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Surface-layer protein is a public-good matrix exopolymer for
microbial community organisation in environmental anammox
biofilms
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Extracellular polymeric substances (EPS) are core biofilm components, yet how they mediate interactions within and contribute to
the structuring of biofilms is largely unknown, particularly for non-culturable microbial communities that predominate in
environmental habitats. To address this knowledge gap, we explored the role of EPS in an anaerobic ammonium oxidation
(anammox) biofilm. An extracellular glycoprotein, BROSI_A1236, from an anammox bacterium, formed envelopes around the
anammox cells, supporting its identification as a surface (S-) layer protein. However, the S-layer protein also appeared at the edge of
the biofilm, in close proximity to the polysaccharide-coated filamentous Chloroflexi bacteria but distal to the anammox bacterial
cells. The Chloroflexi bacteria assembled into a cross-linked network at the edge of the granules and surrounding anammox cell
clusters, with the S-layer protein occupying the space around the Chloroflexi. The anammox S-layer protein was also abundant at
junctions between Chloroflexi cells. Thus, the S-layer protein is likely transported through the matrix as an EPS and also acts as an
adhesive to facilitate the assembly of filamentous Chloroflexi into a three-dimensional biofilm lattice. The spatial distribution of the
S-layer protein within the mixed species biofilm suggests that it is a “public-good” EPS, which facilitates the assembly of other
bacteria into a framework for the benefit of the biofilm community, and enables key syntrophic relationships, including anammox.
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INTRODUCTION
Extracellular polymeric substances (EPS), including polysacchar-
ides, proteins and nucleic acids, aid the adhesion and aggregation
of bacteria, and form extracellular scaffolds that promote biofilm
formation [1–3]. Biofilms have unique three-dimensional struc-
tures, with the scaffold providing stratification of physicochemical
properties, and enabling different ecological niches to form in
response to, for example, oxygen and nutrient availability [4].
Microorganisms embedded within biofilm matrices display
emergent properties, such as enhanced stress tolerance, and
form synergistic relationships with other microbial populations
[5, 6]. Such synergies and micro-domains contribute to micro-
colony development and allow microbial growth also under bulk
conditions of nutrient limitation [1, 7]. Hence, there is a strong
need to resolve molecular, structural and functional aspects of
microbial EPS and their role in biofilm assembly and function [8].
For example, biofilm community spatial organisation is central to
industrial biotechnologies, such as activated sludge in wastewater
purification, and the increased virulence of pathogenic biofilms, as
exemplified by periodontitis [9–11]. Despite their importance for
community biofilms, most studies into the roles of EPS in biofilm
architecture and function have focused on laboratory cultures of

single or defined mixed species rather than naturally occurring
biofilms [6, 10, 12–16], which may not realistically represent
bioprocesses occurring in environmental or industrial systems.
The biofilm-based multispecies anaerobic ammonium oxidation

(anammox) process accounts for up to 80% of oceanic nitrogen
losses [17]. It is also employed extensively in industry as a side
stream in wastewater treatment processes, where it outperforms
conventional nitrogen removal by allowing direct transformation
of ammonium to nitrogen using nitrite as an electron acceptor,
with minimum requirement for organic substrates [18]. Members
of the Planctomycetes perform the anammox process in such
communities, with members of Chlorobi, Bacteroidetes, Chloroflexi
or Proteobacteria commonly present as co-occurring species
[19, 20]. A symbiotic relationship has been described for anammox
bacteria and Chloroflexi, which utilise organic matter secreted by
anammox bacteria. While Chloroflexi has been suggested to form
filamentous scaffolding to facilitate biofilm formation, this is yet to
be demonstrated for anammox biofilms [21, 22].
Regardless of habitat, whether natural or engineered, anammox

