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A B S T R A C T

Identifying structural proteins within the extracellular polymeric substances (EPS) will provide a better under
standing of the stability of aerobic granular sludge (AGS) and biofilms in general. In this work, an abundant 
surface protein was identified and localized in the extracellular matrix of seawater-adapted AGS. Granules with 
good phosphate removal were cultivated in a sequencing batch bubble column reactor with acetate as a carbon 
source dissolved in seawater. “Candidatus Accumulibacter” was observed as the most dominant community 
member through fluorescent in-situ hybridization. A surface protein of 74.5 kDa was identified in the EPS extract 
of the seawater-adapted AGS by SDS-PAGE and mass spectrometry. The surface protein was produced by an 
Accumulibacter species and showed homology to S-layer proteins. A type 1 secretion system was found adjacent 
to the gene encoding for the surface protein, suggesting a possible export system. Antibodies generated from a 
unique peptide of the surface protein confirmed the extracellular location of the surface protein. Microscopy 
observations with antibody staining showed the surface protein forms dense structures within the Accumu
libacter microcolonies and larger fiber structures around the microcolonies. These observations highlight the 
importance of the protein for the structural properties of the granule. To detect more structural proteins in the 
EPS, optimization of the EPS extraction and in situ imaging validation methods are essential.

1. Introduction

With the increasing global shortage of freshwater, the use of 
seawater has become an attractive solution for various applications, 
including fire control, road and toilet flushing in coastal cities (Zhang 
et al., 2023a, 2023b). Moreover, industries such as leather-, 
food-processing, and pharmaceutical industries, may discharge saline 
wastewater due to the processing (Lefebvre and Moletta, 2006; Zhao 
et al., 2020a). The saline wastewater will be discharged into wastewater 
treatment plants for further treatment.

Among all the treatment processes, aerobic granular sludge (AGS) 
technology has emerged as a promising technology to treat saline 
wastewaters (Bassin et al., 2011; de Graaff et al., 2020a; Zhao et al., 
2020b), thanks to its reduction in area usage, lower energy costs and 
potential for resource recovery (Pronk et al., 2015; Van Loosdrecht and 
Brdjanovic, 2014). In the AGS process, granules with microorganisms 
embedded in a self-produced matrix of extracellular polymeric 

substances (EPS) are formed. The EPS keeps the stability of the granules 
and protects the microorganisms from harsh environmental conditions, 
such as salinity in the form of seawater or NaCl (Decho and Gutierrez, 
2017). The stabilizing mechanism of EPS is still unknown, which is 
largely due to the uncharacterized nature of the EPS matrix (Seviour 
et al., 2019).

The EPS is composed of various components, such as poly
saccharides, extracellular enzymes, and structural proteins. These 
components interact together to form a matrix supporting microbial 
growth under dynamic and stressful environments (Flemming and 
Wingender, 2010). Studies on AGS adapting to saline conditions have 
shown an increase in EPS, protein content, and hydrophobicity at higher 
salinities (Campo et al., 2018; Corsino et al., 2017; Ou et al., 2018). 
Notably, proteins make up to 40 % of the extracted EPS and are found to 
play an important structural role in AGS stability (Felz et al., 2016; 
McSwain et al., 2005; Zhu et al., 2015). In addition, specific structural 
proteins have been linked to the stability of granular sludge. Amyloid 
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proteins have been identified to play a structural role in AGS enriched 
with ammonia-oxidizing bacteria (Lin et al., 2018). Similarly, glycosy
lated S-layer proteins have been found to form a large fraction of the EPS 
in anammox granules acting as an adhesive and facilitating assembly 
with other community members (Boleij et al., 2018; Pabst et al., 2022; 
Wong et al., 2023). These reports highlight the importance of (struc
tural) proteins in the EPS of granular sludge. However, no structural 
proteins have been identified in saline AGS to date.

