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A B S T R A C T

The hydrolysis of structural extracellular polymeric substances (St-EPS) is considered a major limiting step in the 
anaerobic fermentation of waste activated sludge (WAS). However, the degradation of heteropolysaccharides, 
characterized by complex monomers of uronic acids and neutral saccharides in St-EPS, has rarely been reported. 
In this study, microbial-produced xanthan-like heteropolysaccharides, characterized by a blue filamentary film, 
were identified. The xanthan-producing bacteria comprised ~7.2% of total genera present in WAS. An xanthan- 
degrading consortium (XDC) was enriched in an anaerobic batch reactor. This consortium could degrade Xanthan 
for over 90% and disrupt the gel structure of xanthan while promoting methane production from WAS by 29%. 
The xanthan degradation network consisting of extracellular enzymes and bacteria was elucidated by combining 
high-throughput sequencing, metagenomic, and metaproteomic analyses. Five enzymes were identified as 
responsible for hydrolyzing xanthan to monomers, including xanthan lyase, β-D-glucosidase, β-D-glucanase, α-D- 
mannosidase, and unsaturated glucuronyl hydrolase. Seven genera, including Paenibacillus (0.2%) and Clos-
tridium (3.1%), were identified as key bacteria excreting one to five of the aforementioned enzymes. This study 
thus provides insights into the complex conversions in anaerobic digestion of WAS and gives a foundation for 
future optimization of this process.

1. Introduction

Large quantities of waste activated sludge (WAS) are produced daily 
in wastewater treatment plants (WWTPs) (Hu et al., 2023). Anaerobic 
fermentation is an important biotechnology employed to recover CH4 or 
volatile fatty acids (VFAs) from WAS (Wang et al., 2024a; Wen et al., 
2025). The hydrolysis of complex components of the structural extra-
cellular polymeric substances (St-EPS) is considered to be a major 
limiting step for the anaerobic fermentation of WAS (Guo et al., 2020; Li 
et al., 2024; Toja Ortega et al., 2022). Thermal and chemical pretreat-
ment technologies have been proposed to enhance St-EPS hydrolysis, 
but these methods release recalcitrant unwanted organics and increase 
the treatment cost (Elalami et al., 2020; Sanawar et al., 2018; Wang 
et al., 2022). Enzymatic pretreatment (e.g. by α-amylase and protease) 

has been suggested as a pretreatment method with highly selective and 
moderate reasons (Teo and Wong, 2014; Toja Ortega et al., 2022; Zhang 
et al., 2023). However, in general, limited enzymatic hydrolysis is 
observed, likely due to the instability of free enzymes, but also due to the 
complex nature of the St-EPS (Lü et al., 2016; Teo and Wong, 2014). 
Enhancing the natural capacity of hydrolytic bacteria would be a more 
preferred and elegant option to enhance WAS digestion.

Several biomolecular and chemical methods were developed in 
recent decades to identify and characterize the key gelling components 
in St-EPS (Boleij et al., 2020; 2018). Hydrolyzed St-EPS was found to 
contain more than 10 monomers, including neutral sugars, uronic acids, 
and amino sugars (Felz et al., 2019; Hu et al., 2023), while these can be 
connected by different types of bondings. The study of degradation of 
polysaccharides is typically focused on homopolysaccharides with a 
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single glycosidic bond, such as dextran and chitin (Geng et al., 2021; Lu 
et al., 2023; Zhang et al., 2021). In such cases, a single enzyme is typi-
cally sufficient for the hydrolysis of the homopolysaccharides. While, 
the hydrolysis and subsequent acidogenesis process of hetero-
polysaccharides, comprising complex monomers of uronic acids and 
neutral saccharides via multiple glycosidic bonds, will necessitate the 
participation of multiple bacteria and a wide suite of hydrolytic exo-
enzymes. For example, xanthan is a natural microbial extracellular 
heteropolysaccharide produced by Xanthomonas campestris (Dueholm 
et al., 2023; Vorhölter et al., 2008). Dueholm et al. (2023) detected the 
gene clusters for xanthan production in WAS, but the potential pro-
ducers were not identified. The structure of xanthan represents 

repeating pentasaccharide units of glucose, mannose, and glucuronate 
in a ratio of 2:2:1, which form a β-glucan backbone of β− 1,4-glycosidic 
bonds and side chains of (α− 1,3)-mannose-(β− 1,4)-glucuronate-(β− 1, 
2)-mannose (Fig. S1). However, the role of xanthan-degradation in 
anaerobic fermentation of St-EPS and WAS has not yet been the subject 
of previous studies, to the best of our knowledge.