bacteria always express EPS and form biofilms, either floccular,
granular or surface-attached, that enable syntrophic relationships
with other microorganisms [23]. Residing as microbial consortia
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enhances nitrogen removal efficiency, increases tolerance to
stress, and, crucially for wastewater treatment, improves biomass
retention and hydraulic throughput [21, 24]. Hence, anammox
biofilms are ideal model systems for understanding the role of EPS
in microbial communities. Anammox EPS have accordingly been
studied extensively, with the classes of biopolymers present and
their impact on biofilm biophysical and mechanical properties,
such as attachment, self-aggregation and settleability, being
described [25–27]. β-sheet proteins, which have been identified
as putative surface (S-) layer proteins, are consistently detected in
the EPS of anammox biofilms [9, 28]. While S-layer proteins are
present extracellularly as a paracrystalline lattice on the outer side
of the cell envelope layer of microorganisms, they are not
generally recognised as biofilm matrix components per se (i.e.,
beyond contributing to surface attachment) [29]. However, S-layer
protein expression has been shown to correlate with biofilm
formation in several species, including Clostridium difficile and
Tannerella forsythia [30, 31].
In this study, we resolve the contribution of an EPS to

polymicrobial community organisation within an anammox biofilm,
and describe the structural and functional roles of the S-layer
protein in the extracellular matrix. We analysed the spatial
distribution of anammox extracellular protein, BROSI_A1236, within
the biofilm, specifically relative to Candidatus Brocadia sinica and
Chloroflexi using an antibody raised against it. These bacteria
generally predominate in synthetic wastewater-enriched anammox
granular sludge [19, 21, 32, 33]. We could thus infer that, in addition
to its role as an S-layer protein, the extracellular protein accumulates
in the matrix at the biofilm edges as well as at the borders of
anammox cell clusters and fortifies junctions in the Chloroflexi
network. The S-layer protein-Chloroflexi association builds an EPS-
mediated scaffold for the anammox bacteria [22, 34]. These findings
inform on the spatial organisation of a key environmental and
engineered community biofilm, as mediated by its biopolymers in
the biofilm matrix.

MATERIALS AND METHODS
Anammox granules cryosection
Anammox granules collected freshly from a bioreactor [35] were washed
twice with 1x phosphate buffer saline (PBS, 137 mM NaCl, 2.7 mM KCl,
10mM Na2HPO4, and 1.8 mM KH2PO4, pH7.4) followed by fixation with 4%
paraformaldehyde (PFA) overnight. The granules were then washed with
1x PBS and placed in 15% sucrose followed by 3:1, 1:1 and 1:3 15% sucrose:
OCT (v/v) and finally 100% OCT sequentially overnight. OCT-treated
anammox granules were transferred to a square mould and stored at
−20 °C overnight. The sample was sliced on Leica CM 1950 cryostat
instrument to obtain 2–10 µm thin slices of anammox biofilm on a poly-L-
lysine coated slide (Sigma-Aldrich). The slide was then dehydrated for
3 min sequentially in 50%, 70%, and 98% (v/v) ethanol solutions. The slides
were air-dried and kept at room temperature for fluorescent labelling.

Fluorescence microscopy
Microscopic imaging was conducted on a Zeiss LSM 780 confocal
microscope with a 63x/1.4 oil objective. Briefly, cryosectioned anammox
granules were stained with Concanavalin A, Alexa Fluor 594 conjugate
(0.2 mg/mL (w/v)), SYTO 9 from BacLight Live/Dead viability stain and
SYPRO Ruby stain according to manufacturers’ manuals. All dyes were
obtained from Thermo Fischer Scientific.

Microbial community profiling and data analysis
Microbial community profiling of the reactors was conducted weekly [36].
The average abundance of the microbial community at the family level
from reactors over two months (k= 6) was used to construct a Krona plot
[37]. Metagenomic analysis was carried out on DNA extracted from
granules according to a previously described method [38]. Metagenome
assembled genomes (MAGs) associated to Chloroflexi were selected and
inserted into a species tree [39] in Kbase [40]. The quality of the MAGs was
assessed using CheckM for completeness, contamination and strain
heterogeneity (SI Table 1) [41].

Protein sequence aligner
Translated protein sequences of BROSI_A1236 were obtained from NCBI
(Locus: GAN32721, accession BAFN01000001), and utilised as database for
diamond blastx search on ChloroflexiMAGs 1–5, with default settings [42, 43].

