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ABSTRACT Catabolism of algal polysaccharides by marine bacteria is a significant 
process of marine carbon cycling. β1,3/1,4-Mixed-linkage xylan (MLX) is a class of xylan in 
the ocean, widely present in the cell walls of red algae. However, the catabolic mech­
anism of MLX by marine bacteria remains elusive. Recently, we found that a marine 
Bacteroidetes strain, Polaribacter sp. Q13, is a specialist in degrading MLX, which secretes 
a novel MLX-specific xylanase. Here, the catabolic specialization of strain Q13 to MLX 
was studied by multiomics and biochemical analyses. Strain Q13 catabolizes MLX with a 
canonical starch utilization system (Sus), which is encoded by a single xylan utilization 
locus, XUL-Q13. In this system, the cell surface glycan-binding protein SGBP-B captures 
MLX specifically, contributing to the catabolic specificity. The xylanolytic enzyme system 
of strain Q13 is unique, and the enzymatic cascade dedicates the stepwise hydrolysis 
of the β1,3- and β1,4-linkages in MLX in the extracellular, periplasmic, and cytoplas­
mic spaces. Bioinformatics analysis and growth observation suggest that other marine 
Bacteroidetes strains harboring homologous MLX utilization loci also preferentially utilize 
MLX. These results reveal the catabolic specialization of MLX degradation by marine 
Bacteroidetes, leading to a better understanding of the degradation and recycling of 
MLX driven by marine bacteria.

IMPORTANCE Red algae contribute substantially to the primary production in marine 
ecosystems. The catabolism of red algal polysaccharides by marine bacteria is important 
for marine carbon cycling. Mixed-linkage β1,3/1,4-xylan (MLX, distinct from hetero-β1,4-
xylans from terrestrial plants) is an abundant red algal polysaccharide, whose mechanism 
of catabolism by marine bacteria, however, remains largely unknown. This study reveals 
the catabolism of MLX by marine Bacteroidetes, promoting our understanding of the 
degradation and utilization of algal polysaccharides by marine bacteria. This study also 
sets a foundation for the biomass conversion of MLX.

KEYWORDS marine bacteria, Bacteroidetes, mixed-linkage xylan, red algae, xylan 
utilization loci, marine carbon cycling

A lgal polysaccharides are abundant organic matter in the ocean (1, 2). The catabo­
lism of algal polysaccharides by marine bacteria is a key component of marine 

carbon cycling (3). Moreover, algal polysaccharides are the most promising candidates 
for biomass conversion (4, 5). Therefore, insights into the catabolism of algal polysacchar­
ides by marine bacteria have attracted increasing attention (6–11). Bacteroidetes have 
been known as prominent degraders of algal polysaccharides. They are abundant and 
widely distributed in the ocean (12). Bacteroidetes generally package genes involved in 
polysaccharide catabolism in polysaccharide utilization loci (PUL) within their genomes 
(13).
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Xylans are polysaccharides composed of xylose linked by β1,4- and/or β1,3-glyco­
sidic bonds (14). Xylans in the ocean are mainly from terrestrial plant detritus and 
algae (11, 15). Xylans in the cell walls of terrestrial plants are hetero-β1,4-xylans, 
which are composed of β1,4-linked xylose with multiple side chains such as α-L-arabi­
nofuranose, 4-O-methyl-glucuronic acid, or acetate (16, 17). Marine algal xylans with 
known structures, present in the cell walls of green and red algae, are linear homo-
xylans, including β1,3-xylan, β1,4-xylan, and β1,3/1,4-mixed-linkage xylan (MLX) (18, 19). 
Among, MLX contains both β1,3- and β1,4-linkages at a ratio of approximately 1:4, and 
single β1,3-linkages are irregularly distributed along the β1,4-linked backbone (Fig. 1A) 
(19–22). MLX is abundant in red algae, especially in orders Palmariales and Nemaliales 
(19–22), constituting a significant carbon source for marine bacteria.

The catabolism of hetero-β1,4-xylans has been investigated in detail in both animal 
gut symbionts and marine Bacteroidetes (11, 23–25). Bacteroidetes catabolize hetero-
β1,4-xylans through xylan-targeting PULs (XUL). Due to the heterogeneity and complex­
ity of hetero-β1,4-xylans, a large diversity of xylanolytic enzymes, including β1,4-
xylanases, β1,4-xylosidases, and xylan-debranching enzymes (e.g., feruloyl esterases and 
α-L-glucuronidases), is required for their complete degradation (11, 23–25). Analogous to 
the archetypal starch utilization system (Sus), susC and susD genes, encoding the TonB-
dependent receptor and the cell surface glycan-binding protein (SGBP), respectively, are 
hallmarks of Bacteroidetes XULs (23–26).

The catabolism of algal xylans, especially MLX, is comparatively less studied. Recently, 
we found that a marine Bacteroidetes, Polaribacter sp. Q13, which was isolated from the 
surface of red algae collected from Nelson Island, Antarctic, specifically utilizes red algal 
MLX among different classes of xylans. From this strain, we identified a novel MLX-
specific xylanase, Xyn26A, that specifically degrades MLX and produces mixed-linkage 
xylooligosaccharides (XOs) by attacking the β1,4-linkages following a β1,3-linkage 
toward the reducing end (27). This specificity shares an interesting similarity to that of 
bacterial β1,3/1,4-glucanases, which are involved in the catabolism of mixed-linkage 
β1,3/1,4-glucan (28). Prior to this study, although a few β1,3-xylanases and β1,4-
xylanases have been reported to be able to hydrolyze MLX, they are used to elucidate the 
structure of MLX (29–31). It is unclear whether they are involved in the catabolism of MLX 
by microorganisms. Therefore, MLX catabolism by marine bacteria is largely unexplored. 
It is necessary to decipher the complete pathway of MLX catabolism and the mechanism 
by which strain Q13 preferentially utilizes MLX.