The degradation of xanthan was mainly reported under aerobic 
conditions. For example, Paenibacillus alginolyticus, was isolated as 
xanthan degrading organism from the soil, but just degraded ~28% of 
xanthan due to the poor degradation of the β-glucan backbone 
(Ruijssenaars et al., 1999). The degradation of xanthan necessitates the 
involvement of multiple excreted enzymes, such as xanthan lyase (EC 

Fig. 1. Identifying xanthan-like heteropolysaccharides in WAS. (A) xanthan and (B) St-EPS dyeing by Alcian blue, (C) xanthan contents in EPS samples, (D) storage 
and loss moduli by the strain sweep, (E) xanthan producers identified in WAS.
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4.2.2.12) and β-D-glucanase (EC 3.2.1.91), which are likely produced by 
different bacteria. An enrichment culture is therefore more suited to 
study the degradation of xanthan. A combination of multiple methods, 
including chemical analysis, high-throughput sequencing, and 

metagenomic analysis, may provide reliable insights into the complex 
network of degradation and metabolic processes occurring within the 
mixed culture (Boleij et al., 2018; de Bruin et al., 2022; Yu, 2020).

Thus, this study aimed to reveal the occurrence of xanthan-like 

Fig. 2. Enrichment of xanthan-degrading consortium in a mesophilic reactor. (A) methane production in a 150-day operation, (B) acetate and propionate con-
centrations, (C) growth curve, (D) substrate conversion, (E) gas production, and (F) storage and loss moduli.
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heteropolysaccharides in WAS and demonstrate the degradation 
network and metabolic conversions by the enriched xanthan-degrading 
consortium (XDC). It was anticipated that the enrichment culture of XDC 
would enhance WAS fermentation. The combined use of high- 
throughput sequencing, metagenomic, and metaproteomic analyses 
enabled the identification of both extracellular enzymes and key bac-
teria. Based on the aforementioned results, a degradation network was 
constructed and the metabolic relations were revealed. The findings will 
provide a good foundation for revealing the mechanism of hetero-
polysaccharides degradation and the enriched culture might serve as a 
new option to improve WAS fermentation.

2. Results and discussion

2.1. Occurrence of xanthan-like heteropolysaccharides in WAS

The content of St-EPS in this study was 37.9 ± 4.3 mg/gVSS, which 
was consistent with former data of 40–100 mg/gVSS (Lin et al., 2013; 
Wang et al., 2024b). Xanthan is a typical exopolysaccharide containing 
monomers of neutral sugars such as mannose and glucose, as well as the 
uronic acid glucuronate, all of which were identified in the St-EPS hy-
drolysates of WAS (Felz et al., 2019; Hu et al., 2023). Fig. 1A and B show 
the blue filamentary film of xanthan and St-EPS extracted from WAS by 
dyeing with alcian blue. The concentrations of xanthan-like hetero-
polysaccharides in EPS were determined to be approximately 20 mg/L in 
slime EPS (S-EPS), loosely bound EPS (LB-EPS), and tightly bound EPS 
(TB-EPS) samples, whereas in St-EPS, the concentration increased to 32 
mg/L (Fig. 1C). The profiles of storage and loss moduli from the strain 
sweep indicated the gel-like properties of xanthan (Fig. 1D), and 
increasing the xanthan concentration from 2 to 5 g/L further enhanced 
the storage modulus, apparent viscosity, and compliance (Fig. S1).

The exopolysaccharide presence in WWTPs depends on the involved 
microorganisms (Weissbrodt et al., 2013). The genera Bacteriodes 
(12.61%), norank_f_PHOS-HE36 (4.45%), and norank_f_Saprospiraceae 
(4.25%) were identified as the dominant bacteria in WAS (Fig. S2 and 
Table S2). Xanthomonas, Stenotrophomonas, Xylella, and Pseudox-
anthomonas are closely related genera to produce xanthan in the family 
Lysobacteraceae (Timilsina et al., 2020). Interestingly, Pseudox-
anthomonas (0.014%) was also identified in this work. Fig. 1E shows 
three typical precursors to produce xanthan, including UDP-glucose, 
UDP-glucuronic acid, and UDP-mannose, which are produced via the 
key enzymes UDP-glucose pyrophosphorylase (EC 2.7.7.9), UDP-glucose 
6-dehydrogenase (EC 1.1.1.22), and GDP-mannose pyrophosphorylase 
(EC 2.7.7.13), respectively. All enzymes in Fig. 1E are encoded in WAS 
(Figs. S3 and S4). Fig. 1E summarizes that approximately 7.4% of bac-
teria, including Nitrospira (2.8%), Kouleothrix (2.1%), and Zoogloea 
(0.93%), were identified as xanthan-like heteropolysaccharides pro-
ducers (Tables S3 and S4). Thus, Fig. 1 collectively demonstrated the 
occurrence of xanthan-like heteropolysaccharides in WAS.