Scanning electron microscopy (SEM) and variable pressure
SEM (VP-SEM)
Freeze-dried fresh anammox granules were sputtered with 6 nm platinum
using Leica ACE200 Sputter coater (Leica Microsystems, Wetzlar, Germany).
SEM imaging was performed with Hitachi FlexSEM 1000 II (Hitachi, Tokyo,
Japan) at 5 kV at high vacuum image mode using SE detector. For samples
without platinum coating, variable pressure SEM (VP-SEM) imaging was
performed at 10 kV at 30 Pa using BSE detector.

Antibody generation
Two rabbits were inoculated with purified BROSI_A1236 isolate [35] in a
three-month immunisation protocol consisting of three injections on days
0, 7, and 14 (iDNA Biotechnology Pte Ltd). The serum was collected from
rabbit antiserum. Crude serum of one rabbit was used as anti-BROSI_A1236
primary antibody.
Binding specificity of the antibody was validated by western blot, a

primary antibody concentration-dependent decrease in fluorescence
signal, as well as the absence of the fluorescence signal when the primary
antibody was omitted (SI Fig. 1).

Immunofluorescence-fluorescence in situ hybridisation (FISH)
staining
A slide with cryosectioned anammox biofilm, as described above, was
blocked overnight with PBS-T (137 mM NaCl, 12 mM PO4

3-, 2.7 mM KCl,
0.05% Tween 20, pH 7.4) and 5% (w/v) bovine serum albumin (BSA) at
4 °C. The primary antibody was diluted 200 or 250 times in blocking
buffer with RNase inhibitor (0.4 U/µL, Thermo Fisher Scientific) and
incubated for 1.5 h at 22 °C. The slide was then washed three times with
PBS-T for 5 min followed by incubation with 500 times diluted goat anti-
rabbit IgG (H+ L)-AF488 or AF405 secondary antibody (Thermo Fisher
Scientific) in blocking buffer for 1 h at 22 °C in the dark. The slide was
washed three times for 5 min with PBS-T followed by fixing with 4% PFA
for 30 min. Next, the fixed slide was washed two times with 1x PBS
followed by sequential dehydration using 50%, 70% and 98% (v/v)
ethanol solutions for 3 min. FISH was then performed on a dried slide
with the probes listed in SI Table 2 [44]. The slide was then viewed using
Zeiss LSM 780 confocal laser scanning microscopy. The biovolume of
SYPRO Ruby and BROSI_A1236 signal on four biofilms cross-section was
quantified using Imaris software.

Image processing using ImageJ
Fluorescence intensity line profiles were obtained by drawing a line across
the region of interest with a line pixel width of 18. The colocalisation
profile of any two fluorescent channels of interest from the same image
acquired was processed by applying Coloc 2 to perform the pixel intensity
correlation over the space methods of Pearson. Pearson’s R-value without
threshold was used in the data analysis and comparison.

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis
analysis of the soluble EPS
Twenty microliters of the crude ionic liquid anammox biofilm extract was
denatured in NuPAGE LDS sample buffer (Thermo Fischer Scientific) (1:1 (v/v))
for 10min at 70 °C and were loaded onto a 12% (w/v) hand-cast
polyacrylamide gel, according to the protocol provided by Bio-Rad. The
electrophoresis was carried out at 165 V in tris-glycine running buffer (25mM
Tris, 0.192M glycine, 0.1% (w/v) SDS, pH 8.3) for 60min. Lane L was loaded
with PageRuler Plus Prestained Protein Ladder, 10 to 250 kDa (Thermo
Fischer Scientific, 22619).