Identification of EPS components involved in seawater AGS, espe
cially (structural) proteins, will not only expand our database of 
important EPS components, but also allow a better understanding of the 
role that the EPS plays in maintaining the stability of AGS. Insight into 
EPS composition and their interactions within the extracellular matrix 
may reveal their functions. Understanding of these functions and how 
they are regulated could generate knowledge on a better control of AGS 
process. Additionally, this may also open new opportunities and/or 
strategies for recovering EPS as a sustainable resource (Seviour et al., 
2019). Therefore, the goal of this work was to identify the extracellular 
protein(s) in seawater-adapted AGS, visualize its distribution in situ, and 
understand its potential role in the granule. To this end, the extracellular 
proteins were extracted from AGS and an abundant protein was iden
tified using mass spectrometry. In situ immunostaining was performed to 
localize the dominant protein.

2. Material and methods

2.1. Reactor operation and microbial community analysis

2.1.1. Reactor operation
Aerobic granular sludge was cultivated in a 2.8 L bubble column (6.5 

cm diameter) as a sequencing batch reactor (SBR) as adapted from (de 
Graaff et al., 2019). The seawater-adapted reactor was inoculated with 
600 mL 1:1 vol ratio activated sludge from the wastewater treatment 
plant in Harnaschpolder The Netherlands and full-scale Nereda® sludge 
from Utrecht, The Netherlands. The temperature of the reactor was 
controlled by controlling the room temperature at 20 ◦C. The pH was 
controlled at pH 7.3 ± 0.1 by dosing either 1.0 M NaOH or 1.0 M HCl. 
The dissolved oxygen (DO) was controlled by a mixture of nitrogen gas 
and air at 0 % and 80 % (5.9 mg O2/L in seawater) in the anaerobic and 
aerobic phases, respectively.

Reactor cycles consisted of 5 min settling, 5 min effluent withdrawal, 
5 min N2 sparging, 5 min of feeding, 50 min N2 gas sparging (anaerobic 
phase), and 110 min of aeration (aerobic phase). The average sludge 
retention time (SRT) was kept at 13 ± 1 days by manual sludge removal 
for both reactors. Granules were samples for analysis at least 3 months of 
steady reactor performance in growth and phosphate removal for the 
first and second reactor, respectively.

The feed of 1.5 L per cycle consisted of 1.2 L artificial seawater (final 
concentration 30 g/L, Instant Ocean®), 150 mL of medium A and 150 
mL of medium B. Medium A was composed of 62.5 mM of sodium ac
etate trihydrate. Medium B contained 41.13 mM of NH4Cl, 0.34 mM of 
K2HPO4, 0.27 mM of KH2PO4, 0.07 mM of allylthiourea and 10 mL/L of 
trace elements solution similar to Vishniac & Santer (1957), but using 
2.2 g/L of ZnSO4⋅7H2O instead of 22 g/L and 2.18 g/L of Na2MoO4⋅2H2O 
instead of (NH4)6Mo7O24⋅4H2O. The combination of these feed streams 
led to influent concentrations of 400 mg/L COD, 50 mg/L NH4–N, and 
12.2 mg/L PO4-P. To monitor the performance of the reactor, samples 
were taken at certain intervals and filtered through a 0.22 µm PVDF 
filter. Acetate concentration was measured through high-performance 
liquid chromatography, HPLC, (Thermo Scientific Vanquish HPLC) at 
50 ◦C (0.75 mL/min) with 1.5 mM phosphoric acid as eluent and Aminex 
HPC-87H (Bio-Rad, California, USA) as a column. Phosphate and 
ammonia concentrations were measured using a Thermo Fisher Gallery 
Discrete Analyzer (Thermos Fisher Scientific, Waltham, USA).

The organic and ash fractions of the biomass were determined ac
cording to the standard methods (APHA, 1998). Pictures of the granules 

were taken with a stereo zoom microscope (M205 FA, Leica Micro
systems, Germany) connected to the Eert Vision Auto Focus Microscope 
camera (Eert Vision, The Netherlands), and the images were acquired 
with the Eert C304 software (V1.0, Eert Vision, The Netherlands). For 
protein extraction, the granules were rinsed with demi water to remove 
excess salt, lyophilized immediately, and stored at room temperature.