2.2. Enrichment of a xanthan-degrading consortium and the growth curve

Fig. 2A shows that methane was the primary gaseous metabolite of 
xanthan over more than 150 days of operation, and no hydrogen was 
detected. 1/3 of the medium was replaced at the end of stage I (Day 48) 
and stage II (Day 96) to enhance the activity of enriched XDC. Indeed, 
the final yields increased from 2643 mL in stage I to 3480 mL in stage III. 
Fig. 2B shows that in stage III no VFAs were detected at the end of each 
cycle. The final concentration of biomass on Day 150 was 2.2 g/L 
(Fig. S5). The COD recovery in Stage III as methane was 78.7 ± 2.3% (n 
= 4) of xanthan added. When considering an anaerobic biomass COD 
yield on xanthan of 8–18% (Zhang et al., 2019), the COD balance closed 
reasonably well in this study.

Fig. 2C and D reveal the activity of enriched anaerobic XDC, the 
OD600 increased from 0.92 ± 0.06 to 2.5 ± 0.2 within 48 h and the 
uronic acids and polysaccharides decreased in 48 h to below 0.3 g/L. 

Methane and hydrogen were detected in the headspace, but hydrogen 
was converted to methane eventually (Fig. 2E). Acetate (1.3 ± 0.01 g/L) 
and propionate (0.2 ± 0.003 g/L) were the main metabolites (Fig. S5). 
pH values did not decrease much (data not shown). The lower values of 
storage and loss moduli (Fig. 2F), apparent viscosity, and compliance 
(Fig. S5) indicated the damage to the xanthan gel structure after 
anaerobic degradation. These results all supported a good activity of 
enriched XDC.

2.3. Enhanced production of methane from WAS by the enriched XDC

Fig. 3A shows that the methane production reached 57.4 ± 1.2 mL 
on Day 30 in the WAS group, with no hydrogen detected. Methane 
production increased significantly by 29.3% to 74.2 ± 3.6 mL after the 
addition of XDC to WAS. The main intermediates (~0.2 g/L) were ac-
etate and propionate in WAS fermentation, with minor quantities 
(<0.09 g/L) of i-butyrate and n-butyrate also detected. These were 
completely consumed by Day 21 (Fig. 3B). After dosing with XDC in 
WAS (Fig. S6), propionate was detected as the only intermediate on Day 
3 (0.06 g/L). Fig. 3C shows that St-EPS could be utilized by the enriched 
XDC and the final methane production was 12.6 mL. While, VFAs were 
undetected during the 30-d operation (Fig. S6), which was attributed to 
the elevated metabolic activity of XDC.

Glucuronate, mannose, and β-glucan are typical components of 
xanthan and St-EPS, therefore, the degradation of these organics by 
enriched XDC was further investigated. For glucuronate, the accumu-
lated methane reached 30.7 ± 0.03 mL on Day 12 and did not increase 
much in the following days (Fig. 3D), and no H2 was detected. Accu-
mulated VFAs were consumed after Day 9 (Fig. S6). The methane pro-
duction from mannose was 36.0 ± 2.9 mL, after Day 6, acetate and 
propionate were all undetected (Fig. S6). Interestingly, the β-glucan 
backbone, hindering the degradation of xanthan by Paenibacillus algi-
nolyticus XL-1 (Ruijssenaars et al., 1999), could be rapidly consumed by 
the enriched XDC. The methane production was 31.8 ± 0.6 mL on Day 
15 and did not increase much in the following days (Fig. 3D). The 
concentration of accumulated propionate was just 0.15 g/L on Day 3 
(Fig. S6). Thus, besides xanthan-like heteropolysaccharides and St-EPS, 
the enriched XDC could rapidly degrade the organics in WAS and pro-
mote methane production, demonstrating the advantage of mixed cul-
ture fermentation over pure culture fermentation.