Immunoblot analysis
After electrophoresis, proteins were transferred from the SDS-PAGE gel to a
membrane using an iBlot transfer system (Invitrogen). The polyvinylidene
difluoride (PVDF) membrane was blocked with PBS-T and 5% (w/v) bovine
serum albumin (BSA) and kept overnight at 4 °C. The primary antibody was
then diluted 6000 times in blocking buffer and incubated for 2 h at 22 °C. The
PVDF membrane was washed three times with PBS-T for 5min before
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incubating with goat anti-rabbit IgG (H+ L) secondary antibody, HRP
(Thermo Fisher Scientific) diluted 10,000x in blocking buffer for 1 h at 22 °C in
the dark. After incubation, the membrane was washed five times for 5min
with PBS-T. For immune detection, the blot was developed in 1:1 (v/v)
dilution of SuperSignal West Femto Trial Kit (Thermo Fisher Scientific) to
achieve the desired signal intensity. The blot was imaged using Amersham
ImageQuant 800 Fluor Biomolecular Imager (cytiva).

RESULTS
Extracellular biopolymers localise in distinct regions of Ca. B.
sinica-enriched anammox biofilms
Thin anammox biofilm sections were prepared and stained
separately with three selected EPS-specific dyes in combination
with a fluorescence in situ hybridisation (FISH) probe specific for the
dominant population of Ca. B. sinica, Bsi630 (Fig. 1A–C) [45]. The
three EPS dyes used, Concanavalin A (Con A), SYPRO Ruby and SYTO
9, are specific for polysaccharides, proteins and DNA, respectively.
The staining patterns demonstrated three compositionally distinct
regions within the biofilm section (Fig. 1). The first region
encompassed the periphery of the biofilm, which was stained most
intensely by Con A and SYPRO Ruby (Fig. 1A, D and Fig. 1B, E
respectively with regions identified by white arrowheads). The
second region consists of the internal channels between Ca. B. sinica
cells, which stained positively to Con A and SYTO 9 (Fig. 1A, D and
Fig. 1C, F with regions identified by yellow arrowheads). The final
region displayed Ca. B. sinica-cell clusters which were stained by
both SYPRO Ruby and SYTO 9 (Fig. 1B, C, E, F).

Ca. B. sinica cell clusters are demarcated by a filamentous
polysaccharide-rich Chloroflexi
Metagenomic sequencing showed a high co-enrichment of Ca. B.
sinica (45%) and Chloroflexi (26%) in the laboratory-enriched
anammox granules (Fig. 2A). The phylogenetic tree of five
metagenome assembled genomes (MAGs) recovered within the
Chloroflexi phylum in the biofilm is presented in Fig. 2B. The
coexistence of Chloroflexi with anammox bacteria in the biofilm is
consistent with a previously described organic-free synthetic
nutrient-fed bioreactor [21].
FISH microscopy using probes targeting the Chloroflexi phylum

(i.e., CFX1223 and GNSB941), along with Ca. B. sinica, confirmed
the presence of Chloroflexi in the anammox biofilms (Fig. 3A). The
results demonstrated that Ca. B. sinica exists in tightly packed,
mono-species clusters, and the Chloroflexi are located predomi-
nantly in the channels between and around Ca. B. sinica cell
cluster borders as well as at the edge of the biofilm surface, where
metabolically active Ca. B. sinica was absent (Fig. 3B, C,
colocalisation Pearson’s R value, r= 0).
Localisation of Chloroflexi relative to anammox cells and EPS

was assessed using combined extracellular polysaccharide and
protein staining. The Chloroflexi, occupying the regions between
Ca. B. sinica cell clusters, were only lightly stained, or not at all, by
SYPRO Ruby (Fig. 3D–F, r= 0.26). In contrast, a strong Con A signal
was observed only at the boundaries of anammox cell clusters and
at the outer biofilm edge. The Con A signal overlapped almost
entirely with the Chloroflexi FISH probe signal (Fig. 3G–I, r= 0.88).

