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A B S T R A C T   

Glycans are crucial for the structure and function of anaerobic granular sludge in wastewater treatment. Yet, 
there is limited knowledge regarding the microorganisms and biosynthesis pathways responsible for glycan 
production. In this study, we analysed samples from anaerobic granular sludges treating papermill and brewery 
wastewater, examining glycans composition and using metagenome-assembled genomes (MAGs) to explore 
potential biochemical pathways associated with their production. Uronic acids were the predominant constitu-
ents of the glycans in extracellular polymeric substances (EPS) produced by the anaerobic granular sludges, 
comprising up to 60 % of the total polysaccharide content. MAGs affiliated with Anaerolineacae, Meth-
anobacteriaceae and Methanosaetaceae represented the majority of the microbial community (30–50 % of total 
reads per MAG). Based on the analysis of MAGs, it appears that Anaerolinea sp. and members of the Meth-
anobacteria class are involved in the production of exopolysaccharides within the analysed granular sludges. 
These findings shed light on the functional roles of microorganisms in glycan production in industrial anaerobic 
wastewater treatment systems.   

1. Introduction 

Anaerobic wastewater treatment is a widely applied technology to 
convert industrial wastewater into methane-rich biogas, a renewable 
energy carrier (van Lier et al., 2015a). This technology relies on the 
activity of microbial communities, often self-assembled into aggregates 
(granules) of 1–5 mm diameter. Sludge granulation is crucial for 
compact high-rate reactor technology, as the high density of granules 
permits the uncoupling of solid and hydraulic retention times (Hulshoff 
Pol et al., 2004; van Lier et al., 2015b). 

The phenomenon of sludge granulation is linked to the production of 
extracellular polymeric substances (EPS) by microorganisms (Schmidt 
and Ahring, 2000). These EPS form a matrix that embeds the microor-
ganisms in a gel-like structure, providing protection against external 
stressors. Previous studies on surface-associated biofilm-forming mi-
croorganisms revealed the diverse composition of EPS, including pro-
teins, polysaccharides and lipids, and their combinations, like 

glycoproteins and lipopolysaccharides (Neu and Kuhlicke, 2017; Sev-
iour et al., 2019). The ability of the extracellular matrix to form 
hydrogels is attributed mainly to the presence of functional groups in 
EPS that carry negative charges (Decho and Gutierrez, 2017), e.g. sialic 
acids, sulfated polymers and charged sugar monomers (Boleij et al., 
2020; de Bruin et al., 2022; Felz et al., 2020). Yet, due to the complexity 
of glycans present in EPS, the composition of EPS individual glycans in 
the glycome (polysaccharides and glycoconjugates) remains relatively 
unexplored (Seviour et al., 2019). This is particularly the case in the 
context of mixed communities like anaerobic granular sludge. There, 
specific sugar monomers within glycans, such as rhamnose, mannose, 
glucose and galactosamine, are believed to be significant (Veiga et al., 
1997). Furthermore, research also indicates that the glycoconjugate 
composition in anaerobic granular sludge is highly dynamic and diverse, 
allowing microorganisms to adapt swiftly to their environment. For 
example, anaerobic granules adapted to saline wastewater (20 g/L Na+) 
showed an elevated content of N-acetyl-galactosamine and galactose 

* Correspondent author. 
E-mail address: anna.doloman@wur.nl (A. Doloman).   

# These authors contributed equally to this work. 

Contents lists available at ScienceDirect 

Water Research 

journal homepage: www.elsevier.com/locate/watres 

https://doi.org/10.1016/j.watres.2024.121240 
Received 18 October 2023; Received in revised form 12 January 2024; Accepted 29 January 2024   

mailto:anna.doloman@wur.nl
www.sciencedirect.com/science/journal/00431354
https://www.elsevier.com/locate/watres
https://doi.org/10.1016/j.watres.2024.121240
https://doi.org/10.1016/j.watres.2024.121240
https://doi.org/10.1016/j.watres.2024.121240
http://crossmark.crossref.org/dialog/?doi=10.1016/j.watres.2024.121240&domain=pdf
http://creativecommons.org/licenses/by/4.0/


Water Research 252 (2024) 121240

2

glycoconjugates compared to granules grown in low-salinity (5 g/L Na+) 
wastewater (Gagliano et al., 2018). 

Related to the lack of knowledge on the glycome composition of 
anaerobic biofilms, the EPS synthesis pathways also remain poorly 
characterized in anaerobes. On the contrary, in aerobes several path-
ways have been described for EPS synthesis, including the wzy/wzx- 
dependent, the synthase-dependent, and the ABC transporter- 
dependent pathways (Limoli et al., 2015; Sun and Zhang, 2021; Whit-
field et al., 2020). Genes required for EPS production encode functions 
related to regulation, synthesis of sugar monomers, chain-length deter-
mination, repeat-unit assembly, polymerization and export (Schmid 
et al., 2015). However, these genes are not always grouped in operons, 
and some may overlap with central metabolism, making glyco-
conjugates and exopolysaccharide-associated biosynthetic gene clusters 
challenging to detect (Jennings et al., 2015). A recent large-scale met-
agenomic study of aerobic sludge found that 11% of the metagenome 
assembled genomes (MAGs) contained known operons with all neces-
sary genes to produce extracellular polysaccharides (Dueholm et al., 
2023). This indicates that either EPS biosynthesis potential is restricted 
to a small subset of the microbial community, or that new EPS biosyn-
thetic clusters remain to be discovered. 