2.4. Identification of extracellular enzymes in XDC for the xanthan 
hydrolysis

Five distinct enzymes involved in the depolymerization of xanthan 
were identified in the aerobically grown Bacillus sp. strain GL1, including 
xanthan lyase (EC 4.2.2.12), β-D-glucanase (EC 3.2.1.91), β-D-glucosi-
dase (EC 3.2.1.21), unsaturated glucuronyl hydrolase (EC 3.2.1.180), 
α-D-mannosidase (EC 3.2.1.24) (Berezina et al., 2024; Nankai et al., 
1999). Fig. 4A shows that for the xanthan lyase in enriched XDC, the 
absorbance at UV235 nm increased 1.1 ± 0.05 after 4 h, which was 
significantly higher than that of WAS (< 0.02). The activity value was 
10.6 ± 0.08 mU/mL, which was comparable to that of Bacillus sp. strain 
GL1 (1.7 - 15.6 mU/mL) (Ruijssenaars et al., 1999). Fig. 4B shows that 
the activity of β-D-glucanase and α-D-mannosidase in XDC was 64.1 ±
3.1 U and 4.3 ± 0.05 mU, respectively, which were all higher than those 
observed for WAS (5.3 ± 0.8 U and 1.5 ± 0.06 mU).

Fig. 4C illustrates the detection of multiple protein bands ranging 
from 10 to 130 kDa via SDS-PAGE. In this study, five above enzymes 
(Figs. 4D and S7, and Table S5) were all identified with high similarities 
(from 33.6% to 96.3%) and low e-values (from 0 to 1e-55), including 
XDC_k97_244,882_3_1 for xanthan lyase, XDC_k97_113,972_1_1 for β-D- 
glucanase, XDC_k97_15,684_2_1 for β-D-glucosidase, 
XDC_k97_46,018_10_1 for unsaturated glucuronyl hydrolase, and 
XDC_k97_87,739_40_1 for α-D-mannosidase, respectively. Except for 
xanthan lyase (not available in the SWISS-MODEL database), the 3D- 
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structures of the other four enzymes were finally constructed (Fig. 4E), 
respectively. These data all supported the enhanced hydrolytic capacity 
of XDC, which facilitated the hydrolysis of xanthan into monomers of 
glucose, mannose, and unsaturated glucuronate.

2.5. Diversity and metabolic pathway of xanthan in the enriched XDC

The microbial diversity analysis (Figs. 5A, S8, and Table S6) indi-
cated that the bacterial composition in the enriched XDC was > 90% at 
the domain level (Fig. S8). The top 30 enriched genera are summarized 
in Fig. 5A, with the main genera being Thermovirga, DMER64, and Pro-
teiniphilum. The relative abundance of Thermovirga remained relatively 
stable, ranging from 20.6% to 23.6%. In contrast, the relative abundance 
of DMER64 increased from 7.2% in XDC20 to 27.9% in XDC150, while 
Proteiniphilum increased from 10.7% in XDC20 to 17.0% in XDC150. The 
genus Thermovirga is an isolated amino-acid-degrading bacterium that 
primarily utilizes proteinous substrates (Dahle and Birkeland, 2006). 
Proteiniphilum saccharofermentans, isolated from a mesophilic 
laboratory-scale biogas reactor (Tomazetto et al., 2018). However, the 
function of xanthan degradation by these genera was hitherto unknown. 
Interestingly, a xanthan-degrading genus of Paenibacillus was also 
identified, but the percentage was just 0.2% in XDC150. The 
xanthan-producing bacteria in WAS were all undetected in XDC150.

