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ARTICLE INFO ABSTRACT

Keywords: A good floc formation of activated sludge (AS) is crucial for solid-liquid separation and production of clean
Activated sludge effluent during wastewater treatment. Floc formation is partly controlled by self-produced extracellular poly-
EPS meric substances (EPS) such as exopolysaccharides, proteins, and nucleic acids. Little is known about the
Exopolysaccharides

composition, structure, and function of EPS in AS and which bacteria produce them. To address this knowledge
gap for the exopolysaccharides, we took advantage of 1083 high-quality metagenome-assembled genomes
(MAGs) obtained from 23 Danish wastewater treatment plants. We investigated the genomic potential for exo-
polysaccharide biosynthesis in bacterial species typical in AS systems based on genome mining and gene synteny
analyses. Putative gene clusters associated with the biosynthesis of alginate, cellulose, curdlan, diutan, hyal-
uronic acids, Pel, poly-p-1,6-N-acetyl-p-glucosamine (PNAG), Psl, S88 capsular polysaccharide, salecan, succi-
noglycan, and xanthan were identified and linked to individual MAGs, providing a comprehensive overview of
the genome-resolved potential for these exopolysaccharides in AS bacteria. The approach and results provide a
starting point for a more comprehensive understanding of EPS composition in wastewater treatment systems,

Genome mining

which may facilitate a more refined regulation of the activated sludge process for improved stability.

1. Introduction

Wastewater treatment is vital to secure human health, prevent
environmental pollution, and recover important resources. Activated
sludge (AS), the most widely used technology for biological wastewater
treatment, relies on the catabolic activity of suspended microbial ag-
gregates, AS flocs (Seviour and Nielsen, 2010). Good separation between
the solid-liquid phase is essential to recover clean effluent from the
sludge. The flocculation of the microorganisms determines this process,
and poor floc formation can lead to process failures, including deterio-
ration of effluent quality and decreased dewaterability of the sludge
(Karr and Keinath, 1978; Wilén et al., 2000).

Extracellular polymeric substances (EPS) constitute a major
component of the AS flocs and are essential for linking the cells together
in a large three-dimensional matrix (Frglund et al., 1996). The EPS
matrix protects against predation and environmental stressors, helps the
bacteria sequester nutrients and allows microbial cells to live in close
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association, thereby facilitating cell-to-cell contact and horizontal gene
transfer (Flemming et al., 2016, 2022). The EPS represent a mixture of
substances originating from active secretion, cell surface material
shedding, cell lysis, and sorption from the environment and include
exopolysaccharides, proteins, lipids, and nucleic acids (Liu and Fang,
2003). However, the exact composition of the matrix is highly variable
and dynamic. Exopolysaccharides have proved important for shape and
structural support of the matrix as well as adhesion and aggregation of
cells (Seviour et al., 2019). Additionally, the exopolysaccharides are
important for the retention of water and extracellular enzymes (Flem-
ming and Wingender, 2010; Siddharth et al., 2021). Besides their bio-
logical roles, EPS have also gained increased attention as they can be
extracted and formulated into renewable bioresources, such as floccu-
lants for improved wastewater treatment, eco-friendly flame-retardant
materials, and binders for composite materials (Ajao et al., 2018; Feng
et al., 2021; Karakas et al., 2020; Kim et al., 2020; Nouha et al., 2018).

Despite their apparent importance, wastewater treatment-related
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exopolysaccharides are poorly described because such investigations
traditionally require pure, or at least highly enriched, cultures and
subsequent extraction and characterization of the individual EPS
(Flemming et al., 2022; Seviour et al., 2019). Among described exopo-
lysaccharides are polymers from a Zoogloea resiniphila strain (An et al.,
2016; Gao et al., 2018), Duganella zoogloeoides ATCC 25,925 (Ikeda
et al., 1982), and Thauera (Allen et al., 2004). In addition to these pure
culture-derived exopolysaccharides, there are granulan (Seviour et al.,
2010) and alginate-like exopolymers (ALE) (Lin et al., 2013) which were
both extracted from aerobic granular sludge. Granulan and ALE both
contain anionic polysaccharides and depend on divalent cations for gel
formation (Lin et al., 2010; Seviour et al., 2012). However, as these
exopolymers were extracted from complex microbial communities, they
represent a mixture of different EPS molecules from several taxa.
Accordingly, we have little knowledge about the exact composition,
which bacteria have produced them, and the associated biosynthetic
machinery.