2.1.2. Microbial community analysis by fluorescent in-situ hybridization 
(FISH)

The granules were collected from the reactor at the end of the aerobic 
phase. The handling, fixation and staining of FISH samples were per
formed as described in Bassin et al., 2011. The PAO651 probe was used 
for visualizing the polyphosphate accumulating organism (PAO), 
“Candidatus Accumulibacter” (Albertsen et al., 2016). The GAOmix 
(GAOQ431 and GAOQ989) was used for visualizing glycogen accumu
lating organisms (GAO) (Crocetti et al., 2000). EUBmix (EUB338, 
EUB338-II and EUB338- III) were used for staining all bacteria (Amann 
et al., 1990; Daims et al., 1999). Images were taken with a Zeiss Axio 
Imager M2 microscope equipped with the fluorescent light source X-Cite 
Xylis 720 L. The image acquisition was performed with the Zeiss Axio
cam 705 mono camera. The images were processed and exported in .tif 
format with the Zeiss microscopy software (ZEN version 3.3).

2.2. Isolation and identification of the abundant EPS proteins

2.2.1. Protein extraction and gel-electrophoresis
Optimization of the extraction method was first performed by 

varying the type of biomass (wet pellet, lyophilized granules), the con
centration of lyophilized granules (3.2 – 12.8 mg/mL), temperature (5, 
20, 60 and 80 ◦C), chemical (NaCl, Na2CO3) and time (1, 6, and 24 h) 
while assessing the intact protein bands on the SDS-PAGE. The optimal 
extraction condition was considered if the extraction method yielded the 
strongest protein bands on the SDS-PAGE. The optimal extraction 
method was found as follows: lyophilized granules of the seawater- 
adapted reactor were crushed and extracted using0.5 % w/v Na2CO3 
(Felz et al., 2016) at a concentration of 12.8 mg lyophilized biomass / 
mL. The extraction was performed overnight (approx. 15 h) while stir
ring at 400 rpm at room temperature (20 ◦C). After the extraction, the 
pellet was discarded by centrifuging at 14.000 × g for 5 min at 5 ◦C. The 
extracted proteins in the supernatant were denatured in dithiothreitol 
(12.5 mM) and NuPAGE LDS Sample Buffer 4x (Thermofischer Scienti
fic) at 70 ◦C for 10 min. 10 µL of each sample was loaded on the NuPage 
® Novex 4–12 % Bis-Tris gels (Invitrogen). The Multicolor Broad Range 
Protein ladder (Thermofischer Scientific) was used as a molecular 
weight marker. The electrophoresis was performed for 35 min at 200 V 
in NuPAGE MES SDS running buffer (Thermofischer Scientific). The gel 
was stained by either Coomassie Blue (Simply Blue, Invitrogen) or PAS 
staining (Pierce Glycoprotein Staining Kit), both following the manu
facturer’s instructions. The gels were visualized on a ChemiDoc MP 
Imaging System (Bio-Rad, Hercules, CA).

2.2.2. In-gel digestion
Sample preparation and proteomics analysis of SDS-PAGE separated 

samples were performed as described in Pabst et al. (2022) SDS-PAGE 
analysis and in-gel digestion. To extract the peptides from the gel, the 
gel band was first cut out from the Coomassie-stained gel into smaller 
pieces and destained in destaining solution (100 mM NH4HCO3 in 40 % 
acetonitrile, ACN) for 15 min at room temperature. The destained gel 
pieces were incubated in the following solutions step-by-step as follows: 
1) 200 µL 100 % ACN for 10 min at room temperature for dehydration. 
2) 200 µL 10 mM DTT in 100 mM NH4HCO3 for 30 min at 56 ◦C at 300 
rpm for reduction of the cysteine residues. 3) Alkylation of the cysteine 
residues was performed by adding 200 µL of freshly prepared 55 mM 
iodoacetamide in 100 mM NH4HCO3 for 30 min at room temperature in 
the dark. The alkylation solution was replaced by destaining solution for 
5 min at room temperature. The gel pieces were dehydrated again as 
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described above. The dehydrated gel pieces were rehydrated in 98 µL of 
100 mM NH4HCO3 and 2 µL digestion solution (Trypsin Sequencing 
Grade, Promega, 0.1 µg/µL in 1 mM HCl in LC-MS H2O). The sample was 
digested overnight (approx. 18 h) at 37 ◦C and 300 rpm. After the 
digestion, the solution was collected. The in-gel peptides were further 
extracted using 150 µL of peptide extraction solution (70 % ACN with 5 
% formic acid, FA, in water) for 15 min at 37 ◦C, collecting the solution. 
Then another extraction was followed using 100 µL solution of 10:90 
ACN:water for incubated for 15 min at 37 ◦C and collected. The 
extracted sample (approx. 450 µL) was subsequently dried in the 
SpeedVac concentrator (SPD1010–230, Thermo Scientific) at 45 ◦C for 
approximately 2 h. Finally, the sample was re-dissolved in 20 µL 3 % 
ACN, 0.1 % FA in H2O prior to injection into the mass spectrometer.