In this study, we provide multiomics and biochemical insights into the catabolism of 
MLX by strain Q13. This strain catabolizes MLX via an XUL, XUL-Q13. The cell surface 
glycan-binding protein SGBP-B captures MLX specifically. Then, a distinct xylanolytic 
enzyme system medicates step-by-step hydrolysis of the β1,3- and β1,4-linkages in MLX 
in the extracellular, periplasmic, and cytoplasmic spaces of strain Q13. The generated 
xylose is finally assimilated through the xylose isomerase pathway and the pentose 
phosphate pathway. Furthermore, other marine Bacteroidetes harboring homologous 
MLX utilization loci were also found to preferentially utilize MLX.

RESULTS AND DISCUSSION

Identification of an MLX utilization locus in Polaribacter sp. Q13

Strain Q13 is a marine Bacteroidetes that was isolated from the surface of red algae 
collected from Nelson Island (27). Among structurally diverse xylans from terrestrial 
plants and marine algae, strain Q13 shows a utilization preference for red algal MLX (27). 
Genomic analysis of strain Q13 revealed the presence of a putative XUL, XUL-Q13 (locus 
tag: JOP69_RS09760-RS09905) (Fig. 1B). To determine the function of XUL-Q13 in MLX 
catabolism, comparative transcriptome and proteome analyses were performed with 
MLX and control substrates [xylose (Xyl) and glucose (Glc)], respectively, as the sole 
carbon source. The results showed that most genes in XUL-Q13 were induced by xylose 
(compared with glucose) and much more strongly by MLX (Fig. 2A). Similarly, among the 
three substrates, MLX elicited the strongest expression of most XUL-Q13-encoded 
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proteins (Fig. 2B). These results suggest that XUL-Q13 may be involved in MLX catabo­
lism.

XUL-Q13 encodes eight potential xylanolytic enzymes including Xyl43A, Xyn10A, 
Xyn10B, Xyn26A, Xyl43B, Rex10A, Xyn10C, and Xyl3A (Fig. 2). They belong to glycoside 
hydrolase (GH) families (http://www.cazy.org/) (32) GH3 (Xyl3A), GH10 (Xyn10A, Xyn10B, 
Xyn10C, and Rex10A), GH26 (Xyn26A), and GH43 (Xyl43A and Xyl43B). The expression of 
the eight enzymes was all induced by MLX (Fig. 2), suggesting that they likely mediate 
MLX degradation. GH10 and GH3/43 enzymes are annotated as β1,4-xylanases and β1,4-
xylosidases, respectively, while Xyn26A has been identified as a novel xylanase that 
specifically degrades MLX (27). In addition to the enzymes, XUL-Q13 encodes a SusC/D-
like transporter complex (PsSucC/PsSucD), an additional non-homologous SGBP (SGBP-B) 
(described below), a hybrid two-component sensor/regulator (PsHTCS), and an inner 
membrane xyloside transporter of the major facilitator superfamily (PsMFS) (Fig. 2), 
suggesting that strain Q13 utilizes MLX through a canonical Sus-like paradigm (13). 
Moreover, the expression of genes encoding xylose isomerase, xylulose kinase, transal­
dolase, and transketolase, which are located downstream of XUL-Q13, was induced by 
MLX (Fig. 2), suggesting that xylose is subsequently assimilated through the xylose 
isomerase pathway and the pentose phosphate pathway (33, 34).

The previously reported XULs from animal gut and marine Bacteroidetes are all 
associated with the catabolism of hetero-β1,4-xylans (11, 23–25). A comparison of XUL-
Q13 with these XULs showed some degrees of synteny, especially genes encoding the 
SusC/D, HTCS sensor, and MFS transporter (Fig. 1B). However, the MLX-specific xylanase 
Xyn26A is present in XUL-Q13 but absent from the previously reported XULs (Fig. 1B). 
Xylan-debranching enzymes present in the previously reported XULs, such as 

FIG 1 The xylan utilization locus, XUL-Q13, in Polaribacter sp. Q13. (A) Schematic of MLX. The β1,3-linkage is highlighted with yellow solid circles. NR, 

non-reducing end; R, reducing end. (B) Synteny of XUL-Q13 and known XULs from animal gut and marine Bacteroidetes. The sequence alignment was performed 

with BLAST+ (version 2.7.1+, E-value 1e−5). Sequence similarities are symbolized by red for direct comparisons and blue for reversed comparisons. Darker colors 

correspond to higher identities. Numbers labeled in orange arrows indicate GH families. Xyn26A is marked with a solid black circle. HTCS, hybrid two-component 

sensor; MFS, major facilitator superfamily transporter; CE, carbohydrate esterase.
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carbohydrate esterases and α-L-glucuronidases, are absent from XUL-Q13 (Fig. 1B), 
corresponding to the homo-structure of MLX. Therefore, despite a canonical Sus-like 
model, XUL-Q13 encodes a distinct xylanolytic enzyme system.