Most knowledge regarding biofilm-associated exopolysaccharides
originates from the clinical fields with pure cultures from genera such as
Pseudomonas, Escherichia, and Staphylococcus (Atkin et al., 2014; Gill
et al., 2005; Ma et al., 2006; Monteiro et al., 2009). Some common
characteristics are often shared across exopolysaccharides, including the
genomic clustering of genes involved in their biogenesis (Schmid et al.,
2015). There are three well-described pathways for exopolysaccharide
synthesis in bacteria, which each share some conserved key enzymes.
These are the synthase-dependent pathway, the Wzx/Wzy-dependent
pathway, and the ABC transporter-dependent pathway (Schmid et al.,
2015). The conserved nature of the exopolysaccharide synthesis path-
ways suggests that it is possible to reveal the genetic potential for exo-
polysaccharides of individual species in complex microbial communities
through genome mining of the relevant microbes. However, this has
previously been hampered in complex systems by the quality of
metagenome-assembled genomes (MAGs) obtained by short-read
sequencing, which are often highly fragmented and lack genes that
occur in multiple copies or includes repetitive sequences (Koren and
Phillippy, 2015). Accordingly, these MAGs are unsuited for gene synteny
analyses and may lack important genes, such as those encoding the
periplasmic tetratricopeptide repeat (TPR)-containing scaffold proteins
involved in the synthase-dependent polysaccharide biogenesis (Whit-
ney and Howell, 2013).

Recently, we recovered 1083 high-quality (HQ) MAGs from 23
Danish WWTPs based on hybrid assembly of Nanopore long-reads and
Mlumina short-reads (Singleton et al., 2021). These MAGs represent 578
bacterial species and 65 of the top 100 most abundant species in Danish
WWTPs (Nierychlo et al., 2020; Singleton et al., 2021). Most MAGs
affiliate with the Bacteroidota, Proteobacteria, and Chloroflexota
phylum, but MAGs from 29 additional phyla were also recovered. These
MAGs have high contiguity and are >90% complete, meeting the
MIMAG standards for HQ MAGs (Bowers et al., 2017), which enables the
identification and comprehensive characterization of conserved operons
and gene clusters, even when these are long and contain repetitive se-
quences (Goldstein et al., 2019). The HQ MAGs, therefore, represent a
valuable foundation for linking microbial identity (taxonomy) with their
genetic potential for exopolysaccharide production. Furthermore, most
of these MAGs represent common genera across global wastewater
treatment systems (Dueholm et al., 2022).

Here, we carried out a literature survey to identify experimentally
validated exopolysaccharide biosynthetic pathways encoded in operons
or gene clusters within well-characterized bacterial isolates. We identi-
fied 16 exopolysaccharide biosynthetic gene clusters (BGCs) and used
these to compile a database of the corresponding proteins. This database
was then used to identify homologous systems in the AS HQ MAGs,
hereby linking the potential for exopolysaccharide production to indi-
vidual bacterial species. Based on homolog identification and gene
proximity analysis, we identified putative gene clusters related to 10 of
the examined exopolysaccharide biosynthetic pathways. To our
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knowledge, this is the first comprehensive description of the genome-
resolved potential for these exopolysaccharides in AS bacteria. Gener-
ally, the biosynthetic pathways were restricted to one or two phyla.
Alginate BGCs were restricted to a few low-abundant MAGs in a single
family, questioning the proposed importance of alginate (Zhang et al.,
2021) in wastewater treatment systems.

2. Materials and methods
2.1. Source data

Translated gene sequences from experimentally validated poly-
saccharide biosynthesis pathways (Table 1) were acquired from the
National Center for Biotechnology Information (NCBI) database. The HQ
MAGs from AS and their taxonomy were obtained from the study by
Singleton et al. (2021). Translated coding sequences (CDSs) were iden-
tified and annotated using Prokka v. 1.14 (Seemann, 2014) with the
following options —meta, -kingdom Bacteria or Archaea (depending on
the taxonomy of the MAG).

2.2. Identification of protein homologs

The Position-Specific Iterative Basic Local Alignment Search Tool
(PSI-BLAST) (BLAST+ v.2.11.0) (Altschul et al., 1997) was used to
identify protein homologs in the Prokka-generated HQ MAG protein
database (Singleton et al., 2021). PSI-BLAST parameters were initially
optimized using proteins encoded by the PNAG operon as query, and
empirically optimal parameters were found to be: -num_iterations 20,
-max_hsp 10, -evalue 0.001, -qcov_hsp_perc 20, and -max_target_seq 100,
000. Output format (-out_fmt) 6 was used. These parameters were then
used for all searches.