This study aimed to provide a way to qualitatively link the EPS 
glycome of anaerobic granular sludge with the microbial glycan- 
biosynthetic potential. By linking the chemical and metagenomic data 
it would be possible to guide the search of novel EPS biosynthetic 
clusters. Samples of anaerobic granular sludge were collected from in-
dustrial bioreactors with two distinct configurations (IC and UASB) and 
treating wastewater of varying composition (papermill or brewery 
wastewater). Through a combination of chemical analyses of the sludge 
EPS glycome and metagenomic sequencing, it was possible to study the 
glycan and microbial composition of the anaerobic granular sludges. 
Additionally, by analyzing MAGs encoding biosynthesis genes for the 
glycan-associated sugar monomers, it was possible to pinpoint potential 
microorganisms contributing to the production of the anaerobic sludge 
EPS glycome. 

2. Materials and methods 

2.1. Source of anaerobic granular sludge 

Sludge samples were obtained from three full-scale anaerobic di-
gesters, each with specific configuration and wastewater source 
(Table 1). Two internal circulation (IC) reactors received wastewater 
from papermill industry, while the upflow anaerobic sludge blanket 
(UASB) reactor was supplied with brewery wastewater. Industrial paper 
recycle/kraft wastewater can be highly contaminated with lignin, 
lignin-derivatives, and toxic compounds that are difficult to digest 
(Kumar et al., 2022). Brewery wastewater is characterized by a high 
organic content derived from sugars, soluble starch, and ethanol (Simate 

et al., 2011). 

2.2. Extraction of extracellular polymeric substances 

Solubilization of EPS from the extracellular matrix involved applying 
an alkaline extraction protocol to lyophilized granules, following the 
method described by Pinel et al. (Pinel et al., 2020). In brief, lyophilized 
samples were added to 0.1 M NaOH solution, in a 10 mg/mL concen-
tration, and stirred vigorously for 30 min at 80 ◦C. The mixture was 
cooled to 4 ◦C and centrifuged at 3300 x g for 30 min. The supernatant 
was collected and dialyzed with a 3.5 kDa cut-off dialysis bag against 
demi-water overnight at room temperature and, subsequently, 
lyophilized. 

2.3. General EPS characterization 

Colorimetric carbohydrate and protein quantification in the granular 
EPS was performed as described by Dubois et al. (Dubois et al., 1951). In 
brief, lyophilized extracts obtained as described above were resolubi-
lized in 0.01 M NaOH to a final concentration of 0.5 mg/mL. The protein 
content was measured in triplicate using the Pierce™ BCA protein assay 
kit (Thermo Scientific, Rockford, IL) according to the manufacturer’s 
instruction. Bovine serum albumin was used as a standard. Carbohy-
drate content was measured in triplicate with phenol-sulfuric acid 
method (Dubois et al., 1951), using glucose as a standard. 

Fourier-transform infrared spectroscopy (FT-IR) was used to measure 
the absorbance of functional groups in the lyophilized EPS extracts in 
triplicate with a Spectrum 100 spectrometer (PerkinElmer, Shelton, CT). 
The absorbance of the EPS extracts was recorded with FT-IR in attenu-
ated total reflectance mode over a wavenumber range of 600 - 4000 
cm− 1 with 16 accumulations and a 4 cm− 1 resolution. MATLAB was used 
for spectral data processing and consisted of baseline correction and 
feature scaling. 

2.4. Hydrolysis and sugar monomer quantification 

Composition of sugar monomers in the EPS was determined with 
high-performance anion exchange with pulsed amperometric detection 
(HPAE-PAD). Sugar monomers were released from polysaccharides 
through hydrolysis following the procedure described by Felz et al. (Felz 
et al., 2019). In brief, samples were hydrolyzed using 1 M hydrochloric 
acid at a concentration of 10 gs of sample per liter of hydrochloric acid. 
Hydrolysis was performed at 105 ◦C for 8 h in a heating block. Samples 
were centrifuged at 13,300 x g for 5 min and were neutralized with equal 
volume of 1 M sodium hydroxide. The samples were diluted 1:5 with 
ultrapure water and filtered through a 0.22 µm PVDF filter. Quantifi-
cation of the sugar monomers was performed by calibration of sugar 
monomers in a range of 0.025 g/L to 0.2 g/L. The sugar monomer 
standards used were: galacturonic acid, glucuronic acid, rhamnose, 
glucose, glucosamine, mannose, galactose and fucose. The detection of 
sugar monomers in the standards and hydrolyzed EPS samples in trip-
licates was performed with a Dionex ICS-5000+, equipped with a Car-
boPac PA20 column and an Aminotrap pre-column as mentioned in Felz 
et al. (Felz et al., 2019). 