The metabolic pathway of xanthan degradation was further investi-
gated by combining metagenomic and metaproteomic analyses. Extra-
cellular enzymes of xanthan lyase, β-D-glucanase, β-D-glucosidase, 
unsaturated glucuronyl hydrolase, α-D-mannosidase were all encoded in 
the XDC metagenome (Fig. 5B). Over 40 genera in the enriched XDC 

were identified in Tables S7–S11. Seven key bacteria with a percentage 
above 0.01% are summarized in Fig. 5B, including Paenibacillus (0.2%), 
Clostridium (3.1%), Proteiniphilum (17.0%), Petrimonas (0.6%), Mesotoga 
(4.9%), Ornatilinea (0.02%), Leptolinea (0.03%). Of which, Paenibacillus 
(0.2%) was identified as capable of producing all five enzymes. The 
remaining six genera just excreted one to four of the aforementioned 
enzymes, for example, Clostridium exhibited the potential for two en-
zymes, namely xanthan lyase and β-D-glucosidase. Paenibacillus algino-
lyticus XL-1 can degrade ~28% of xanthan (Ruijssenaars et al., 1999). 
The percentages of these seven genera in WAS were all below 0.01% 
(Fig. 1), indicating a higher XDC activity on the enhanced degradation of 
xanthan-like heteropolysaccharides in WAS (Fig. 3).

Finally, the produced three monomers of xanthan, including unsat-
urated glucuronate, mannose, and glucose, were then converted to py-
ruvate via the typical enzymes in the modified Entner-Doudoroff and 
Embden-Meyerhof-Parnas pathways (Figs. 5C and S9–14). Acetate, 
propionate, butyrate, and methane were the final products of pyruvate 
by the anaerobes in the enriched XDC. Fig. 5D further shows that the 
relative abundances of identified specific enzymes in XDC were higher 
than that of WAS, supporting the high activity of XDC on xanthan hy-
drolysis (Fig. 4), EPS degrading, and metabolites production (Fig. 3). 
Lastly, two archaeal genera Methanobacterium (8.9%) and Methanosaeta 
(1.8%) were also enriched in XDC150 these can convert hydrogen and 
acetate to methane, which was consistent with CH4 production from 
xanthan in Figs. 2 and 3.

Fig. 3. Methane production from WAS by the enriched XDC. (A) Methane and (B) VFAs production from WAS, (C) methane production from St-EPS, and (D) methane 
production from typical organics.
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2.6. Role of degradation network on xanthan fermentation and 
environmental implication

The hydrolyzed St-EPS was found to contain over 10 monomers, 
including neutral sugars, uronic acids, and amino sugars (Felz et al., 
2019; Hu et al., 2023). This study elucidated, for the first time, that the 
degradation network of xanthan was composed of five hydrolases and 
seven key genera within the enriched XDC (Fig. 5). Notably, the genus 
Paenibacillus (0.2%) was identified as capable of excreting all five en-
zymes necessary for xanthan hydrolysis, suggesting that this genus can 
utilize xanthan independently. However, the intact xanthan backbone 
was found to limit its degradation by Paenibacillus alginolyticus XL-1 

(Ruijssenaars et al., 1999). Furthermore, the genus Clostridium was also 
capable of excreting xanthan lyase (EC 4.2.2.12), with a relative abun-
dance of 3.1%, which was higher than that of Paenibacillus (0.2%). 
Berezina et al. (2024) also reported that the Clostridium genus entailed 
the enzymatic depolymerization of xanthan via the highly specialized 
xanthan lyase. Other genera of Clostridium, Petrimonas (0.6%), Mesotoga 
(4.9%), Ornatilinea (0.02%), Leptolinea (0.03%) can excrete enzymes of 
β-D-glucanase (EC 3.2.1.91) and β-D-glucosidase (EC 3.2.1.21) to break 
the backbone of β-glucan structure. A high percentage of Proteiniphilum 
(17.0%) in XDC was capable of excreting enzymes EC 3.2.1.180 and EC 
3.2.1.24, which convert the released oligosaccharides into xanthan 
monomers. In short, the degradation network formed by the mixed 

Fig. 4. Identification of extracellular enzymes for xanthan hydrolysis by metaproteomics analysis and SWISS-MODEL. Activities (A) xanthan lyase and (B) β-D- 
glucanase and α-D-mannosidase, (C) SDS-PAGE bands, (D) MS2 spectrum of identified peptide in XDC_k97_244,882_3_1, (E) 3D-strucuture of four enzymes.
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culture exhibits a distinct advantage in terms of xanthan degradation 
over pure culture, which is in accordance with the experimental data on 
substrate utilization (almost 100%) and metabolite production, as 
illustrated in Figs. 2–4.