2.3. Prediction and visualization of exopolysaccharide biosynthetic gene
clusters

Proteins related to exopolysaccharide biosynthesis gene clusters
were evaluated based on the number of homologs found for each exo-
polysaccharide system and whether their genes were located together in
the genomes (Fig. 1). To achieve this, results from PSI-BLAST searches
for individual polysaccharide queries were analyzed in R based on the
following steps: i) For each query, homologs identified by PSI-BLAST
were evaluated based on percent identity thresholds empirically opti-
mized to enhance search specificity while limiting the number of hits
outside the identified biosynthetic gene clusters: Homologs with <20%
identity were removed for all exopolysaccharide systems, except for the
hyaluronic acid system from Pasteurella multocida which only contains a
single query protein. For this system, a cutoff at <33% identity was
applied to reduce the rate of false positive hits. ii) To avoid homologs
associated with unrelated pathways, a proximity criterion for genes in
putative gene clusters was introduced: Identified homologs whose genes
were separated by more than eight annotated genes or 2000 bp from
other homologs from the same exopolysaccharide gene cluster were
removed. The proximity criteria were set arbitrarily based on an
empirical evaluation. iii) Putative gene clusters were filtered based on
the number of homologs identified and the presence of essential key
enzymes (see Table 1). iv) For the proteins related to the putative gene
clusters, amino acid sequences were mapped to the Pfam database
(Mistry et al., 2021) using InterProScan search (Jones et al., 2014) to
identify conserved protein domains. v) The phylogenetic distribution of
each exopolysaccharide system was visualized using the phylogenetic
tree created by Singleton et al. (2021). The synteny of gene clusters was
examined using gene arrow maps.

The following R-packages were used: seqinr v. 4.2-16 (Gouy et al.,
1984), tidyverse v. 1.3.1 (Wickham et al., 2019), gggenes v. 0.4.1
(Wilkins, 2020), ggtree v. 3.2.1 (Yu et al., 2017), and ggtreeExtra v.
1.6.0 (Xu et al., 2021). Final figures were assembled and visually
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Table 1
Overview of exopolysaccharide operons or gene clusters used as queries in this study. *Identity threshold for this gene was 33%.
Exopolysaccharide Organism Pathway type Genes Genes threshold Essential genes Accession nr. Reference
Alginate Pseudomonas aeruginosa Synthase 12 6 AE004091.2 Franklin et al., 2011
Rehman et al., 2013
Cellulose I Komagataeibacter medellinensis Synthase 7 2 besAl AB015802.1 Matsutani et al., 2015
Cellulose II Komagataeibacter medellinensis Synthase 4 2 bcsABII AB015803.1 Matsutani et al., 2015
Curdlan Agrobacterium sp. Synthase 3 2 crdS AECL01000028 Karnezis et al., 2003
Diutan Sphingomonas sp. Wzx/Wzy 20 10 EU026118.1 Coleman et al., 2008
Hyaluronic acid Pasteurella multocida Synthase 1 1 pmHAS* AF036004.2 DeAngelis et al., 1998
(pmHAS)
Hyaluronic acid Streptococcus zooepidemicus Synthase 3 3 hasA CP002904.1 Ma et al., 2011
(hasA) Streptococcus pyogenes AE009949.1 Smoot et al., 2002
Pel Pseudomonas aeruginosa Synthase 7 6 pelF AE004091.2 Franklin et al., 2011
PNAG (eps) Bacillus subtilis Synthase 4 3 epsH NC_000964.3 Roux et al., 2015
epsJ
PNAG (ica) Staphylococcus epidermidis Synthase 4 3 icaA CP000029.1 Atkin et al., 2014
Gill et al., 2005
PNAG (pga) Escherichia coli Synthase 4 3 pgaC NC_000913.3 Wang et al., 2004
Psl Pseudomonas aeruginosa Wzx/Wzy 12 7 AE004091 Franklin et al., 2011
S88 Sphingomonas sp. Wzx/Wzy 19 9 U51197.1 Yamazaki et al., 1996
Salecan Agrobacterium sp. Wzx/Wzy 13 7 KT780309 Xu et al., 2017
Succinoglycan Sinorhizobium meliloti Wzx/Wzy 19 9 NC_003078.1 Finan et al., 2001
Xanthan Xanthomonas campestris Wzx/Wzy 12 6 AM920689 Vorholter et al., 2008
https://github.com/msdueholm/Publications/tree/master/Duehol
Query sequences Seach database m2022b. Raw data for the scripts is available at figshare: https://doi.
(S=sfablofl) AR WAEs org/10.6084/m9.figshare.21287112.v1. A list of all identified EPS
>algX (Prokka annotated protein sequences) 1 . ided S | D s1
MKTRTSRLFRLSA. . gene clusters is provided as Supplementary Data S1.
>algD
MRISIFGLGYV..... 3. Results and discussion
>algG
MPDISLSIPRRR..... o ) ) )
- 3.1. Exopolysaccharide biosynthesis systems in AS bacteria
To identify potential exopolysaccharide biosynthesis systems in the
PSI-BLAST search HQ MAGs, we first searched for gene clusters associated with the
v biosynthesis of known exopolysaccharides. This resulted in a list of 16
validated exopolysaccharide systems, each consisting of a set of query
::S"tter :“;s) sequences (Table 1). An initial homology search using the translated
ep 1- . .
2 Number of query genes protein sequences from these query genes was conducted against the
[>20°/ identity] _»[ Proximity criterion] > and presence of translated coding sequences (CDS) from the HQ MAGs using PSI-BLAST.
° essential genes However, after removing hits with low percent identity (<20%), ho-
n molog proteins related to all exopolysaccharide systems were still
identified in almost all MAGs, suggesting that many of the query genes
[D°"‘a'" a“"°ta(t's‘12 "‘2;" InterProScan ] had homologs associated with unrelated metabolic pathways (Fig. 2a).
i This was also apparent from the observation that some query sequences
v from different exopolysaccharide systems targeted the same CDSs in the
- .
Visualisation of polysaccharide-related gene clusters HQ MAGs (Fig. S1).
ggtree (Step 5) To increase the specificity of our search, we introduced a proximity
| gggenes criterion, utilizing the fact that functionally related genes, including
D 5 HD those encoding exopolysaccharides, are generally organized in operons
or BGCs in bacteria (Schmid et al., 2015) (Fig. 2b). This filtration proved
CEror e to be highly effective in identifying complete or near-complete exopo-
lysaccharide BGCs while removing hits, which are likely associated with
L : Y, unrelated metabolic pathways. To only include the most plausible hits,