2.5. Glycosyl composition analysis by TMS method 

Lyophilized EPS samples were sent to the Complex Carbohydrate 
Research Center for an additional measurement of the sugar monomer 
composition in EPS (Athens, GA, USA). The method is optimized for 
measuring sugar monomers in lipo-polysaccharides. The analysis was 
performed by combined gas chromatography-mass spectrometry 
(GC–MS) of the O-trimethylsilyl (TMS) methyl glycoside derivatives 
produced from the sample by acidic methanolysis. These procedures 
were carried out as previously described (Santander et al., 2013). In 
brief, 300 mg of lyophillized EPS samples, and 20 mg of inositiol as 

Table 1 
Anaerobic granular sludge characteristics.  

Sample Papermill A Papermill B Brewery 

Reactor type IC IC UASB 
Wastewater source Paper recycle & 

kraft 
Paper recycle & 
kraft 

Brewery 

Temperature ( ◦C) 36 35 29 
Influent COD (mg/L) 1200 1200 3900 
Effluent VFA (mEq/L) 124.0 112.2 47.2 
Pre-acidification (% of 

COD) 
19 % 19 % n.a. 

Granule morphology Round, slightly 
fluffy 

Round, smooth Round, 
grainy 

Color beige beige black 

COD – chemical oxygen demand; VFA – volatile fatty-acids; pre-acidification – 
refers to the percentage of COD removed by an acidification treatment ahead of 
AD. 
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internal standard, were added to separate tubes. Samples were hydro-
lyzed in 1 M HCl in methanol at 80 ◦C for 16 h. This was followed by 
re-N-acetylation of amino-sugars with pyridine and acetic anhydride in 
methanol. Subsequently, samples were per-o-trimethylsilyated with 
Tri-Sil reagent at 80 ◦C for 30 min. GC–MS analysis of the TMS methyl 
glycosides was performed on an AT 7890A GC interfaced to a 5975B 
MSD, using an EC-1 fused silica capillary column (30 m × 0.25 mm ID). 

2.6. DNA extraction and sequencing 

Total genomic DNA was extracted from refrigerated sludge samples 
(+4 ◦C) using DNeasy PowerSoil Pro-kit (Qiagen, Germany), following 
the manufacturer’s protocol. Library preparation and sequencing with 
Illumina NovaSeq 6000 PE150 was done at Novogene (Cambridge, UK), 
yielding on average 20Gb of raw data per sample. Raw reads were 
deposited to the European Nucleotide Archive (ENA) under the study 
accession number ERP148022. Paired-end reads were trimmed for the 
adapter and quality sequences and assembled with MEGAHIT v1.2.9 (Li 
et al., 2015). Trimmed reads were mapped to the assembled contigs with 
bowtie2 in BBMap suite v38.84 (Bushnell, 2015) and used for differ-
ential coverage binning with MetaBAT2 (Kang et al., 2015). The quality 
of the resulting metagenome assembled genomes (MAGs) were checked 
with CheckM (Parks et al., 2015) using the lineage-specific workflow. 
Taxonomic affiliation of the MAGs was done using GTDB-Tk 1.7.0 
(Chaumeil et al., 2020). 

2.7. Annotation of the assembled metagenomes 

Annotation of MAGs was done with Prokka 1.14.6 (Seemann, 2014) 
with the kingdom-specific annotation mode (Bacteria or Archaea), based 
on the phylogenetic affiliation provided by GTDB-Tk. For the analysis of 
the biosynthetic potential, only the MAGs passing these quality criteria 
were used: presence of SSU rRNA (small subunit ribosomal ribonucleic 
acid gene(s)) with length of more than 1000 bp), presence of essential 
marker genes (Parks et al., 2015), bin completeness of more than 70 % 
with contamination of less or equal to 5 %. MAGs passing these criteria 
were called “qualified MAGs” for the correspondent samples. The rela-
tive abundance of each MAG was estimated by calculating the propor-
tion of mapped reads to each MAG relative to total amount of reads. 

Additional re-annotation of the metagenomes was done through the 
MG-RAST (Meyer et al., 2008) to place genes to the distinct metabolic 
sub-systems. Amino acid sequences from the translated sequenced genes 
were classified as belonging to the specific subsystems with the E-value 
threshold of 1e-5 and sequence identity of more than 60 %. 
Quality-filtered reference MAGs were additionally re-annotated in RAST 
(Overbeek et al., 2014). Automatic annotations were manually curated 
with the assistance of KEGG (Kyoto Encyclopedia of Genes and Ge-
nomes, Release 103.0, July 1, 2022 (Kanehisa et al., 2014)). 

To identify carbohydrate-active enzymes that might be involved in 
the biosynthesis of EPS, translated protein sequences of the qualified 
MAGs were mapped to the CAZy database (Drula et al., 2022) with 
dbCAN-fam-HMMs.txt (dbCAN release 4.0) with criteria of E-value of 
less than 1e-5 and sequence coverage of more than 0.35 (Xia et al., 2013; 
Yin et al., 2012). For each sample unique CAZy instances belonging to 
one of the groups (glycoside hydrolases, glycosyl transferase, poly-
saccharide lyases, carbohydrate esterases, carbohydrate-binding mod-
ules) were calculated and averaged for all reference MAGs from that 
sample. Genes and proteins for the biosynthesis of the specific sugar 
nucleotides were selected by querying the MetaCyc database (Caspi 
et al., 2020) with the search terms like “rhamnose biosynthesis”, 
“UDP-sugar biosynthesis”, “alginate biosynthesis” and selecting the 
relevant Bacterial or Archaeal pathways. Amino acid sequences of the 
selected genes (Supplementary Spreadsheet 1) were then used to query 
the MAGs with BlastP using the E-value of less than or equal to 1e-2 as a 
cutoff (McGinnis and Madden, 2004). 