Recently, Geng et al. (2021) enriched a Bacteroides-dominated 
anaerobic consortium to promote methane production from WAS via the 
excretion of alginate lyase (EC 4.2.2.3). Lapébie et al. (2019) reported 
that Bacteroidetes use thousands of enzyme combinations to break down 
polysaccharides. Thus, it can be postulated that, besides alginate lyase 
(EC 4.2.2.3), other enzymes in Bacteroidetes and enriched bacteria may 
also be involved in the degradation network of organics to produce 
methane. It is also important to note that the percentage of 
xanthan-degrading bacteria observed in this study was relatively low. 

Zhuang et al. (2022) reported that the DMER64 genus could convert 
cellulose to acetate via excreting β-glucosidase (EC 3.2.2.21), however, 
we did not identify the same function in this work. The continuously 
stirred tank reactor is known as a valid tool to remove low-activity 
bacteria and enrich high-activity bacteria (Dai et al., 2020), which 
will be carried out in the future to reveal the xanthan metabolism of 
enriched XDC. In general, this work offers a useful framework for 
examining the degradation mechanism of unacquainted hetero-
polysaccharides in WAS.

Besides the organic compounds, the presence of multivalent metal 
ions (e.g., Ca2+ and Mg2+) may play structural skeletal functions 
(Dueholm et al., 2023; Lin et al., 2017), thus restricting the degradation 
of xanthan and EPS in WAS. After removing divalent cations in WAS, 

Fig. 5. Diversity and xanthan metabolism in the enriched XDC. (A) bacterial diversity at the genus level, (B) extracellular enzymatic pathway, (C) metabolic pathway 
of xanthan hydrolysates, (D) relative abundance of key genes.
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XDC would enhance a higher methane production, which will be 
investigated in the future. Meanwhile, since xanthan is widely used as a 
gelling and stabilizing agent in the food and oil industries (Wang et al., 
2017), the xanthan-like heteropolysaccharides may also be excreted 
from WAS and used as valuable materials. However, the excreting and 
purifying method should be developed since kinds of gelling organics 
are excreted from WAS by the heat-Na2CO3 method.

3. Conclusions

This study demonstrated the occurrence of xanthan-like hetero-
polysaccharides in WAS, revealing that xanthan-producing bacteria 
comprise approximately 7.2% of the total genera in WAS. The enriched 
XDC exhibited an unexpectedly high degree of degradation (>90%), 
which could promote CH4 production by 29% via the disruption of the 
WAS gel structure. The multi-omics analysis revealed a degradation 
network involving five extracellular enzymes and seven genera. The 
identification of five extracellular enzymes (i.e. xanthan lyase, β-D-glu-
canase, β-D-glucosidase, unsaturated glucuronyl hydrolase, and α-D- 
mannosidase) capable of hydrolyzing xanthan to monomers was a key 
finding of the study. The presence of seven genera, including Paeniba-
cillus (0.2%) and Clostridium (3.1%), was identified in the enriched XDC, 
thereby facilitating the degradation of xanthan. These advancements 
have led to a more profound comprehension of the pivotal role played by 
heteropolysaccharides in WAS fermentation.

4. Materials and methods

4.1. Inocula and enrichment of a xanthan-degrading consortium

The inoculum was a mixture of collected WAS (Jinshan wastewater 
treatment plant, Fuzhou, China) and mesophilic anaerobic sludge (Wang 
et al., 2022). Table S1 shows the parameters of WAS, such as pH and 
SCOD. A mesophilic (35 ◦C) batch reactor was constructed with a 
working volume of 2.2 L and VSS of 4 g/L. 5 g/L of xanthan was added 
every 12 days to enrich the XDC. 1/3 of the inorganic medium (Zhang 
et al., 2019) was replaced at the end of stage I (Day 48) and stage II (Day 
96) to enhance the activity of enriched XDC. The pH was maintained at 
7.0 ± 0.2 by adding 1 M NaOH or HCl as needed.

4.2. Activities of enriched XDC and excreted extracellular enzymes

To evaluate the activity of enriched XDC, the growth curve was 
determined in a thermostatic shaker at 35 ◦C. The biomass (5 mL) 
xanthan (5 g/L), and inorganic medium (55 mL) were added to 120 mL 
serum bottles (n = 3). The OD600 values, uronic acids, polysaccharides, 
produced CH4, H2, and VFAs were all determined. The extracellular 
enzymes were collected from the XDC supernatant. Inorganic medium 
(30 mL), xanthan (2 g/L), and enzymes (30 mL) were added into 120 mL 
serum bottles (n = 3) and incubated under pH 7.0 and 35 ◦C. The activity 
of xanthan lyase (EC 4.2.2.12) was determined based on the change in 
absorbance at UV235nm. The supernatant of WAS was also collected and 
named as the WAS group. Moreover, the extracellular enzymatic activ-
ities of β-D-glucanase (EC 3.2.1.91) and α-D-mannosidase (EC 3.2.1.24) 
in WAS and XDC groups were also determined using two available kits of 
glucanase and mannosidase, respectively.