To identify bacterial XULs similar to XUL-Q13, Xyn26A homologs were searched 
against all available bacterial genomes in the Integrated Microbial Genomes with 
Microbiome Samples (IMG/M) database (https://img.jgi.doe.gov/) (35), and putative XULs 
containing at least one Xyn26A homolog and one SusC/D pair were manually screened. 
Ten bacterial genomes were found, all of which are from marine Bacteroidetes (Fig. 
3A). These Bacteroidetes are isolated from marine ecosystems of seawater, sediments, 
algae, and animals, possessing one or more XULs. These XULs exhibit a similar com­
position of xylanolytic enzyme systems as XUL-Q13 except that two XULs lack GH3 
enzymes and two encode additional GH11 enzymes (annotated as β1,4-xylanases) (Fig. 
3A and B). Similar to strain Q13, all the Bacteroidetes lack xylan-debranching enzymes, 
implying their inefficiency in utilizing hetero-β1,4-xylans. To investigate whether these 

FIG 2 Comparative transcriptome (A) and proteome (B) analyses of Polaribacter sp. Q13 cells grown on MLX, Xyl, and Glc. Fold changes were calculated 

from duplicate experiments (mean ± SD) with reads per kilobase per million mapped read (RPKM) values of genes expressed in cells grown on MLX and Xyl 

relative to Glc (MLX/Glc and Xyl/Glc). Log2 ratios were log-transformed averages of relative intensity-based absolute quantification (riBAQ) values from triplicate 

experiments. White squares indicate non-quantified proteins.
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Bacteroidetes can utilize MLX, we chose five strains from the genera Polaribacter, 
Cellulophage, Algibacter, and Aureibaculum to test their growth on xylans. The result 
showed that all the strains preferentially utilized MLX for their growth (Fig. 3C), consistent 
with the growth profile of strain Q13 on xylans (27), indicating that marine Bacteroidetes 
containing homologous MLX utilization loci also preferentially utilize MLX.

Together, the catabolism of MLX by strain Q13 is carried out by a single XUL, XUL-Q13. 
XUL-Q13 is analogous to the known XULs that target hetero-β1,4-xylans but encode 

FIG 3 Occurrence of MLX utilization loci in marine Bacteroidetes. (A) Schematics of MLX utilization loci in marine Bacteroidetes. (B) Co-occurrence analysis 

of genes in MLX utilization loci of 11 marine Bacteroidetes. The dendrograms shown above and on the right of the heatmap depict the pairwise similarities 

between rows and columns, respectively. Red solid triangles indicate selected strains for growth studies. (C) Growth of selected marine Bacteroidetes strains on 

xylans. Cultures without carbon sources were used as controls. **P < 0.01, *P < 0.05 (two-tailed t-test). ΔOD600 values are from triplicate experiments (mean ± SD).
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a distinct xylanolytic enzyme system that contains the MLX-specific xylanase Xyn26A. 
Xyn26A-containing XULs are restricted to marine ecosystems, which is consistent with 
the fact that MLX is exclusively observed in marine environments (19–22).

SGBP-B contributes to the catabolic specificity of strain Q13 to MLX

SGBPs are involved in the initial capture of polysaccharides at the cell surface as a 
prelude to backbone hydrolysis, which contributes to the utilization preference of 
specific polysaccharides (36, 37). XUL-Q13 encodes two SGBPs, the SusD-like protein 
PsSusD (also called SGBP-A) and its downstream SGBP-B (Fig. 1B). However, PsSusD 
bound neither MLX nor hetero-β1,4-xylans [arabinoxylan (GX) or glucuronoxylan (AX)] 
based on affinity gel electrophoresis and isothermal titration calorimetry (ITC) analyses 
(data not shown), revealing the inability of PsSusD to recognize xylans. The inability to 
bind polysaccharides was also previously observed in other SusD-like proteins (37–39).

Based on the conserved domain analysis, SGBP-B is composed of two carbohydrate-
binding domains. ITC analysis showed that SGBP-B had a three- to fourfold lower Kd 
value for MLX (7.14 µM) than hetero-β1,4-xylans GX (29.9 µM) or AX (19.6 µM), indicating 
the high affinity of SGBP-B to MLX (Fig. 4). This result suggests that SGBP-B contributes to 
the catabolic specificity of strain Q13 to MLX.

Degradation of MLX by extracellular xylanases

As mentioned above, XUL-Q13 encodes a distinct xylanolytic enzyme system, which 
might enable the utilization preference of strain Q13 for MLX. To test this hypothesis, a 
detailed biochemical investigation was performed with recombinant enzymes that were 
produced in Escherichia coli and purified by Ni-affinity and size exclusion chromatogra­
phy (SEC) (Fig. S1).

XUL-Q13 encodes four potential extracellular xylanases: Xyn26A, Xyn10A, Xyn10B, 
and Xyn10C (27) (Fig. 2). Among them, Xyn26A has been shown to be novel xylanase 
that specifically hydrolyzes the β1,4-linkages of MLX immediately following a β1,3-link­
age and generates XOs containing one β1,3-linkage at the reducing end (Fig. 5A) (27). 
The other three GH10 xylanases all displayed the highest activity at pH 6.0–7.0 and 
40°C–50°C (Fig. 6). Substrate specificity analysis showed that the three GH10 xylanases 
were all active on MLX, GX, and AX (1.1–270.6 U/mg), but inactive on β1,3-xylan (Fig. 