Fig. 1. Workflow of the polysaccharide-related gene cluster prediction pipe-
line. Protein homologs to query sequences in the HQ MAG database were
identified with PSI-BLAST. The resulting homologs were filtered by percent
identity, proximity, number of genes, and presence of essential genes. The
remaining homologs, which constitute putative gene clusters, were domain
annotated with InterProScan. Gene cluster structures and taxonomic distribu-
tion of the identified gene clusters were visualized in R.

enhanced in Adobe Illustrator 2022.

2.4. Data and code availability

R-scripts used for data analyses and figures are available at GitHub:

we considered a pathway to be present if all essential genes (e.g., the
main synthase unit) were present while complying with the proximity
criterion and the threshold for the number of genes for the given poly-
saccharide biosynthesis pathway. Generally, homologs of some genes
related to a specific polysaccharide were found in many MAGs. In
contrast, other genes were more specific and were mainly seen with a
high percent identity in MAGs with a complete biosynthesis pathway
(Fig. 2a and Fig. S2-S8). Thus, some genes are good predictors for a
putative biosynthetic gene cluster. We identified homologs for 10 out of
the 16 examined exopolysaccharide biosynthetic pathways (Supple-
mentary Data S1).
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Fig. 2. Phylogenetic distribution of identified polysaccharide-related gene clusters. HQ MAG tree from Singleton et al. (2021) annotated with a heatmap of
PSI-BLAST hits a) before and b) after automated proximity filtration using the criteria specified in Table 1.

3.2. Alginate BGCs are uncommon in AS bacteria

Alginate is an anionic linear polysaccharide composed of mannur-
onic acid and guluronic acid residues (Remminghorst and Rehm, 2006).
Putative gene clusters for alginate synthesis were only identified in five
MAGs. These belong to the two MiDAS placeholder genera mid-
as_g_2943 (3 MAGs) and midas_g_4210 (2 MAGs), both in the Micavi-
brionales order of the Proteobacteria phylum (Fig. $2). Interestingly,
several members of this order, including Micavibrio, are epiphytic,
obligate bacterial parasites that, among others, prey on Pseudomonas
aeruginosa from which the query operon originates (Wang et al., 2011).
Accordingly, the alginate BGC may have been acquired by horizontal
gene transfer because of this lifestyle. The alginate-related genes were
organized as gene clusters consisting of both operons and individually
transcribed genes (Fig. 3). This contrasts with the single-operon orga-
nization of the query genes in P. aeruginosa. The organization of the
alginate gene clusters was genus specific. The midas_g 4210 gene clus-
ters lacked the algG gene, proposed to be an epimerase (Schmid et al.,
2015), whereas those for midas_g 2943 had homologs for all query
genes. The latter also encoded additional genes, including three copies
of the putative acetylation gene algX. Because the genetic potential for
alginate was restricted to a few low-abundant bacteria, it is unlikely that
alginate is an important polymer in WWTPs. Furthermore, it suggests
that the main polysaccharide component in ALE is evolutionarily un-
related to alginate, although sharing physicochemical properties.