2.2.3. Shotgun proteomics and data processing
The purified peptides were analyzed using a Q Exactive plus Hybrid 

Quadrupole-Orbitrap Mass Spectrometer (Thermo Scientific, Germany) 
connected online to an EASY-nLC 1200 system (Thermo Scientific, 
Germany). Chromatographic separation employed an Acclaim PepMap 
RSLC RP C18 separation column (50 µm x 150 mm, 2 µm) with solvents 
A (1 % ACN, 0.1 % FA) and B (80 % ACN, 0.1 % FA). A gradient from 5 % 
to 35 % B over 88 min, followed by a linear gradient up to 65 % B over 
another 30 min, was maintained at a constant flow rate of 350 nL/min. 
Approximately 4 µL of the proteolytic digest each was injected. Elec
trospray ionization was performed in positive ionization mode, and MS1 
analysis was executed at a resolution of 70 K, with an AGC target of 
3.0E6 and a maximum IT of 75 ms. The top 10 signals were selected for 
fragmentation, using an isolation window of 2.5 m/z. HCD fragmenta
tion was performed using an NCE of 28. For MS2 analysis, a resolution of 
17.5 K, an AGC target of 2.0E5, and a maximum IT of 100 ms were 
employed.

Mass spectrometric raw data were database searched using PEAKS X 
(Bioinformatics Solutions Inc., Canada) and a database constructed from 
whole metagenome sequencing experiments of a “Ca. Accumulibacter” 
enrichment (Kleikamp et al., 2021), complemented with Candidatus 
Accumulibacter sequences obtained from UniprotKB, allowing for a 20 
ppm parent ion and 0.02 m/z fragment ion mass error, 3 missed cleav
ages, carbamidomethylation as fixed and methionine oxidation and N/Q 
deamidation as variable modifications. Peptide spectrum matches were 
filtered for 1 % false discovery rate and protein identifications with ≥ 2 
unique peptides were considered significant. Analysis for the glycosyl
ation was performed as described recently (Pabst et al., 2022).

2.2.4. Homology search
The obtained protein sequence was identified using the BLAST tool 

on NCBI and Uniprot using the standard parameters. The protein query 
was searched against the non-redundant protein sequences (nr) database 
and UniprotKB reference proteomes + Swiss-Prot, for NCBI and Uniprot, 
respectively. The identified protein (WP_313,950,548.1) was found in 
the CDS region (NZ_JAVTWB010000028.1) in the genome assembly 
ASM3222952v1.

2.3. In situ visualization of the identified extracellular protein

2.3.1. Antibody generation
The selected two unique peptides (GDK and AVA, Supplementary 

material) of the identified protein was generated and immunized on 
rabbits by David’s Biotechnology (Regenburg, Germany). The immuni
zation schedule protocol followed 5 immunizations (Day 1, 14, 28, 42 
and 56), where on Day 35 a test bleed was performed to monitor anti
body titer development. The final bleed was performed on Day 63. Af
finity purification was performed to obtain a specific polyclonal 
antibody fraction at a concentration of 0.68 mg/mL and 0.95 mg/mL, 
respectively.