FIG 4 ITC analysis of the binding capacities of SGBP-B to xylans MLX, GX, and AX. The concentrations of SGBP-B and the ligands were 50 µM and 5 mg/mL, 

respectively. Both SGBP-B and the ligands were prepared in 50 mM Tris-HCl (pH 8.0) containing 100 mM NaCl. Representative data from triplicate experiments are 

shown. The molar concentration of xylans was estimated to fit N (binding site) =1.
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6), indicating that they are versatile xylanases for both MLX and hetero-β1,4-xylans. 
Time-course assays showed that within the 24 h hydrolytic process, Xyn10A, Xyn10B, 
and Xyn10C released initially larger then smaller xylooligosaccharides from MLX (Fig. 
S2), indicating their endolytic mode of action. To analyze the cleavage site(s) of the 
three xylanases in MLX, their products released from MLX after 24-h hydrolysis were 

FIG 5 Cascade degradation of MLX by the xylanolytic enzymes of Polaribacter sp. Q13. (A) Cleavage sites of xylanases Xyn26A (27), Xyn10A, Xyn10B, and 

Xyn10C in MLX. The cleavage sites were determined by analyzing the hydrolytic products of xylanases separately. Reaction mixtures containing 90 µL MLX 

(5 mg/mL) and 10 µL each of xylanases Xyn10A (0.5 mg/mL), Xyn10B (2.4 mg/mL), and Xyn10C (0.6 mg/mL) were incubated at 30°C for 24 h. The products 

were analyzed by HPAEC-PAD. Xylose, β1,4-xylooligosaccharides (β1,4XOs; β1,4X2-X6), β1,3-xylooligosaccharides (β1,3X2-X3), X3X4X, and X4X3X were used as 

standards to identify the peaks in chromatograms, and the standard chromatogram of a mixture of xylose and β1,4X2-X6 is shown. The cleavage sites are 

indicated by arrows, and the indeterminate ones are indicated by dotted arrows. (B) Xylooligosaccharides in the culture supernatant of strain Q13 grown on 

MLX. Xylose, β1,4-xylooligosaccharides (β1,4XOs; β1,4X2-X6), β1,3-xylooligosaccharides (β1,3X2-X3), X3X4X, and X4X3X were used as standards to identify the 

peaks in chromatograms, and the standard chromatogram of a mixture of xylose and β1,4X2-X6 is shown. (C) Degradation of xylooligosaccharides in the culture 

supernatant by periplasmic xylosidases Xyl43B and Xyl3A. A zoom-in view of a part of the chromatogram is shown below. (D) Thin-layer chromatography 

(TLC) analysis of Rex10A activity on β1,4-xylotriose (β1,4X3) and the reduced β1,4X3 by NaBH4. The + and − indicate the presence and absence of the 

components, respectively. (E) Schematics of the degradation of xylooligosaccharides by periplasmic (Xyl43B and Xyl3A) and cytoplasmic (Rex10A and Xyl43A) 

enzymes. Cleavage sites are indicated by arrows with different colors. Experiments were performed in triplicate, and representative data are shown. MLXOs, 

mixed-linkage xylooligosaccharides; unidentified MLXOs, mixed-linkage xylooligosaccharides whose structures were not identified using our available standard 

xylooligosaccharides.
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analyzed using high-performance anion-exchange chromatography equipped with a 
pulsed amperometric detector (HPAEC-PAD). The result showed that Xyn10A released 
xylose and β1,4-xylobiose (β1,4X2) from MLX, indicating that Xyn10A attacks both β1,3- 
and β1,4-linkages in MLX (Fig. 5A). Xyn10B released xylose, β1,4X2, β1,4X3, the mixed-
linkage xylotriose X3X4X, and other unidentified mixed-linkage XOs (Fig. 5A). Xyn10C 
released xylose, β1,4X2 and X3X4X (Fig. 5A). The presence of β1,3-linkages in Xyn10B and 
Xyn10C products suggests that they attack β1,4-linkages in MLX. Three GH10 xylanases 
from Cryptococcus albidus, Streptomyces liuiduns, and Cryptococcus adeliae have been 
reported to be able to hydrolyze MLX, which liberate from MLX a mixture containing 
X3X4X (30, 31), similar to Xyn10B and Xyn10C.

Consistent with the above in vitro biochemical analyses, xylose, β1,4XOs (X2-X4), 
β1,3X2, X3X4X, and other unidentified mixed-linkage XOs were detected in the culture 
supernatant of strain Q13 grown on MLX (Fig. 5B). This reflects a synergy of the 
extracellular xylanases Xyn10A, Xyn10B, Xyn10C, and Xyn26A on MLX degradation.

Xylooligosaccharide degradation by periplasmic and cytoplasmic enzymes

The oligosaccharides generated by extracellular xylanases are transported across the 
outer membrane of bacterial cells by the SusC/D transporter system and further 
saccharified in the periplasm and the cytoplasm (13). Based on functional annotation 
and signal peptide prediction, XUL-Q13 encodes four putative XOs-degrading enzymes: 
the periplasmic Xyl43B and Xyl3A with type II signal peptides and the cytoplasmic 
Xyl43A and Rex10A that lack signal peptides (Fig. 2).