3. Results 

In this study we characterized chemical and microbiological 
composition of three different granular anaerobic sludges that origi-
nated from two types of organic industrial wastewater: paper recycle/ 
kraft, and brewery. The two IC bioreactors treating paper recycle/kraft 
wastewater differed by the type of generated sludge: fluffy granular 
(Papermill A) and smooth granular (Papermill B); while the UASB 
reactor treating brewery wastewater had smooth granular sludge. 

3.1. General characterization of the granular sludge extracellular matrix 

Conventional colorimetric carbohydrate and protein quantification 
(see Section 2.3) was used to get a general distribution of two of the 
major constituents of EPS in the sludges: polysaccharides and proteins. 
Proteins were predominant in the EPS of all sludges, but especially in the 
papermill granules. The total carbohydrate content was 9.9 ± 1.5, 9.5 ±
0.3 and 6.5 ± 0.8% (glucose equivalent) of total EPS in granules from 
Papermill A, Papermill B and Brewery EPS, respectively. The PN/PS 
ratio was 9.4 ± 1.4, 9.8 ± 0.9, and 8.8 ± 1.4 g BSA-eq/g glucose-eq for 
EPS in granules from Papermill A, Papermill B and Brewery. 

The quantification of the total carbohydrates fraction of EPS ob-
tained with the colorimetric methods was validated by measuring the 
relative abundance in functional groups with FT-IR (Fig. 1). An overview 
of the assigned wavenumbers corresponding to the functional groups 
can be found in Table S1. Bands corresponding to protein absorbance 
regions were dominant in the spectrum (bands 1, 2, 6, 7, 9 and 11) and 
were most pronounced in the papermill samples. The measured absor-
bance height in the polysaccharide region (band 12) was 3 % higher in 
the spectrum of the Brewery sludge compared to both Papermill sludge 
samples. This showed that based on the absorbance height in the FT-IR 
spectra, the overall EPS composition in the granules is similar, but their 
polysaccharide content slightly varies. 

3.2. Characterization of glycan composition in the extracellular matrix 

Total sugar content in the EPS varied slightly between the sludge 
samples (Figures S2, S3, Table S2): 9.0 ± 0.8, 12.2 ± 1.1 and 10.1 ± 1.8 
% of total EPS, for Papermill A, Papermill B and Brewery samples, 
respectively. The sugar monomer composition of the two Papermill 
samples was similar, with differences in the galactosamine, glucosamine 
and galacturonic acid content (Fig. 2). Compared to Papermill samples, 
the Brewery sample had lower glucose and mannose content, but higher 
content of glucuronic acid. 

To get additional information on sugar monomers present in the 

Fig. 1. Normalized absorbance FT-IR spectra of EPS extracted from Papermill 
A, Papermill B and Brewery granular sludge. 
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sludge EPS, TMS-derivatization analysis was performed (Supplemental 
Figure S4). Since this method is typically used for lipopolysaccharide 
analysis, differences between the sugar monomers composition obtained 
by TMS-derivatization and HPAE-PAD method were expected. The hy-
drolysis of the polysaccharides for TMS-derivatization was performed 
under less harsh conditions, which was reflected in the total sugar 
content (4.0 % and 1.9 %). Compared to the HPAE-PAD data (Fig. 2), 
practically no uronic acids were found with TMS-derivatization. This 
could indicate that the hydrolysis method used for the TMS- 
derivatization might not be strong enough for the hydrolysis of all gly-
cans present in the EPS. 

3.3. Metagenome assembly and taxonomic classification 

Analysis of the sludges metagenome allowed to establish the link 
between EPS composition and microbial community. Extracted DNA 
from each granular sludge sample was sequenced to the same depth 
(Figure S1), generating 69.9 Gb of raw data in total, with 140–160 
million raw reads per sample. Quality scores were above 91 % for each 
of the samples in Q30. 

The highest number of MAGs were retrieved from the Papermill A 
sample (113), followed by Papermill B (117) and Brewery (106). MAGs 
from Papermill A had a higher mean completeness (78 %), while 
Papermill B had the lowest (42 %) (Figure S5, A). All samples shared low 

Fig. 2. Sugar monomer composition of EPS measured with HPAE-PAD chromatography. The sugar monomers are displayed as a percentage of the total sugar 
concentration found in the EPS. Abbreviations are according to symbol nomenclature for glycans (Varki et al., 2015). Fu stands for fucose, GalN for galactosamine, 
Rha for rhamnose, GlcN for glucosamine, Gal for galactose, Glc for glucose, Man for mannose, GalA for galacturonic acid and GlcA for glucuronic acid. See Sup-
plemental Table S3 for the raw data. The error bars represent the standard deviation. 