Fig. 1 A–C Confocal laser scanning microscopy (CLSM) images of 5 μm anammox biofilm sections stained with Ca. B. sinica-specific FISH probe,
Bsi630 (red) and EPS-specific dyes (green) targeting (A) polysaccharides (Con A), (B) proteins (SYPRO Ruby) and (C) nucleic acids (SYTO 9). Three
compositionally distinct regions were identified where: (i) the periphery of the biofilm was enriched with polysaccharides and protein-specific
stains (identified by white arrowheads); (ii) the internal Ca. B. sinica cell cluster borders were detected by the polysaccharides and nucleic acid-
specific stains (indicated by yellow arrowheads); and (iii) SYPRO Ruby and SYTO 9 stained Ca. B. sinica bacterial cells, showing overlapping
orange signals in 1B and 1C. D–F Single channel extracellular polymer stains of anammox biofilms. Scale bar indicates 20 μm.
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Scanning electron microscopy (SEM) images of the freeze-dried
anammox biofilm revealed the presence of a highly cross-linked
network of filamentous bacteria at the edge of the biofilm (Fig. 3J, K
and SI Fig. 2). The filamentous network at the biofilm edge is
comprised of Chloroflexi, along with EPS matrix material (Fig. 3).

Anammox S-layer protein coats Ca. B. sinica cells and occupies
the space surrounding Chloroflexi cells at the edge of the
biofilm
The spatial distribution of the dominant extracellular S-layer protein,
BROSI_A1236 in the biofilm, relative to Chloroflexi and Ca. B. sinica is
illustrated by the thin sliced anammox biofilm sectioned following
FISH and immunostaining (Fig. 4). The specificity of the BROSI_A1236
antibody is indicated from western blot analysis of the crude EPS
extract (SI Fig. 1) by an intense interaction between the antibody and
the 170/200 kDa protein doublet that was previously attributed to
BROSI_A1236 of Ca. B. sinica [35].
Three distinct S-layer protein binding regions (green) relative to

Ca. B. sinica cells (red) were visible across the anammox biofilm
section (Fig. 4A–E, SI Figs. 3, 4). The antibody was bound to the
envelope of Ca. B. sinica cells within the biofilm (dashed box B,
Fig. 4A, B). This is further demonstrated by overlapping fluorescent
signals for the S-layer antibody and Ca. B. sinica FISH probes in the
fluorescence intensity line profile in this region (Fig. 4D, region 3,
red and green lines respectively). This observation provides further
evidence that the anammox extracellular protein is an S-layer
protein [35].
The S-layer protein also appeared at the edge of the biofilm,

along with Chloroflexi and where Ca. B. sinica is largely absent
(Fig. 4A, dashed box C and Fig. 4C). In this region, the S-layer
protein occupied the space around the Chloroflexi (Fig. 4A, regions
1 and 4 of line 4D; SI Fig. 5), which is in contrast to the
polysaccharides that only coat the surface of the Chloroflexi
(Fig. 3H, I). The Diamond sequence aligner run against all
Chloroflexi returned no match for BROSI_A1236 to any Chloroflexi
MAGs. Furthermore, no other major microbial population was
observed at the edge of the biofilm (SI Fig. 6).
Additionally, in another region close to the surface of the

biofilm (dashed box F of Fig. 4E), some Ca. B. sinica cells were not
labelled by the S-layer protein antibody. There is, however, an
intense S-layer protein antibody signal at the border of this cluster
(indicated by white arrows in Fig. 4F). This demonstrates that the

antibody is selective and that the S-layer proteins may not
necessarily be present on the surface of all anammox cells in the
community.

Anammox S-layer protein coincides with Chloroflexi at the
junctions of Chloroflexi structural networks
The association between Chloroflexi and the S-layer protein also
depends on the proximity to the biofilm surface. Chloroflexi and
S-layer proteins coexist towards the outer edge of the biofilm
(Fig. 4C), as indicated by the elevated fluorescent signals at the
biofilm surface (Fig. 4D, region 1, green and blue lines). The S-layer
protein antibody signal also coincides with the Chloroflexi at
junctions in the Chloroflexi network (Fig. 5A–C), particularly
towards the outer edge (Fig. 5C) rather than the interior of the
biofilm (Fig. 5B and SI Fig. 7).
The EPS that overlapped with Chloroflexi cells, as shown in SEM