4.3. WAS fermentation by dosing with XDC

The collected WAS was subsequently used to evaluate methane 
production by dosing with XDC. The enriched XDC (120 mL) was 
centrifuged to remove broth. In the WAS+XDC group, 50 mL of WAS, 10 
mL of inorganic medium, and 10 mL of collected XDC (at a ratio of 0.2 g 
VSS/g VSS to WAS) were added into 120 mL serum bottles (n = 3). In the 
control group (n = 3), no WAS was added. While no XDC was added in 
the WAS group (n = 3). The three groups were incubated under 35 ◦C 

and pH 7.0 in the same shaker.

4.4. Degradation of St-EPS and typical carbohydrates by enriched XDC

St-EPS was extracted from the collected WAS (150 mL) by the heat- 
Na2CO3 method (Felz et al., 2016) was diluted with inorganic medium to 
150 mL. The enriched XDC (60 mL) was collected to remove broth. In the 
St-EPS group, 50 mL St-EPS, 10 mL inorganic medium, and collected 
XDC (20 mL) were added into serum bottles (n = 3). No St-EPS was 
added in the control group (n = 3). These groups were incubated under 
35 ◦C and pH 7.0 in a shaker at 120 rpm. As typical components of 
xanthan, glucuronate, mannose, and β-glucan are also the components 
in St-EPS (Hu et al., 2023). Thus, the degradation of these organics (2 
g/L, n = 3) by enriched XDC (10 mL) in 120 serum bottles under 35 ◦C 
and pH 7.0 was further investigated in the same shaker. The control 
group (n = 3) was also constructed without dosing substrates.

4.5. Analysis

St-EPS was extracted from WAS by the heat-Na2CO3 method (Felz 
et al., 2016), and S-, LB-, and TB-EPS were also extracted from WAS by 
the heat method (Li and Yang, 2007). The contents of xanthan-like 
heteropolysaccharides in St-EPS, S-, LB-, and TB-EPS were determined 
using Alcian blue as a probe under UV787 nm (Passow and Alldredge, 
1995). The morphology of xanthan and xanthan-like hetero-
polysaccharides in WAS was analyzed via an optical microscope (BX43, 
Olympus, China). The activity of xanthan lyase was determined at UV235 

nm by a UV− visible spectrophotometer (A560, AOE Instruments, China). 
The enzymatic activities of β-D-glucanase and α-D-mannosidase were 
determined using two commercially available kits for glucanase and 
mannosidase (Solarbio, Beijing, China). The concentration of uronic 
acid was determined by the carbazole-sulfuric acid method. The con-
centrations of ethanol and VFAs were quantified by a 7890 gas chro-
matography (Agilent, United States). The contents of CH4 and H2 were 
determined with a SP7890 gas chromatograph (Lunan, China). The 
rheological properties were evaluated using a rheometer (MCR 301, 
Anton Paar Physica, Austria).

4.6. Hydrolases, microbial diversity, and metabolic pathway

Five DNA samples were extracted from the WAS and XDC reactor on 
Days 20, 48, 96, and 150, respectively, and labelled as WAS, XDC20, 
XDC48, XDC96, and XDC150, respectively. Sequencing using primers of 
341F-806R (Zhang et al., 2019) was subsequently conducted on the 
Illumina MiSeq PE 300 sequencer. The raw reads were analyzed in the 
Majorbio platform (Ren et al., 2022). The extracellular enzyme of XDC 
was visualized via SDS-PAGE analysis. Then, protein components for 
metaproteomic analysis were analyzed by LC-MS/MS (Thermo Fisher, 
Germany) and processed in NCBI and UniProt databases. The structures 
of identified enzymes were then built using the SWISS-MODEL. WAS and 
the enriched XDC150 were ultimately sequenced by metagenomic 
analysis in the Novaseq 6000 platform (Majorbio, China). By combining 
the CAZY database and KEGG annotation, the pathway and the encoded 
enzymes were finally identified (Han et al., 2024).
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