3.3. Pel operons are found in several orders within the Proteobacteria

Pel is a known constituent in biofilms produced by P. aeruginosa
(Friedman and Kolter, 2003) and is composed of dimeric repeats of a—1,
4 linked galactosamine and N-acetylgalactosamine (Le Mauff et al.,
2022). The genetic capacity to synthesize Pel is encoded in the
seven-gene pel-operon (pelA-G), widespread among Gram-negative and
Gram-positive bacteria (Whitfield and Howell, 2021). We identified 25
MAGs with the genetic capacity to produce Pel (Fig. S3). These MAGs
were all, except for one Myxococcota MAG, from the Proteobacteria
phylum, and represented the following orders: The Burkholderiales (18
MAGs), Pseudomonadales (5 MAGs), Oceanospirillales (1 MAG), and
Myxococcales (1 MAG). The pel genes were for all MAGs organized as a
single operon, and gene synteny matched that of the query operon from
P. aeruginosa except for the Myxococcales MAG (Fig. 4). In the latter, the
pelA and pelB genes were located downstream from pelG as the last genes
in the operon compared to at the beginning in operons from the Bur-
kholderiales and Pseudomonadales order. The presence of the Pel
biosynthetic machinery in 25 MAGs representing 12 species, including a
general core (Lautropia midas_s_135) and three conditional rare or
abundant taxa (CRAT) species across the world (Propionivibrio aalbor-
gensis; Propionivibrio midas_s_ 421, and Hahella midas_s_10,928)
(Table S1) suggests that Pel could be important in global wastewater
treatment systems.

3.4. Cellulose BGCs display diverse structures

Cellulose is a polymer of p—1-4-linked p-glucose and a common

PAO1

Query: Pr b ia, G

ia, P F

F P. aerugi

algD alg8 alg44 algKk algE algG algX algL algl algJalgF algA

Query gene function

Aved_18-Q3-R54-62_MAXAC.392, Proteobacteria, Alphaproteobacteria, Micavibrionales, Micavibrionaceae, midas_g_2943, midas_s_2943 [ Export
[ Lyase
algD alg8 algF algX algG algJ algX alglL algX algA alg44 algA algK algE algG algl D Modification
Rand_18-Q3-R56-63_BAT3C.326, Proteobacteria, Alphaproteobacteria, Micavibrionales, midas_f_2943, midas_g_4210, midas_s_4210 E :reculrstor synthesis
egulatory
algX  algl algF algX alg) algD alg8 algd4 algA algk algE algL Eﬁyn::(:
nr

0 10000

20000 30000

Size of EPS biosynthetic gene cluster (bp)

Fig. 3. Alginate biosynthetic gene clusters. Overview of the alginate query gene cluster and the two putative gene cluster types (midas_g 2943 and midas_g_4210),
including two flanking genes on both sides. Each putative gene cluster is shown with MAG name and the assigned MiDAS 4.8.1 taxonomy. Genes are colored based on

predicted functions according to the query sequence.
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Query: Pre b ia, G b ia, P d lales, P: | d: P: / P. aerugii PAO1

1 > > >
pelA pelB pelC pelD pelE pelF pelG
Aved_18-Q3-R54-62_BAT3C.540, Myxococcota, Myxococcia, Myxococcales, Myxococcaceae, P30B-42, midas_s_6017
I > ST > > > >O—p—
pelC pelD pelE pelF pelG pelA pelB

Hade_18-Q3-R52-61_MAXAC.304, Proteobacteria, Gammaproteobacteria, Burkholderiales, Rhodocyclaceae, Propionivibrio, midas_s_421

<> > D | > H
pelA pelB pelC pelD pelE pelF pelG
Kalu_18-Q3-R12-55_BATAC.288, Proteobacteria, Gammaproteobacteria, Oceanospirillales, Hahellaceae, Hahella, midas_s_10928 E“Jefy gene function
Export
1 >— > > > > > > > >—— P
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Fig. 4. Pel biosynthetic gene clusters. Overview of the Pel query gene cluster and an example of a putative gene cluster from each order (Myxococcales, Bur-
kholderiales, Oceanospirillales, and Pseudomonadales), including two flanking genes on both sides. Each putative gene cluster is shown with MAG name and the
assigned MiDAS 4.8.1 taxonomy. Genes are colored based on predicted functions according to the query sequence.

constituent of wastewater originating from, e.g., toilet paper (Ruiken
et al., 2013). However, many bacteria can also produce cellulose as a
component of their extracellular matrix (Romling and Galperin, 2015).
The presence of cellulose in the inlet wastewater makes it challenging to
differentiate microbial-produced cellulose, necessitating genomic or
protein investigations to resolve its origin. Previous studies have shown
that the AS isolate Shinella zoogloeoides ATCC 19,623 (formerly known as
Zoogloea ramigera I-16-M) produces and uses cellulose for floc formation
(Gao et al., 2022). Otherwise, little is known about microbial-produced
cellulose in wastewater treatment systems.