Both periplasmic Xyl43B and Xyl3A were annotated as β1,4-xylosidases. Enzyme 
assays with recombinant Xyl43B and Xyl3A showed that in addition to β1,4X2, they were 
capable of hydrolyzing β1,3X2 (Fig. 7). With the culture supernatant of strain Q13 as the 
substrate, we simulated the enzymatic degradation process of XOs in the periplasm. 
Briefly, the culture supernatant of strain Q13 growing on MLX was incubated with 
xylosidases Xyl43B and Xyl3A separately, and the products were analyzed by HPAEC-PAD. 
The result showed that Xyl43B could degrade X3X4X and β1,3X2, and Xyl3A could 
degrade all the XOs in the culture supernatant (Fig. 5C), indicating that Xyl3A and Xyl43B 
likely dedicate the complete hydrolysis of β1,3-linkages in the periplasm of strain Q13. 
Two β1,3-xylosidases have been reported so far, including XloA from Vibrio sp. XY-214 
(40) and rSWU43A from Streptomyces sp. SWU10 (41); both are GH43 members. XloA 
is involved in β1,3-xylan catabolism by Vibrio sp. XY-214, while the role of rSWU43A in 
Streptomyces sp. SWU10 is unknown (40, 41). So far, Xyl3A is the first GH3 xylosidase 
capable of degrading β1,3-linkages.

The cytoplasmic Xyl43A was annotated as a β1,4-xylosidase (Fig. 2). Substrate 
specificity analysis showed that Xyl43A exhibited strikingly high catalytic efficiency on 
β1,4X2 but extremely low on β1,3X2 (kcat/Km values of 51.0 s−1 mM−1 versus 0.001 s−1 

FIG 6 Domain architectures and biochemical characterization of Xyn26A, Xyn10A, Xyn10B, and Xyn10C. Signal peptides were predicted by SignalP 5.0. Domain 

analysis was performed in the NCBI CDD database and the Pfam database. Enzyme activities were determined using the DNS method. nd, no detectable enzyme 

activity; Topt, optimum temperature; pHopt, optimum pH.
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mM−1) (Fig. 7; Fig. S3C), suggesting that Xyl43A is indeed a β1,4-xylosidase, a class of 
xylanolytic enzymes that release single xylose from the non-reducing end of β1,4XOs 
(42). Although Rex10A was annotated as a β1,4-xylanase, it showed no activity on any 
class of xylans (data not shown). Instead, Rex10A degraded β1,4XOs with the degrees 
of polymerization from three to six (β1,4X3-X6) with kcat/Km values of 2.5–4.4 s−1 mM−1, 
but no activity on β1,3X2, β1,4X2, or β1,3X3 (Fig. 7; Fig. S3D), indicating that Rex10A 
is a β1,4-oligoxylanase. Moreover, Rex10A exhibited no activity on β1,4X3 reduced with 
NaBH4 (Fig. 5D), indicating that Rex10A is a reducing-end xylose-releasing exo-oligoxyla­
nase that attacks β1,4XOs from the reducing ends. This class of xylanolytic enzymes has 
been reported in one case in GH10 (43). Thus, in the cytoplasm of strain Q13, Xyl43A 
and Rex10A hydrolyze β1,4XOs from the non-reducing and reducing ends, respectively. 
In addition, their β1,4-specificity further supports that the β1,3-linkages are hydrolyzed 
before the XOs are transported into the cytoplasm.

Together, four XO-degrading enzymes are involved in the cascade saccharification of 
XOs by strain Q13, including Xyl43B, Xyl3A, Xyl43A, and Rex10A. Xyl43B and Xyl3A are 
scavengers of the β1,3-linkages in XOs in the periplasm, while Xyl43A and Rex10A take 
charge of the remaining β1,4-linkages in XOs in the cytoplasm.

A model for MLX catabolism by Polaribacter sp. Q13

In summary of the above results, we proposed a working model in which a single 
XUL, XUL-Q13, enables strain Q13 to specifically utilize MLX (Fig. 8). This model involves 
MLX capture by SGBPs, MLX degradation by extracellular xylanases, transport of XOs 
through the outer membrane by SusC/D, hydrolysis of β1,3-linkages by periplasmic 
xylosidases, and the ultimate saccharification of β1,4XOs and assimilation of xylose 
by cytoplasmic enzymes (Fig. 8). Although it is analogous to the known XULs that 
target hetero-β1,4-xylans (11, 23–25), four characteristics underscore the MLX specificity: 
(i) SGBP-B mediates the capture specificity of strain Q13 to MLX. Cell-surface SGBPs 
are generally involved in the initial capture of polysaccharides (36, 37). In strain Q13, 

FIG 7 Domain architectures and biochemical characterization of Xyl43B, Xyl3A, Xyl43A, and Rex10A. Enzyme activities were 

determined using the D-xylose kit. kcat/Km values were calculated by the Michaelis–Menten and Lineweaver–Burk fitting. 