images (Fig. 3J, K), is proposed to be S-layer protein, as
demonstrated by immunofluorescence staining (Fig. 5B–E). The
SEM images showed filamentous bacteria embedded by an
extracellular matrix and forming a 3-D scaffold (Figs. 3K, 5). The
extracellular matrix coating the Chloroflexi at the nodes of the
filamentous framework is denoted by white dotted lines in Fig. 5E.
This was observed across multiple regions in SEM images (SI
Fig. 8). More than 80% of the Chloroflexi junctions were coated by
the extracellular matrix biopolymer, as determined by tracing the
filamentous network and identifying junctions as either matrix-
associated or non-matrix-associated (see Fig. 5F, G for the
representative images; i.e., 105 out of 119 junctions were matrix-
associated, as determined by several images. Refer to SI Fig. 8 for
remaining images).

Potential pathways for succession of BROSI_A1236 from
surface protein to EPS
The anammox biofilm cross-section in Fig. 6A highlights the
various forms in which BROSI_A1236 exists in the biofilm, relative
to the Chloroflexi. The S-layer protein initially forms well-defined
closed or partially closed surface protein rings (Fig. 6B) that
coalesce to form extended chains (Fig. 6C). These subsequently
develop into aggregates of larger assemblages within anammox
clusters (Fig. 6D) and finally form assemblages that coat the
Chloroflexi cells (Fig. 6E). In the larger BROSI_A1236 assemblages
surrounding Chloroflexi cells, traces of the original BROSI_A1236

Fig. 2 A Krona chart showing taxonomic classification of the laboratory enriched anammox granular biofilm based microbial communities at
the phylum level according to 16S amplicon sequencing. B Phylogenetic tree generated using FastTree based on MAGs retrieved from
anammox bioreactor metagenomic sequencing data. Only the closest identified sequences were selected. The scale indicates 0.1 nucleotide
change per nucleotide position.
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Fig. 3 Confocal laser scanning microscopy (CLSM) images show 10 µm anammox biofilm sections stained with the general Chloroflexi phylum
probes CFX1223 and GNSB941 (red) (A, D, and G). These are coupled separately with either (B) the Ca. B. sinica FISH probe, Bsi630 (green), (E)
SYPRO Ruby (green) or (H) Concanavalin A (blue). C, F, I are the superimposed images of A and B, D and E, and G and H, respectively, where
the white arrows denote the assembly of Chloroflexi filaments at the borders of anammox bacterial cell clusters. Scale bars indicate 20 μm.
Scanning electron microscopy (SEM) images showing (J) a highly filamentous and networked structure at the surface of anammox biofilm and
(K) an enlarged selected area of anammox biofilm edge in J that is likely made up predominately of filamentous Chloroflexi cells. Scale bars
indicate 10 μm.
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ring structure can still be discerned (Fig. 6D, E). The same image
including a Ca. B. sinica signal indicates that Ca. B. sinica co-occurs
with BROSI_A1236 aggregates in the internal regions of the
biofilm as the latter begins to coat the Chloroflexi cells (SI Fig. 9).
Moreover, the same traces of the surface protein rings coating the
Chloroflexi in the absence of Ca. B. sinica, are also visible in the
border regions of the biofilm (Fig. 4C).

DISCUSSION
This study reveals a strong association of the S-layer protein
BROSI_A1236 with the envelope of Ca. B. sinica cells. The S-layer
protein also contributes to a thick extracellular matrix layer at the
edge of the biofilm surface and in close proximity to Chloroflexi.
The filamentous Chloroflexi assemble into a cross-linked network
throughout and at the surface of the anammox biofilm, and the
Ca. B. sinica S-layer protein is present at network junctions. The
intensity of the western blot signal for antibody binding to the
high molecular weight protein doublet in the crude EPS that was
previously identified as the surface protein, BROSI_A1236 of Ca. B.
sinica, was high relative to other proteins [35]. Low level binding
of the antibody to lower molecular weight proteins is visible in the
western blot, and it is possible that some of the signals in the
immunofluorescence microscopy images result from non-specific
binding (SI Fig. 1). Nonetheless, overlaying the general protein
stain (i.e., SYPRO Ruby) with the BROSI_A1236 immunofluores-
cence (SI Fig. 10) shows that, while BROSI_A1236 is abundant, it
represents only a small fraction of the protein signal on the biofilm
cross-section, further indicating antibody specificity (approxi-
mately 20% biovolume). This, along with the inability of any
Chloroflexi to express BROSI_A1236 and the absence of any other
major microbial populations within the regions where Chloroflexi
and the surface protein co-localise at the biofilm borders (SI Fig. 6),