Komagataeibacter medellinensis (formerly known as Gluconacetobacter
xylinus and Acetobacter xylinum) is a model organism for bacterial cel-
lulose, and it can produce two different forms (Matsutani et al., 2015).
Cellulose I is a ribbon-like polymer composed of bundles of microfibrils,
whereas cellulose II is an amorphous polymer with increased thermo-
stability compared to cellulose I (Yu and Atalla, 1996). The two forms of
cellulose are encoded by separate BGCs (Matsutani et al., 2015). We
used both as queries to identify MAGs with the genetic potential for
cellulose production. 43 MAGs were identified when a minimum
threshold of two observed homologs, including the main synthase gene

(bcsAl or besABID, were used for identification (Fig. S4 and S5). Out of
these, 30 MAGs encoded only cellulose I, three MAGs only cellulose II,
and ten MAGs both cellulose I and II. These MAGs included four loose
core and two CRAT species, including Acidovorax midas_s_1484, Dech-
loromonas midas_s_173 recently classified as D. phosphoritropha (Petri-
glieri et al., 2021), and Nitrotoga midas_s_181, which all encode both
cellulose types (Table S1).

Because the genomic potential for cellulose I expression was more
common in the examined MAGs, we analyzed this system in greater
detail (Fig. 5). Interestingly, critical Pfam domains present in the query
genes were only detected in the homologs of 14 MAGs, which could
indicate that some detected operons were non-functional. The operons
from the 14 MAGs could be separated into three groups depending on
gene organization and flanking genes: Agrobacterium tumefaciens-like (1
MAG), K. medellinensis-like (5 MAGs), and Escherichia coli-like (8 MAGs)
(Fig. 5). The E. coli-like hits contained a bcsQ and a bcsG gene and had
similar operon structures. BesG has been identified as a phosphoetha-
nolamine transferase involved in producing modified cellulose with
these groups added (Romling and Galperin, 2015). The
K. medellinensis-like operon structures contained a bcsD gene in two
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oog
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Fig. 5. Cellulose biosynthetic gene clusters. Overview of the cellulose I query operon with domains and examples of identified BGCs including two flanking genes on
both sides. Each putative BGC is shown with MAG name and the assigned MiDAS 4.8.1 taxonomy. Genes are colored based on predicted functions according to the
query sequence. Domain labels are abbreviated in line with Pfam. Domain labels unrelated to cellulose synthesis have been removed.



M.K.D. Dueholm et al.

MAGs. BscD is often coupled to the crystalline cellulose structure found
in K. medellinensis (Romling and Galperin, 2015). The A. tumefaciens-like
operon uniquely encoded the bcsN gene, which was previously shown to
be specific for Alphaproteobacteria (Romling and Galperin, 2015).

Cellulose is known to be regulated by c-di-GMP via its binding to
conserved motifs in the PilZ domain in BesA (McNamara et al., 2015).
The A. tumefaciens-like operon is distinguished by the absence of a
functional important amino acid in the PilZ domain, which has previ-
ously been coupled to c-di-GMP independent regulation (Matthysse
et al., 1995b, 1995a), suggesting different regulatory strategies.

The diverse organization of the identified cellulose operons implies
differentiation of their regulation, monomer composition, and the
structural organization of cellulose fibrils. Due to their uncharacterized
nature, it is currently a challenge to couple the physicochemical char-
acteristics of microbial cellulose to the different cellulose synthase
complexes (McNamara et al., 2015). However, the genomic potential for
cellulose production in several MAGs, including core taxa, supports the
role of microbial cellulose as an important EPS in AS floc formation.

3.5. The pga-operon is favored for PNAG biosynthesis in AS

Poly-N-acetylglucosamine (PNAG) is an EPS polysaccharide associ-
ated with microbial biofilms. It is a homopolysaccharide consisting of
f—1,6-linked N-acetylglucosamine and is synthesized in a range of
bacterial species, including both Gram-negative (pgaABCD operon in
E. coli) and Gram-positive species (icdADBC operon in Staphylococcus
species and epsHIJK operon in B. subtilis) (Atkin et al., 2014; Bundalo-
vic-Torma et al., 2020; Roux et al., 2015).