Fig. 3. Taxonomic classification of the metagenome sequences from the three anaerobic sludge samples on the phylum level.  
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(less than 5 %) contamination of the MAGs with the genetic material of 
the different phylogenetic placement (Figure S5, B). 

Taxonomic affiliation of the 16S rRNA gene sequences in the meta-
genomes showed that samples from IC reactors (Papermill A and B) were 
more similar than the UASB Brewery sample (Fig. 3). Brewery-retrieved 
metagenomes had more 16S rRNA gene sequences belonging to the 
Proteobacteria phylum and less belonging to the Firmicutes, Chloroflexi 
and Actinobacteria phyla. Interestingly, the number of 16S rRNA gene 
sequences belonging to the Euryarchaeota phylum was twice as high in 
the Brewery granular sludge, then in either Papermill samples. 

Normalized abundance and phylogenetic placement of all the 
retrieved MAGs from the three anaerobic sludge samples (Figure S6) 
demonstrates a diverse range of dominant taxa across the three samples, 
regardless of the shared bioreactor specification (Papermill A and B 
samples), or similar granulation state of the sludge (Papermill B and 
Brewery sample, smooth granules). The shared and distinct phyloge-
netic groups were visualized by constructing a Venn diagram 
(Figure S7). Notably, 10 MAGs belonging to the Anaerolineaceae family 
were shared among all three samples, as well as 2 MAGs from Syntro-
phobacteraceae and one belonging to the Desulfovibrionaceae family 
(Supplementary Spreadsheet 1). Apart from these, distinct MAGs were 
shared across the three samples belonging to the classes of Clostridia, 
Clostridia_A, Actinomycetia, Syntrophorhabdia, Verrucomicrobiae, Syntro-
phia, Thermoleophilia, Spirochaetia, Syntrophobacteria, Phycisphaerae, 
Bacteroidia and Desulfovibrionia. Among MAGs classified as Archaea, 
those belonging to the classes Bathyarchaeia, Methanosarcinia and 
Methanobacteria were found in all three samples, while Brewery sample 
had distinct MAGs belonging to the Methanomicrobia and Thermococci 
classes, and Papermill A sample had also MAGs belonging to Thermo-
plasmata class (specifically, to Methanomassiliicoccus genus). MAG clas-
sified as UBA233 family within Bathyarchaeia class was found in all three 
anaerobic sludge samples. 

Across all three samples, MAGs belonging to the Anaerolineaceae 
family had the highest bacterial coverage, with an average of 100–400 
reads assigned per MAG and representing 9–16 % of all mapped reads. 
For Archaea, MAGs belonging to the genus Methanobacterium (400 – 900 
reads per MAG) had the highest coverage. 

3.4. Analysis of the pangenome across the three sludge samples 

Gene-centric analysis was used to identify shared and distinct gene 
functions within the three metagenomes. Addressing the glycan and EPS 
focus of this study, we investigated the distribution of the genes asso-
ciated with the metabolism of polysaccharides (Fig. 4). Four sub-systems 
were identified with MG-RAST and KEGG (see Methods) to harbor the 
relevant genes, within the overarching “capsular polysaccharides 
biosynthesis and assembly”: (1) Exopolysaccharide biosynthesis, (2) 
Rhamnose containing glycans, (3) dTDP-rhamnose synthesis and (4) 
Alginate metabolism. Brewery MAGs had more genes classified within 
“capsular polysaccharides biosynthesis and assembly” (1913 genes) 
than either of the Papermill samples (1679 (A) and 1799 (B) genes). 
High number of genes with the general glycosyltransferase (GT) func-
tions (Figure S8) explains a diversity of the sugar monomers identified in 
the HPAE-PAD analysis of the sludges EPS (Fig. 2). Meanwhile, 
biosynthesis of monosaccharides, such as rhamnose and its precursor 
dTDP-rhamnose, is almost evenly distributed across the three sludges 
(Figure S9, S10), matching the uniform distribution of rhamnose sugar 
monomer content in the three samples (Fig. 2). 

Interestingly, the heteropolysaccharide biosynthesis potential of the 
MAGs revolved around alginate metabolism cluster, which was 30 % 
more abundant in smooth sludge (Papermill B and Brewery) compared 
to the floccular (Papermill A). However, only Papermill B sample had 
the full operon for the synthesis of alginate (Fig. 5). 

3.5. Carbohydrate active enzymes across the sludge MAGs 

Since the majority of the EPS-associated genes in the three sludges 
were glycosyltransferases of diverse functions (Figure S7), we looked 
closer into their distribution among MAGs to pinpoint potential EPS- 
producing microorganisms. GTs represent one of the classes in the 
carbohydrate-active enzymes (CAZymes) in CAZy database 
(http://www.cazy.org/, (Drula et al., 2022)), together with glycoside 
hydrolases (GH), polysaccharide lyases (PL), carbohydrate esterases 
(CE) and carbohydrate-binding modules (CBM). Enzymes within GT 
group catalyze transfer of sugar moieties from donor to acceptor mole-
cules, resulting in the formation of glycosidic bonds in the poly-
saccharides. Gene clusters associated with the synthesis of the known 
EPS molecules (ex. xanthan, gellan, succinoglycan, alginate) always 