2.3.2. Immunoblotting
To determine the antibody specificity the purified antibody fraction 

was subjected to Western Blotting. After gel electrophoresis as described 
in section 2.2.1, the gel was transferred onto the Trans-Blot Turbo Mini 
PVDF membranes with a pore size of 0.2 µm (Bio-Rad, Hercules, CA). 
The proteins were transferred to the membrane at 25 V for 15 min at 
room temperature using the Trans-Blot® Turbo Transfer system (Bio- 
Rad, Hercules, CA).

After blotting, 100 ng of the generated peptides were added on the 
membrane as a positive control. The blot was cut into strips and blocked 
at room temperature for 1 hour in blocking buffer consisting of 5 % (w/ 
v) skim milk powder in TBS-T (Tris 20 mM, NaCl 150 mM, pH 7.6, 0.1 % 
(w/v) Tween-20). The membrane strips were washed in 5 mL TBS-T 
three times for 5 min. The primary antibody was diluted to 0.01 mg/ 
mL in TBS-T and from there the optimal dilution of 1:500 (final con
centration 20 ng/µL) was used to incubate the membrane overnight at 4 
◦C. The optimal concentrations of primary antibody was determined by 
blotting using sequential concentrations of the primary antibody (1:500 
– 1:15.000) and evaluating the blot intensity. The membrane was 
washed in six times 5 mL TBS-T for 5 min and incubated with 10.000- 
fold diluted Goat Ant-Rabbit IgG conjugated to horse radish peroxide 
(HRP) in TBS-T (final concentration 80 ng/mL) for 1 hour at room 
temperature. The membrane strips were washed in 5 mL TBS-T three 
times for 5 min. Afterwards, they were treated with 1 mL of HRP sub
strate (Immobilon® Crescendo Western HRP Substrate, Sigma-Aldrich) 
and visualized by chemiluminescence on the ChemiDoc MP Imaging 
System (Bio-Rad, Hercules, CA). Only one peptide was shown to be 
specific for the target protein, thus this was used for the subsequent 
immunostaining analysis. To confirm unspecific binding of the second
ary antibody, a control was performed omitting the primary antibody 
(Supplementary material)

2.3.3. Granule slicing
Detailed methodology of granule slicing can be found Langedijk et al. 

(in preparation). Paraformaldehyde fixated granules were embedded in 
5 % (w/v) agarose dissolved in demi water. The sample was attached to 
the vibratome (700smz-2 Vibratome, Campden Instruments, England) 
using cyanoacrylate glue and covered with seawater (Instant Ocean 30 
g/L). The granule was cut into 10 µm slices at 0.5 mm/s and 50 Hz with a 
ceramic blade (Campden Instruments, England). The slices were 
collected on an Epredia™ SuperFrost™ Plus adhesion slides (Thermo 
Fisher Scientific, Waltham, MA) and dried to immobilize the slice to the 
slide.

2.3.4. Immunostaining
To visualize the surface protein, immunostaining was performed on 

sliced and pottered granules. The slides with either the slices or pottered 
granules were dehydrated sequentially in 50 %, 80 %, and 96 % (v/v) 
ethanol for 3 min each and air-dried. The immunostaining was followed 
similar to Wong et al. (2023). The optimal concentration of primary 
antibody (1:680) was determined after performing the immunostaining 
with different conditions. 5 % BSA was used due to the autofluorescence 
signal of the milk proteins in the same wavelength as the secondary 
antibody probe.