The Gram-negative PNAG (pga) query identified putative operons in
12 MAGs (Fig. $6). No homologs to pgaD were found by PSI-BLAST, but
in all operons, a ‘PgaD-like protein’ domain was identified based on
InterProScan. Organization and domain annotation were similar across
all identified operons. However, all hits from the Betaproteobacteriales
order lacked an annotated GH13 domain within the pgaB gene, dividing
the hits into two operon types: one with an assigned GH13 and one
without (Fig. 6). The GH13 domain in PgaB has previously been pro-
posed to play a role in binding and translocating PNAG through the
periplasmic space (Little et al., 2014). However, it may also act as an
extracellular hydrolase that can disperse PNAG-dependent biofilms
(Little et al., 2018). All hits were identified in the Proteobacteria phylum
within the Gammaproteobacteria (11 MAGs) and Desulfobacterota (1
MAG) classes. Similarly, Bundalovic-Torma et al. (2020) showed that
PNAG is widely represented in the Proteobacteria phylum but is also
found in other phyla. Among the identified MAGs were the two loose
core species Ca. Accumulibacter phosphatis and Sulfuritalea hydro-
genivorans and the CRAT species Ca. Accumulibacter midas_s_315, which
was recently reclassified as Ca. Propionivibrio dominans (Table S1)
(Petriglieri et al., 2022).

The Gram-positive PNAG (eps) genes are often observed in larger
gene clusters (epsA-O), but only epsHIJK are required for biosynthesis.
When filtered to three required genes, only eight hits remained. These
belonged to the Bacteroidetes (7 MAGs) and Acidobacterium (1 MAG)
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phyla (Fig. S7). The Bacteroidetes MAGs included a single CRAT species
representing a MiDAS placeholder order (midas_o_31) within the class
SJA-28 (Table S1). The modification gene epsI was not identified in any
of the MAGs, and in most, the annotated epsK genes were only partially
aligned to the query, which questions the functionality of these operons.
We also searched for homologous synthesis systems for the Staphylo-
coccus-like PNAG (ica) homologous synthesis systems, but no operons
were identified.

3.6. BGCs for several known Wzx/Wgzy-dependent polysaccharides were
not identified

Generally, our approach did not identify any complete biosynthetic
pathway (>75% of query genes) for xanthan, salecan, Psl, diutan, S88,
and succinoglycan (Fig. 2). These all represent the Wzx/Wzy-dependent
pathway and include at least 12 genes. The large number of genes
provides increased room for diversification and gene shuffling, which
may have prevented us from detecting such operons. In support of this,
we found that the genetic loci associated with the only three Wzx/Wzy-
dependent pathways detected in the MAGs were rearranged entirely
(Fig. 7). Previous studies, carried out on Lactobacillus, have furthermore
demonstrated that diversification of Wzx/Wzy-dependent EPS gene
cluster can occur at the strain level (Deo et al., 2019; Martino et al.,
2016). If this is also the case for strains in AS, we might expect that such
gene clusters may not be correctly assembled in some of the HQ MAGs as
these may represent species-level co-assemblies of several strains
(Meziti et al., 2021). This questions whether the larger
Wzx/Wzy-dependent gene clusters are not detected due to strain di-
versity or are simply not present in the AS bacteria.

3.7. Limited potential for hyaluronic acid and curdlan biosynthesis

HA-like polymers are produced by HA-synthases and have previously
been reported in aerobic granular sludge, where they are assumed to
form hydrogels (Felz et al., 2020). HA-synthases are divided into two
distinct classes based on their configuration, the HA (has) and HA
(pmHAS). We identified homologs of proteins associated with HA (has)
in 20 MAGs. However, the organization of the genes questions whether
they are functional for HA synthesis. The query is a short three-gene
operon (Sze et al., 2016), whereas the identified homologs were sepa-
rated by multiple genes and often present on separate strands of the
DNA. Accordingly, the identified hits might originate from conserved
domains also found in genes related to other pathways utilizing the same
substrates. HA (pmHAS) only contained a single query gene. We iden-
tified homologs in seven MAGs from different phyla. However, Pfam
domain annotation did not identify all the domains required for
HA-synthesis in any of the hits, and it may therefore be speculated
whether these homologs are functional or not. We also searched for
curdlan BGCs but did not detect any.
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Fig. 6. PNAG biosynthetic gene clusters. Overview of a PNAG query operon and examples of the two types of putative operons (with or without the GH13 domain of
pgaB), including two flanking genes on both sides. Each putative gene cluster is shown with MAG name and the assigned MiDAS 4.8.1 taxonomy. Genes are colored
after the predicted function. Domain labels are abbreviated in line with Pfam. Domain labels unrelated to PNAG synthesis have been removed.
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Fig. 7. Xanthan and Psl biosynthetic gene clusters. Overview of the xanthan and Psl query operon and detected putative BGCs, including two flanking genes on both
sides. Each putative BGC is shown with MAG name and the assigned MiDAS 4.8.1 taxonomy. Genes are colored based on predicted functions according to the

query sequence.