Fig. 4. Genes identified in the three sludge samples related to the metabolism of capsular and extracellular polysaccharides.  
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have one or multiple GT-encoding genes (Sun and Zhang, 2021). 
Qualified MAGs, with more than 70 % completeness and less than 5 

% contamination, had a diverse representation of CAZymes across all 
classes in all three sludges (Figure S11). Qualified MAGs in Papermill A 
with the greatest number of CAZymes belonged to the bacterial classes 
Phycisphaerae (MAG36), UBA5829 (MAG122), Bacteroidia (MAG124) 
and UB6911(MAG125). While glycoside hydrolases were the predomi-
nant CAZymes in the floccular sample Papermill A, glycosyltransferases 
were the most common in Papermill B and Brewery MAGs. Among the 
archaeal qualified MAGs, Brewery sample had the most CAZymes 
encoded in MAG20 (Methanomicrobia), MAG116 (Methanobacteria) and 
MAG123 (Methanomicrobia). Interestingly, MAG116 had almost twice as 
many CAZymes as any other archaeal MAGs from the three samples, 
with most in the glycosyltransferase family. 

Most abundant MAGs (with the coverage above 100 reads) in 
Papermill A and B samples, Anaerolineae MAG22, 29, and 89 had slightly 
lower number of CAZymes than qualified MAGs from the same samples 
(Fig. 6). Glycosyltransferases were represented by the GT2 and GT4 
groups, that include enzymes involved in the biosynthesis of 

lipopolysaccharides and osmoprotectants (mannosylglucosylglycerate 
synthase). Presence of glycogen phosphorylase in MAG22 hints on the 
potential of this microorganism to synthesize an intracellular starch-like 
polysaccharide, glycogen. MAG22 also encoded cellobiose phosphory-
lase, supporting earlier claims that members of the Anaerolineae class 
can ferment carbohydrates, such as cellobiose and cellulose. Function of 
the CAZymes identified in the MAG29 and 89 were similar to the 
MAG22, but with more glycosyltransferases involved in the transport of 
mannose and galacturonic acid, as part of the lipid and lipopolysac-
charide biosynthesis pathways (polyprenol monophosphomannose 
synthases and dodecaprenyl-phosphate galacturonate synthases). 
MAG89 also had diverse N-acetylglucosaminyltransferases, which might 
be used for the biosynthesis of poly-beta-1,6-N-acetyl-d-glucosamine, a 
polysaccharide intercellular adhesin (Arciola et al., 2015). 

Most abundant MAGs in the Brewery sample also had the highest 
number of CAZymes: Methanosarcinia MAG108 and Methanobacteria 
MAG122 (Fig. 6, Figure S10). 60 % of the GTs in MAG108 and MAG122 
belonged to the GT41 group, that includes β-N-acetylglucosaminyl-
transferases, N-β-glucosyltransferases and O-α-l-fucosyltransferases. 

Fig. 5. Genes identified in the three sludge samples related to the alginate metabolism (A) and presence/absence of these genes within the alginate operon (B).  

Fig. 6. Number of CAZymes from the most abundant MAGs across all three anaerobic sludge samples. GT – Glycosyl Transferases, GH – Glycoside Hydrolases, PL – 
Polysaccharide Lyases, CE – Carbohydrate Esterases, CBM – Carbohydrate-Binding Modules. 
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It is important to also note that 40–50 % of the identified glycosyl-
transferases in all the MAGs described here did not have exact functional 
roles assigned (aka. putative glycosyltransferases). 

3.6. Biosynthesis of sugar monomers by the abundant MAGs 

To match the HPAE-PAD identified sugar monomers with the MAGs 
biosynthetic capabilities, we analyzed the metagenomes for the presence 
of genes for the biosynthesis of correspondent precursor nucleotide 
sugars. Nucleotide sugars, as activated monosaccharides, serve as 
important intermediates to the production of polysaccharides (Franklin 
et al., 2011). As a result, we found complete operons for the biosynthesis 
of UDP-α-d-galacturonate (UDP-GalA), UDP-N-acetyl-d-galactosamine 
(UDP-GalNAc) and dTDP-β-l-rhamnose (dTDP-l-Rha) in most of the 
abundant MAGs (Fig. 7). 

Abundant MAGs in the Papermill A and B sludges classified as 
Anaerolineae, all had a high number of nucleotide sugar biosynthesis 
genes, matching the GT2 and GT4 classes of glycosyltransferases pre-
dicted with the CAZy search (Fig. 6). These MAGs also had genes for the 
biosynthesis of nonulosonic acids (NulO-Sia). Abundant MAGs of 
methanogenic archaea also had a potential to synthesize UDP-GalNAc 
and dTDP-l-Rha, while biosynthetic potential for GDP-Rha was more 
characteristic to the bacterial MAGs. 

Since in the pangenome analysis we identified complete operons for 
the biosynthesis of alginate (in Papermill B sludge (Fig. 5), we checked 
whether individual abundant MAGs had the capacity to synthesize this 
polysaccharide. However, we only identified a few genes in the alginate 
biosynthesis pathway such as GDP-mannose 6-dehydrogenase (algD) 
and mannuronan C5-epimerase (algG). 