When the Michaelis–Menten fitting and the Lineweaver–Burk fitting were not feasible, the kcat/Km value was calculated using 

the equation kcat/Km = V0/[S]/[E]. The fitting curves are shown in Fig. S3.
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although SGBP-A (PsSusD) is incompetent in xylan capture, SGBP-B prefers to bind MLX 
rather than hetero-β1,4-xylans, contributing to the MLX specificity. (ii) XUL-Q13 encodes 
an MLX-specific xylanase, Xyn26A. Xylan backbone is degraded by xylanases. To degrade 
hetero-β1,4-xylans, the reported XULs encode β1,4-xylanases especially those from GH10 
(11, 23–25). By comparison, the novel xylanase Xyn26A that specifically attacks MLX 
(27) is only present in XUL-Q13. Xyn26A can be taken as a hallmark to differentiate the 
MLX-specific XULs from the hetero-β1,4-xylan XULs. However, it is worth mentioning 
that this type of MLX-targeting XULs is not representative of all XULs that may be 
capable of MLX degradation (11). (iii) Xylosidases capable of degrading β1,3-linkages are 
involved in the saccharification of XOs in the periplasm of strain Q13. The XOs that enter 
the periplasm of strain Q13 contain β1,3-linkages. These β1,3-linkages are hydrolyzed 
by xylosidases Xyl43B and Xyl3A, further underscoring the MLX specificity of XUL-Q13. 
(iv) Xylan-debranching enzyme is absent from XUL-Q13. To degrade hetero-β1,4-xylans, 
whose β1,4-backbone is decorated with multiple side chains, a cardinal feature of 
bacterial hetero-XULs is the presence of a large diversity of xylanolytic enzymes. In 
addition to β1,4-xylanases and β1,4-xylosidases, debranching xylanolytic enzymes are 
required, such as α1,2-glucuronidases (GH67 and GH115), α-L-galactosidase (GH95 and 
CE97), feruloyl esterases, and acetyl xylan esterases (CE1, CE6, and CE15) (Fig. 1B) (23–26, 
44, 45). The lack of these enzymes in XUL-Q13 reflects the homogeneity (or the lack of 
modifications) of MLX targeted by this type of XULs.

FIG 8 A model for MLX catabolism by strain Q13. Extracellularly, MLX is captured by SGBP-B and degraded by xylanases 

Xyn26A, Xyn10A, Xyn10B, and Xyn10C. The released xylooligosaccharides are transported into the periplasm via the SusC/D 

transporter complex, all β1,3-linkages which are hydrolyzed by xylosidases Xyl43B and Xyl3A. The resultant β1,4-xylooligosac­

charides are transported into the cytoplasm via the MFS transporter and completely saccharified by β1,4-xylosidase Xyl43A 

and reducing-end exo-β1,4-oligoxylanase Rex10A from the non-reducing and reducing ends, respectively. The produced 

xylose is metabolized through the xylose isomerase pathway and the pentose phosphate pathway.
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Together, strain Q13 catabolizes MLX with a canonical Sus-like model, in which a cell 
surface glycan-binding protein and a unique xylanolytic enzyme system contribute to 
the catabolic specialization to MLX.

Conclusion

Polaribacter sp. Q13 is a member of marine Bacteroidetes isolated from the surface of 
red algae, which specifically catabolizes MLX. Herein, we uncovered that the catabolic 
specialization of strain Q13 to MLX is based on an XUL, XUL-Q13. The cell surface 
glycan-binding protein SGBP-B mediates the capture specificity of strain Q13 toward 
MLX. The xylanolytic enzymatic cascade dedicates the complete hydrolysis of β1,3- 
and β1,4-linkages in MLX. Extracellularly, MLX is degraded by four xylanases including 
an MLX-specific xylanase that attacks precisely the β1,4-linkages following a β1,3-link­
age. The β1,3-linkages in the generated XOs are saccharified in the periplasm by two 
xylosidases. The residual β1,4-linkages in the XOs are completely hydrolyzed in the 
cytoplasm by a β1,4-xylosidase and a β1,4-oligoxylanase. The generated xylose is finally 
assimilated through the xylose isomerase pathway and the pentose phosphate pathway. 
In addition, other marine Bacteroidetes strains harboring homologous MLX utilization 
loci also preferentially consume red algal MLX. This study sheds light on the catabolism 
of red algal MLX by marine Bacteroidetes.

MATERIALS AND METHODS

Materials

GX and AX, β1,4XOs (β1,4X2-X6) were purchased from Megazyme (Ireland). GAX and 
MLX were purchased from Elicityl (France). β1,3-xylan, β1,3X2, β1,3X3, X3X4X, and 
X4X3X were prepared as previously described (27, 46). p-Nitrophenyl-β-D-xylopyrano­
side (pNPX) was purchased from Sigma (USA).

Growth assay

All bacterial strains, including Polaribacter sp. Q13 (GenBank: CP074436.1), Polari­
bacter sp. 11A2H (GenBank: ASM1137902v1), Cellulophage sp. 20_2_10 (GenBank: 
ASM2347664v1), Cellulophage sp. Z1A5H (GenBank: ASM1137897v1), Algibacter sp. L4_22 
(GenBank: ASM2347304v1), and Aureibaculum luteum SM1352 (GenBank: ASM344901v1), 
were all grown at 20°C in the minimal medium (27) supplemented with 0.2% (wt/vol) 
carbon source under aerobic conditions. The carbon sources included MLX, GX, AX, GAX, 
xylose, and glucose. Growth was monitored by measuring OD600, and an increase of 
OD600 (ΔOD600) was generated to compare the bacterial growth on different carbon 
sources (27, 47).