3.8. A genetic approach to identifying exopolysaccharide potential

The experimental validation of EPS polysaccharides in complex
bacterial communities such as WWTPs is highly challenging (Seviour
et al., 2019). Thus, approaches to identifying genomic potentials may
provide a possible starting point for a better understanding of biofilm
and floc formation in the context of WWTPs. Furthermore, the genomic
potentials can be linked to bacterial taxonomies, which could facilitate a
more refined regulation of, e.g., floc formation by altering conditions in
WWTPs to select for specific microbial taxa.

In this work, we used a bioinformatic approach to identify potential
exopolysaccharide synthesis operons or gene clusters incorporating
genomic proximity. The strategy proved extremely powerful in finding
homologous systems of the synthase-dependent exopolysaccharide
synthesis pathways and relies only on the availability of HQ MAGs or
genomes and that the relevant pathways have clustered and conserved
genes. Thus, this method can easily be extended to similar pathways in
any ecosystem.

3.9. Limited genomic potential for biosynthesis of known
exopolysaccharides

We identified biosynthetic gene clusters associated with known
exopolysaccharides in 121 MAGs, corresponding to 11% of the HQ
MAGs obtained by Singleton et al. (2021). This suggests that it is either a
subset of the abundant bacteria in Danish WWTPs that can produce
exopolysaccharides, or that there are exopolysaccharide systems that
were not detected using our approach. In support of the latter, it should
be noted that while this study provides information on the genomic
presence of known polysaccharide synthesis pathways, the method does
not capture potential novel polysaccharide synthesis systems not
covered by the queries. To identify novel polysaccharide synthesis sys-
tems, the search can be expanded with additional genes for general
synthesis proteins from the three main mechanisms of polysaccharide
synthesis (ABC transporter, synthase-, and Wzx/Wzy-dependent) as new
systems could be expected to have conserved key genes homologous to
those already known. However, this approach requires fine-tuning of the
method.

Putative gene clusters related to 10 out of the 16 examined exopo-
lysaccharide BGCs were identified in our MAGs, including MAGs that

represent core or CRAT species found in WWTPs across the globe
(Dueholm et al., 2022) (Table S1). The most common type of exopoly-
saccharide gene cluster was cellulose (40 MAGs) followed by Pel (25
MAGs). Most MAGs encoded only a single type of exopolysaccharide,
except for cellulose, where several MAGs encoded both type I and II.
Interestingly, gene clusters for specific exopolysaccharides were gener-
ally conserved across MAGs from the same species (Table S1). Accord-
ingly, we may be able to link the potential for exopolysaccharide
biosynthesis to specific species. It should be stressed that the current
study only determined genomic potentials. Therefore, future research
must confirm that the predicted exopolysaccharide systems are impor-
tant for the AS floc formation and, if they are, how they are regulated in
response to process and environmental factors.

3.10. A platform for in situ studies

Our approach has revealed the genomic potential for known exo-
polysaccharide biosynthesis systems in AS. Thus, it represents an
excellent starting point for in situ studies, which potentially can verify
the systems and help characterize their biofilm dynamics. Various im-
aging techniques can link the production of specific exopolysaccharides
with specific bacterial taxa and spatially locate key producers in the AS
flocs. This knowledge can prove important in understanding and char-
acterizing the role of the particular exopolysaccharides in floc formation
to improve solid-liquid separation.

To potentially regulate the floc assembly in the future, tran-
scriptomics can be used to study the triggers of exopolysaccharide
synthesis and identify the most important producers. Temporal studies
with altering conditions can potentially reveal regulatory mechanisms,
which have huge potential in controlling flocculation and settlement.
Furthermore, proteomics can be used to verify the expression and
quantification of relevant proteins, which can indicate the importance of
a given exopolysaccharide for the biofilm matrix, which is critical to the
process management of the WWTPs.

4. Conclusions

We have here applied genome mining and gene synteny analyses to
uncover the genetic potential for exopolysaccharide synthesis in more
than 1000 HQ MAGs, representing typical species found in AS systems
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globally. This provided a direct link between individual taxa, their po-
tential exopolysaccharides, and the associated BGCs. However, as only
11% of the examined MAGs encoded homologs to known exopoly-
saccharide gene clusters, and most only carried the genes for one system,
there might be an unexplored potential for novel exopolysaccharide
systems in the many poorly studied taxa found in WWTPs. Character-
ization of the genomic potential for EPS biosynthesis represents a
foundation for further exploration into what exopolysaccharides are
expressed in situ by which bacteria, and how expression is regulated in
response to process and environmental factors. This information may
ultimately be used to regulate exopolysaccharide production to improve
the properties of AS flocs or enhance the value of the EPS as extractable
renewable bioresources.
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