4. Discussion 

Extracellular polymeric substances produced by anaerobic microor-
ganisms remain vastly unknown and poorly characterized. Despite a 
widespread industrial application of microbial biotechnologies relying 
on EPS-based aggregate formation, chemical and biological make-up of 
these micro-factories are rarely linked in a comprehensive way. In this 

study we investigated the chemical composition of EPS from three 
anaerobic granular sludges, coming from papermill and brewery 
wastewater treatment facilities, and used the chemical EPS composition 
to guide the assessment of EPS biosynthetic potential in the sludge 
microbiomes. 

4.1. Importance of glycan analysis in protein dominated EPS 

The PN/PS ratio of 8.8–9.8 (g BSA-eq/g glucose-eq) demonstrates 
that EPS from papermill and brewery granular sludges was protein-rich. 
High protein content is typical for slow-growing microbial communities 
and similar PN/PS ratios were found in anammox granular sludges (~10 
g BSA-eq/g glucose-eq) (Lotti et al., 2019). Higher protein concentra-
tions were linked to a higher hydrophobicity and granule formation 
capacity (Santschi et al., 2020). Liu and Fang suggested a positive cor-
relation between higher Archaeal abundance and PN/PS ratio, since 
methanogenic sludge had 10x PN/PS ratio compared to the acidogenic 
one (Liu and Fang, 2002). Although proteins are often the dominant part 
of studied EPS, in the extracellular matrix they are often linked with 
polysaccharides that can alter their structural properties, offer protec-
tion from digestion and aid in osmotic regulations (Varki et al., 2022). 
Since polysaccharides (glycans) can constitute 40–95 % of the overall 
extracellular matrix (More et al., 2014), their diversity in the granular 
sludge may play a central role in defining the granules’ activity and 
microbial interconnections. 

4.2. Glycan composition of the granular sludge 

In previously studied non-granular microbial biofilms, both bacteria 
and archaea produced a wide array of unique glycans in the process of 
microbial glycosylation that bears distinct steps from the eukaryotic 
ones (Dell et al., 2010). These diverse microbial glycans can be 
commonly found attached to lipids, proteins or loosely floating in the 
extracellular matrix; while the most dominant ones are associated with 
the microbial cell-surface and include mono- and heteropolysaccharides 
(Barrett and Dube, 2023; Messner et al., 2010). The complexity of the 
microbial communities and the added diversity of glycans produced by 

Fig. 7. Number of glycan-associated genes found across the abundant MAGs. UDP-GalA – biosynthesis of UDP-α-D-galacturonate; UDP-GalNAc – biosynthesis of 
UDP-N-acetyl-D-galactosamine; GDP-Man – biosynthesis of GDP-mannose; GDP-Fuc – biosynthesis of GDP-fucose; UDP-L-FucNAm – biosynthesis of UDP-N-acetyl- 
β-L-fucosamine; dTDP-l-Rha – biosynthesis of dTDP-β-L-rhamnose; GDP-Rha – biosynthesis of GDP-D-rhamnose; NulO-Sia – biosynthesis of NulO sialic acid. 
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the microbial community make isolation and identification of single 
glycans challenging. Therefore, to be able to characterize the full spec-
trum of the microbially-produced glycans in the tested here granular 
sludges, we hydrolyzed the total extracted granular EPS to identify the 
monosaccharides composition of the microbe-associated glycans. The 
full hydrolysis applied to the samples in this study allowed to overcome 
the inconsistent reports addressing EPS composition in granular sludge 
from the papermill and brewery wastewater treating bioreactors (Gon-
zalez-Gil et al., 2015; Liu and Fang, 2002). In support of the previously 
reported high molecular weight of the granular sludge EPS (Gonza-
lez-Gil et al., 2015), we indeed observed that 16.9 – 27.4 % of the total 
EPS from papermill and brewery granular sludge studied here had a 
molecular weight of over 5500 kDa (Chen et al., 2023). 

Distribution of monosaccharides in papermill and brewery sludges 
(Fig. 2) partially matches the monosaccharide diversity reported for 
other anaerobic granular sludges. For example, Veiga et al. (Veiga et al., 
1997) showed that the monosaccharide composition of in anaerobic 
granules composed of syntrophic acetogenic bacteria and methanogenic 
archaea contained glucose (19.3 %), rhamnose (15.0 %), mannose (12.9 
%), fucose (10.7 %), galactose (10.1 %), glucosamine (8.6 %) and 
galactosamine (6.4%). While papermill and brewery sludges studied 
here were more microbiologically diverse (Fig. 3), the most dominant 
identified sugar monomers were negatively charged uronic acids (46–60 
%), and not glucose (Fig. 2). Presence of other negatively charged gly-
cans, was previously reported for the similar granular sludges to the ones 
studied here (papermill and brewery) (Gonzalez-Gil et al., 2015). Using 
1H NMR and MALDI-TOF analyses, authors reported presence of spectral 
signatures of mannuronic acid, which is closely related to alginate 
(Gonzalez-Gil et al., 2015). While the sugar monomer composition 
demonstrated here shows presence of glucuronic and galacturonic acids 
(Fig. 2), their molecular weight is similar to the previously found 
mannuronic acid (194 g/mol), making the results comparable to the 
previous reports. Also consistent with previous findings (Liu and Fang, 
2002) is the presence of higher concentrations of uronic acids in the 
floccular sludge (Papermill A) compared to the smooth granular sludges 
(Papermill B and Brewery). 