suggest that Chloroflexi has acquired the S-layer protein that is
secreted by Ca. B. sinica. Hence, the surface layer protein likely
facilitates another species to form a structural scaffold and act as
an adhesive as well as EPS. The Chloroflexi network in turn
accommodates clusters of anammox cells. Thus, Ca. B. sinica
secretion of the S-layer protein enables the organisation of a
cooperating community into a biofilm structural matrix for the
benefit of the whole community.
We have demonstrated that the S-layer protein is secreted by

the Ca. B. sinica and transported to the biofilm edge; however, the
means by which this is achieved is not clear. No paracrystalline
structures were observed in the matrix at the edge of biofilm,
although this could possibly be due to insufficient resolution of
the SEM used here (Fig. 5E–G). Nonetheless, the transport of the
S-layer protein from the cell surface to the biofilm surface likely
involves the S-layer protein transitioning between different phases
or states, as illustrated in Fig. 6. Several mechanisms exist by which
the S-layer protein could achieve this. The anammox biofilm
S-layer protein possesses intrinsically disordered repeat domains
(IDRs) at the C-terminus, which could facilitate phase transitions
and the passaging of the S-layer protein through the matrix
[45, 46]. Alternatively, the glycosylated S-layer protein could adopt
different proteoforms throughout the biofilm (e.g., glycosylated or
unglycosylated forms) to facilitate the transition of S-layer protein
to cells in the biofilm and its transformation into EPS [47–49].
The heterotrophic Chloroflexi metabolise anammox EPS [21].

The close association between Chloroflexi cells and the S-layer
protein described in this study suggests that the EPS metabolised
by Chloroflexi could be the anammox S-layer protein (Fig. 5). Con A
staining showed a strong overlap of polysaccharides with
Chloroflexi cells within internal anammox cell cluster channels,
and at the biofilm surface (Fig. 3). This indicates that the
polysaccharide is located on the cellular surface of the Chloroflexi

Fig. 4 A Confocal laser scanning microscopy (CLSM) images of a thin anammox biofilm section (3 µm) stained with Ca. B. sinica FISH probe
Bsi630 (red), S-layer protein antibody (250x dilution) visualised with Alexa Fluor 488-labelled goat anti-rabbit IgG (green) and general
Chloroflexi-phylum probes CFX1223 and GNSB941 (blue). The Ca. B. sinica cell cluster borders are outlined by Chloroflexi bacteria, with (B) Ca. B.
sinica S-layer enveloping the anammox bacterial cells and (C) presenting at the edge of the biofilm. D Normalised fluorescence intensity line
profile along the dashed line in A (line width= 18) showing the change in interaction between S-layer protein (green), Chloroflexi (blue) and
anammox bacteria (red) from the edge (location 1) to the interior (location 6) of the biofilm. E 3-D reconstructed image of A. F 3-D
reconstructed anammox biofilm topology in which S-layer protein binds only to the border of the anammox cell clusters as indicated by white
arrows. Scale bars indicate 10 µm.
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(i.e., as capsular), as opposed to the extracellular biopolymer,
which encompasses the Chloroflexi cells, as illustrated in the SEM
images (Fig. 5E–G). Based on the experimental spatial localisation
of the S-layer protein, the anammox exoprotein is proposed to
enable anaerobic growth, gluconeogenesis and subsequent
expression of the polysaccharide capsule of Chloroflexi [50, 51].
In addition to benefitting Ca. B. sinica by establishing a biofilm
scaffold that accommodates necessary synergistic relationships,
the carbon dioxide produced from fermentation of the S-layer
protein by Chloroflexi would also be available to the anammox
bacteria for carbon fixation via the Wood-Ljungdahl pathway for
subsequent biomass precursor production [52]. The S-layer
protein could therefore function as a “public-good” exopolymer
and coordinate the organisation of key populations in a
polymicrobial biofilm (Fig. 7) [53, 54].
Mixed species biofilms are the dominant microbial life form in