Transcriptome analysis

Strain Q13 was cultivated in duplicate in a 20 mL minimal medium containing 0.2% 
(wt/vol) MLX, xylose, or glucose for 36–48 h to their mid-log phase. Then, cells were 
harvested separately (4,000 g for 10 min at 4°C), and the total RNA was extracted using 
the TRIzol reagent (Invitrogen, USA). After the genomic DNA was removed using DNase I 
(Takara, Japan), 4 µg RNA from each sample was used to prepare RNA-seq strand-specific 
libraries with the TruSeq RNA sample preparation kit (Illumina, USA) and RiboZero rRNA 
removal kit (Epicenter, USA). High-throughput sequencing was performed in paired-
end reads on an Illumina Hiseq 6000 platform in Shanghai BIOZERO (China), and the 
clean reads were separately aligned to the strain Q13 reference genome using Rock­
hopper (http://cs.wellesley.edu/~btjaden/Rockhopper/). The differential gene expression 
analysis was performed with edgeR (https://bioconductor.org/packages/release/bioc/
html/edgeR.html), and the transcript levels were compared based on the RPKM method 
(48).
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Proteome analysis

Strain Q13 was cultivated in triplicate in a 20-mL minimal medium containing 0.2% 
(wt/vol) MLX, xylose, or glucose for 36–48 h to the mid-log phase (27). Then, cells 
were collected separately (4,000 g for 10 min at 4°C) for proteome analysis in Shanghai 
Applied Protein Technology (China). In brief, the SDT buffer (4% SDS, 1 mM DTT, 100 mM 
Tris-HCl, pH 7.6) was used for sample lysis and protein extraction. After quantification 
with a Pierce bicinchoninic acid protein assay kit (Thermo, USA), 200-µg proteins from 
each sample were digested with trypsin according to the filter-aided sample prepa­
ration procedure (49). The released peptides were separated with a reversed-phase 
C18 column. Mass spectrometry (MS) and MS/MS data were determined using a Q 
Exactive mass spectrometer (Thermo, USA). MS spectra were analyzed with MaxQuant 
(50). Proteins that were detected in at least two out of three biological replicates were 
counted as identified. Based on the iBAQ values from MaxQuant analysis, the riBAQ 
values of each protein were calculated for semi-quantitative comparisons (6). The riBAQ 
values were then averaged and log-transformed and termed log2 ratios.

Gene cloning and protein production

Gene cloning and protein production were carried out as previously described (27). In 
brief, genes encoding SGBP-B, Xyl43A, Xyn10A, Xyn10B, Xyn26A, Xyl43B, Rex10A, Xyn10C, 
and Xyl3A were cloned from the genomic DNA of strain Q13 by PCR amplification 
and inserted into the pET22b vector (Novagen, USA). The primers used are shown in 
Table S1. The constructed plasmids were transferred into E. coli BL21 (DE3) for protein 
production. Xyl43B and Rex10A were partially produced as soluble forms with inclusion 
bodies also being observed, and all the other proteins were exclusively produced as 
soluble forms. Recombinant proteins were purified by Ni2+-nitrilotriacetic acid resin 
(GE Healthcare, USA) and then fractionated by SEC on a Superdex G200 column (GE 
Healthcare, USA). The protein purity was determined with SDS-PAGE. Protein concentra­
tions were determined by a bicinchoninic acid protein assay kit (Thermo Fisher Scientific) 
with bovine serum albumin as the standard.

Isothermal titration calorimetry

ITC measurements were performed with MicroCal PEAQ-ITC (Malvern, United Kingdom) 
at 25°C in 50 mM Tris-HCl (pH 8.0) containing 100 mM NaCl. The concentration of SGBP-B 
and ligands (MLX, GX, and AX) was 50 µM and 5 mg/mL, respectively. Each ligand was 
injected into the protein cell 19 times with a stirring speed of 800 rpm. The first injection 
was 0.4 µL, and the following 18 injections were 3.0 µL. The data were analyzed with 
Microcal PEAQ-ITC analysis software. The molar concentration of xylans was estimated to 
fit N (binding site) =1 (51).

Enzyme assays

Unless otherwise noted, the activities of enzymes were performed in phosphate-buf­
fered saline (PBS, 20 mM) under their respective optimum pHs and optimum temper­
atures. With xylans as the substrates, enzyme activities were determined using the 
DNS method (27). With XOs as the substrates, enzyme activities were determined by 
quantifying the produced xylose using the D-xylose kit (Megazyme, Ireland). Reactions 
were initiated by adding a 10-µL enzyme solution to a 90 µL mixture of NAD+, ATP, 
hexokinase, xylose mutarotase, xylose dehydrogenase, and XO substrates. After 10-min 
incubation, reactions were terminated by 150 µL Na2CO3 (1 M). Then, the NADH 
absorbance at 340 nm was measured. The standard curve was generated with xylose 
(0–60 µM). With pNPX as the substrate, the 200-µL reaction mixture contained a 10-µL 
enzyme solution and 190-µL pNPX (2 mM). After a 10-min incubation, 200 µL Na2CO3 (1 
M) was added, and the p-nitrophenyl (pNP) absorbance at 405 nm was measured. The 
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standard curve was generated with pNP (0–200 µM). One unit (U) was defined as the 
amount of enzyme required to release 1 µmol xylose or pNP per minute.