4.3. Microbial glycan biosynthetic potential 

Analysis of the sugar monomers composition of the granular sludge 
with HPAE-PAD was then used to guide the search for the glycans 
biosynthetic genes in the sludges microbiomes. By sequencing the 
metagenomes of the three anaerobic granular sludges we were able to 
look closely into the glycan biosynthetic potential of the assembled high 
quality abundant MAGs (Fig. 6, 7). The combined analysis of the MAGs- 
encoded CAZymes and biosynthesis genes for the glycans precursors, 
nucleotide-sugars, demonstrated matching results for the two search 
strategies. Similarly to the earlier reported metagenome analysis of 
papermill and brewery anaerobic granular sludges (Gonzalez-Gil et al., 
2015), we identified more alginate-associated biosynthesis genes in the 
Papermill metagenome than in the Brewery. However, we were not able 
to pinpoint the exact MAGs that contained the full alginate biosynthetic 
gene cluster. A number of abundant MAGs in all three sludges shared 
instead a common potential for the biosynthesis of galacturonate, 
N-acetyl-d-galactosamine and rhamnose (Fig. 7). Based on HPAE-PAD 
analysis, these sugars were also the most abundant monosaccharides 
contributing to the glycan part of the three anaerobic sludges (Fig. 2). 
Therefore, it is plausible to suggest that the MAGs with the identified 
genes for the biosynthesis of these sugar nucleotides are involved in the 
formation of sludge extracellular matrix. 

Strikingly, the MAGs with the highest number of glycan and nucle-
otide sugars biosynthetic capabilities were also the most abundant 
across the three samples and belonged to the Anaerolineae and Meth-
anobacteria classes. Their high abundance is supported by other studies 
on the microbial composition of various mesophilic anaerobic sludges, 
where Methanobacteria were the most common and abundant 

hydrogenotrophic methanogens (Griffin et al., 1998; McHugh et al., 
2003; Song et al., 2010), while Anaerolineae contributed to the 45 % of 
the overall anaerobic microbial sludge population in the fed-batch, 
UASB and IC reactors treating lipid, alkane-rich or papermill waste-
water, as well as waste activated sludge (Liang et al., 2015; McIlroy 
et al., 2017; Rivière et al., 2009). Some members of Anaerolineae were 
even found in the beneficial trophic relationships with the hydro-
genotrophic methanogens from the genus Methanospirillum (Sun et al., 
2016). Currently known representatives of Anaerolineaceae family are 
anaerobic nonmotile slow growing acetogens, with chemo-
organoheterotrophic fermentative metabolism and multicellular fila-
mentous morphology (Yamada and Sekiguchi, 2018). Although common 
in the dispersed anaerobic sludges, morphology of these representatives 
of Chloroflexota phylum can be contributing to the anaerobic sludge 
granulation (Sekiguchi et al., 2001; Yamada et al., 2005), while their 
ability to produce acetate may contribute to the beneficial association 
with the acetoclastic methanogens to further improve the strength of the 
anaerobic granular structures. What is more, Zhu et al. (Zhu et al., 2017) 
proposed that the filamentous structure of the Anaerolineaceae cells may 
be essential to maintain the granular stability during the temperature 
and pH fluctuations inside the UASB reactors. High abundance of the 
Anaerolineaceae (up to 30 %) and Methanosaeta-classified microorgan-
isms (up to 60 %) in the sludge treating starch-rich wastewater ensured 
stability of the bioreactor operation even after the bioreactor 
pre-acidification (Wu et al., 2021). High number of CAZymes and genes 
for the production of nucleotide-sugars (glycans precursors) in the 
abundant Anaerolineae and Methanobacteria identified in this study 
suggest a strong link between these microorganisms and the observed 
glycan profile of the tested anaerobic granular sludges from IC and UASB 
reactors treating papermill and brewery wastewaters. However, further 
experimental evidence for the glycan producing activity of these mi-
croorganisms (Anaerolineae and Methanobacteria) is still needed. 

5. Conclusions 

In this study, by combining chemical characterization of glycans in 
anaerobic granular sludge with metagenome analysis, it was possible to 
find genes that might be involved in the biosynthesis of these glycans in 
anaerobic granular sludge microbial communities. The presence of these 
genes allowed for the identification of microorganisms that potentially 
take part in the production and secretion of glycans in anaerobic gran-
ular sludges from industrial wastewater treating facilities. The approach 
presented here shows how the chemical analysis of the sugar monomers 
in EPS can aid in identifying the putative EPS biosynthesis genes in the 
sludge MAGs. Functions of the identified carbohydrate-active enzymes 
encoded in the sludges MAGs were also in line with the presence of 
specific biosynthesis genes for the glycans precursors, nucleotide-sugars, 
which were identified as prevalent components of the sludge EPS. 
Gaining a deeper understanding of the glycan biosynthetic potential of 
the microorganisms in anaerobic granular sludge is essential for future 
endeavors to optimize biological production of specific EPS and improve 
resource recovery from wastewater. 
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