environmental and industrial settings [14, 55]. However, there are

few examples where the distribution of specific EPS has been
described relative to key microbial populations. To the authors’
best knowledge, the anammox biofilm results provided here
constitute the first report of such a structure-function relationship
for industrial or environmental biofilms. The S-layer protein was,
however, previously observed on anammox bacterial cell surfaces,
and it has been detected in the extracellular extracts from
anammox biofilms enriched in different anammox bacterial species
[56]. The inability to confirm its function as an EPS arose from a lack
of means to visualise the protein (Figs. 1B, 3E, and SI Fig. 10).
This study describes how EPS may mediate structure, composition

and function in a model mixed-species biofilm [57]. We propose that
anammox cells use the S-layer protein to promote cellular adhesion
and microcolony formation within a structural scaffold established
by the second most abundant population (i.e., Chloroflexi) in the
biofilm community. The spatial location and succession of the
S-layer suggests it has a moonlighting role as a Chloroflexi cross-

Fig. 5 Confocal laser scanning micrographs (A, B, C) and scanning electron micrographs (D, E, F, G) showing (A) filamentous Chloroflexi cell
(labelled by Chloroflexi-phylum probes CFX1223 and GNSB941, blue) demarcating anammox bacterial cell clusters (labelled by Ca. B. sinica
FISH probe Bsi630, red) in cross-linked network with (B, D) weak and (C, E) strong S-layer protein (labelled by S-layer protein antibody and
visualised with Alexa Fluor 488-labelled goat anti-rabbit IgG, green) associations. Regions marked by white dotted lines in E are likely S-layer
proteins that assemble Chloroflexi cells in the structural lattice. F, G show filamentous Chloroflexi cells forming a cross-linked framework with
junctions (i.e., intersections formed by two or more filamentous Chloroflexi cells) that are coated and non-coated with extracellular matrix
biopolymer. Blue solid lines in G trace Chloroflexi filaments in the biofilm. Scale bars indicate 10 μm in A, B, C and 5 μm in D, E, F, G. Yellow lines
in images B, C indicate regions where fluorescence intensity line profiles of interactions between S-layer protein and Chloroflexi cells were
plotted in SI Fig. 7 Figure 5A was imaged at the layer distal from the surface of the anammox biofilm cross-section. Therefore, most of the
antibody staining was observed at the edge of the biofilm.
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linking network and stabilising material as well as a driver for biofilm
community assembly (Fig. 7). High co-enrichments of Chloroflexi and
Ca. Brocadia in anammox bioprocesses, and a scaffold-building
function for Chloroflexi in providing a network for cells and
microcolonies to adhere and aggregate have been described in
activated sludge and anammox biofilms [23, 58–62]. These findings
may have direct implications in activated sludge microbiology [22].
Following the first description of an anammox S-layer glycoprotein
[56], BROSI_A1236 and its homologues have been identified as a
common feature of anammox biofilms and, more recently, as an EPS
[35, 45, 63]. There is increasing interest in all aspects of this
glycoprotein, including understanding how it is glycosylated [64],

and its function as an EPS. While our work provides additional
insight into its function in enabling community assembly, it also
suggests a key role for S-layer proteins in the formation of biofilms.
Overall, this work highlights the importance of the spatial
organisation for syntrophic relationships within mixed species
microbial biofilms [55, 65] and may underpin strategies for
optimising anammox bioprocesses, such as increasing biofilm
stability or reducing bioprocess start-up times [45, 66].

DATA AVAILABILITY
The data supports the findings in this study are available within the article as well as
the Supplementary material. Raw data is available upon request.
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