sp. D1326 was cultured in LB medium for 6 h, transferred to
medium containing 0.1% agarose, cultivated for an additional 4 h, and cells were harvested. Comparative
transcriptomic and proteomic analyses were performed between these cells and cells collected at the
onset of induction (0 h); (b) Volcano plot analysis revealed differentially expressed genes (DEGs) before
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and after agarose induction. Red dots denote upregulated genes; blue dots represent downregulated
genes. FC stands for the fold change in gene expression level; (c) KEGG enrichment of top 20 relevant
pathways in response to agarose induction; (d) Changes in the expression of transporter activity related
genes were observed. *** indicates significant differential expression; red arrows indicate upregulation,
and blue arrows indicate downregulation; (e) Expression in protein transport pathway genes; "ns"
denotes non-significant differences; (f) Expression alterations in agarose metabolic genes.
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Proteomic profiling reveals agarose-induced expression of agarolytic enzymes in Agarivorans sp. D1326.
(a) SDS-PAGE analysis of intracellular protein profiles pre- and post-agarose induction. Lane M: Protein
marker; Lanes 1-2: Uninduced control; Lanes 3-5: Agarose-induced samples; (b) Comparative analysis of
extracellular proteome profiles prior to and following agarose induction; (c) Analysis of differential
protein expression in the intracellular proteome induced by agarose; (d) Heatmap visualization of
agarose-induced expression changes in agarolytic enzymes across intracellular and extracellular

proteomes.
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Figure 5

Proposed agarose utilization pathway in Agarivorans sp. D1326. Extracellular agarose undergoes three
degradation routes: (1) direct conversion to NA2 by GH86 Aga1002 or GH50
Aga1467/Aga1459/Agal474; (2) cleavage to NA8/NA10 by GH118 Aga2820 followed by degradation to
NA2 via Aga1002 or GH50 enzymes; (3) hydrolysis to NA4 by GH16
Aga2799/Aga2205/Aga2214/Aga1448 or GH50 Aga1466. NA4 is further degraded to NA2 or co-
transported with NA2 into cells. NA2 is hydrolyzed by NABH1462 into galactose and AHG, with AHG
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metabolized both intra- and extracellularly via AHGD1449/AHGD2206 and AHGC1452 to KDGal, which
enters central metabolism.
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