Enzymatic characterization and kinetics

Enzyme characterization was performed with MLX, β1,4X3, and pNPX as the substrate for 
xylanases (Xyn10A, Xyn10B, and Xyn10C), exo-oligoxylanase (Rex10A), and xylosidases 
(Xyl3A, Xyl43A, and Xyl43B), respectively. The effect of temperature was determined 
ranging from 0°C to 60°C at an interval of 10°C. The effect of pH was determined with the 
Britton–Robinson buffer (40 mM) from pH 4.0 to 10.0. Substrate specificities of xylana­
ses Xyn10A, Xyn10B, and Xyn10C were determined with MLX, GX, AX, and β1,3-xylan 
(10 mg/mL each) as the substrates. The kinetics of Xyl43A, Xyl43B, Xyl3A, and Rex10A 
were determined by Michaelis–Menten and Lineweaver–Burk fitting based on initial rates 
assayed with different concentrations of substrates. When saturation was not attained, 
the catalytic efficiency (kcat/Km) was directly given using the equation kcat/Km = V0/[S]/[E] 
(23, 45).

Modes of action analysis of xylanases

Time-course assays of xylanases Xyn10A, Xyn10B, and Xyn10C were performed as 
previously described (27). Reaction mixtures containing 90 µL MLX (5 mg/mL) and 10 µL 
each of xylanases Xyn10A (0.5 mg/mL), Xyn10B (2.4 mg/mL), and Xyn10C (0.6 mg/mL) 
were incubated in PBS (under their respective optimum pH) at 30°C. The products of 
each xylanase after 24 h hydrolysis were diluted (10−2–10−3 dilution) with ultrapure water 
and analyzed by HPAEC-PAD.

Mode of action analysis of Rex10A

For the time-course assay, the reaction mixture containing 140 µL β1,4X6 (50 µM) and 
10 µL Rex10A (0.2 mg/mL) in PBS (pH 6.0) was incubated at 30°C. At different time points 
within 1 h, the reaction was terminated by 150 µL NaOH (30 mM), and the products were 
analyzed by HPAEC-PAD. To determine the activity of Rex10A on the reduced β1,4X3, 
β1,4X3 was reduced by NaBH4 according to the method of Leth et al. (45) with minor 
modifications. In brief, 10 µL NaBH4 (1 M in 200 mM NaOH) was added into 40 µL β1,4X3 
(40 mM). After incubation on ice for 1 h, the reaction was quenched by 10 µL acetic acid 
(1 M), and the mixture was diluted 10-fold in PBS (pH 6.0). As a control, 200 mM NaOH 
was used instead of NaBH4. Then, 90 µL reduced β1,4X3 was mixed with 10 µL Rex10A 
(1.0 mg/mL) in PBS (pH 6.0), and the mixture was incubated at 40°C for 10 min. The 
reaction was terminated by boiling for 5 min, and the products were analyzed using TLC, 
which was performed on the silica gel 60 F254 plate (Sigma, USA). The solvent system 
was 1-butanol–acetic acid–ultrapure water [13:12:2 (vol/vol/vol)]. XOs were visualized by 
sulfuric acid–ethanol [1:10 (vol/vol)] after incubation at 100°C for 10 min.

In vivo assay for MLX degradation

Strain Q13 was cultivated in the minimal medium containing 0.2% (wt/vol) MLX for 
36–48 h to the mid-log phase. After centrifugation (4,000 g for 10 min at 4°C), the 
culture supernatant was collected, filtered with a 0.22 µm filter, and diluted 20-fold 
with ultrapure water. Then, XOs in the supernatant were analyzed with HPAEC-PAD. The 
culture supernatant was then hydrolyzed by xylosidases Xyl43B and Xyl3A separately. 
The reaction mixture containing 140 µL diluted supernatant and 10 µL enzyme solution 
(1 mg/mL each) was incubated at 40°C for 10 min and terminated by 150 µL NaOH 
(30 mM). After filtration with 0.22 µm filters, the samples were injected into HPAEC-PAD 
for XO analysis.
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High-performance anion-exchange chromatography equipped with a pulsed 
amperometric detector

HPAEC-PAD was carried out using an ICS-6000 machine equipped with a CarboPac 
PA200 column (Thermo, USA). Solvents and elution programs were described previously 
(27). Xylose, β1,4XOs (β1,4X2-X6), β1,3XOs (β1,3X2-X3), X3X4X, and X4X3X were used as 
standards to identify the peaks in chromatograms.

Bioinformatics

Signal peptides were predicted using SignalP 5.0 (52) and LipoP 1.0 (53). Domain analysis 
was performed in the NCBI Conserved Domain Database (54) and the Pfam database 
(55). For XUL comparison, sequence alignments were performed with BLAST+ (version 
2.7.1+, E-value 1e−5). The genes and their synteny were drawn with genoPlotR 0.8.9 (56). 
Xyn26A homologs were searched in the IMG/M database (https://img.jgi.doe.gov/m/) 
(35) against all available bacterial genomes using BLASTP with a stringency of 35% 
identity and a cut-off value of 1e−50 (35). Heatmaps were drawn with TBtools (https://
github.com/CJ-Chen/TBtools/releases) (57).
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