The slide was blocked overnight in a blocking buffer (5 % w/v BSA in 
TBS-T) at 4 ◦C with gentle shaking. The primary antibody was diluted to 
1 µg/mL (1:680) in blocking buffer, 1 mL was added to cover the entire 
slide, and incubated for 1.5 h at room temperature with gentle shaking. 
The slide was washed in 20 mL of TBS-T three times for 5 min and air- 
dried. The secondary antibody, goat anti-rabbit IgG (H + L) – Alexa
Fluor488 (Thermo Fischer Scientific, Waltham, MA), was diluted 1:500 
(final concentration 4 µg/mL) in blocking buffer and 250 µL was added 
on top of the slices and incubated for 1 h in a humidity chamber at room 
temperature in the dark. The slide was washed in 20 mL of TBS-T three 
times for 5 min and air-dried, followed by fixation with 4 % para
formaldehyde for 10 min at room temperature. The fixed slide was 
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rinsed with PBS followed by demi-water to remove the excess para
formaldehyde and salts. The fixed slide was dehydrated sequentially in 
50 %, 80 %, and 96 % (v/v) ethanol for 3 min each and air-dried fol
lowed by the FISH protocol as described in section 2.1.2, omitting the 
fluorescein (498/517 ex/em) probe. As a negative control, the primary 
antibody was omitted (Supplementary material). Images were taken 
with a Zeiss Axio Imager M2 microscope equipped with the fluorescent 
light source X-Cite Xylis 720 L. The image acquisition was performed 
with the Zeiss Axiocam 705 mono camera. The images were processed 
and exported in .tif format with the Zeiss microscopy software (ZEN 
version 3.3).

3. Results

3.1. Reactor operation and microbial community analysis by fluorescent 
in situ hybridization (FISH)

The seawater-adapted AGS reactor showed good granule formation 
and enhanced phosphate removal performance. The granules had a size 
range of 0.5 – 3 mm in diameter (Fig. 1A). The phosphate release and 
acetate uptake during a typical cycle corresponded to a P:C ratio of 0.40 
P-mol / C-mol. Similar ratios were observed in other AGS studies with a 
dominant population of the phosphate accumulating organism (PAO) 
“Candidatus Accumulibacter” (“Ca. Accumulibacter”) (de Graaff et al., 
2019; Weissbrodt et al., 2014; Welles et al., 2015). FISH analysis 
revealed a dominance of PAO “Candidatus Accumulibacter” in the mi
crobial community, whereas glycogen accumulating organisms (GAO) 
were observed in small quantities, <10 % of the community (Fig. 1B). 
Only trace amounts of other bacteria (positive stain for general eubac
teria probe EUBmix) were observed (Supplementary material). Overall, 
this shows that the microbial community in seawater-adapted AGS was 
dominant with “Ca. Accumulibacter.”.

3.2. Identification of an abundant putative surface protein in seawater- 
adapted AGS

The proteins from the seawater AGS were extracted overnight in 
Na2CO3 and characterized using SDS-PAGE. Following Coomassie Blue 
staining, a strong band was observed at an apparent molecular weight of 
100 kDa (Fig. 2, lane 1x), suggesting the presence of an abundant pro
tein in the extract. This band was negatively stained by PAS (Fig. 2), 
indicating it is not glycosylated. Right under this band, two weakly 
stained bands were shown at around 70 kDa (when a higher concen
tration of biomass was used in the extraction, these two bands were 
more apparent, Fig. 2, lane 2x arrows). Furthermore, a range of smaller 
proteins was seen at the molecular weight lower than 50 kDa. Because 
the 100 kDa band was sharp and strong, it was taken as an indication 
that this protein is abundant in the granule. To further identify this 

protein, the Coomassie blue stained band was cut from the gel and 
digested into peptides for subsequent mass spectrometry analysis.

3.3. Proteomic analysis revealed the presence of a surface protein

The protein observed at 100 kDa in the electrophoresis gel was 
identified by mass spectrometry as a protein containing of 756 amino 
acids (full protein sequence is found in the Supplementary material). 
44.7 % of the amino acids are hydrophobic of which alanine (17.7 %) is 
found in the highest abundance. 35.2 % of the amino acids are polar 
uncharged of which threonine (19.3 %) is found in the highest abun
dance. The charged amino acids make up 9.8 % of the total sequence. 
Notably, cysteine was not present in the protein sequence. The theo
retical pI/Mw of this protein is 4.30 / 74.493 kDa according to the 

Fig. 1. Stereozoom pictures of aerobic granular sludge grown under seawater conditions (A). Fluorescent in-situ hybridization (FISH) PAO651 in red and GAOmix in 
green of disintegrated seawater granular sludge (B).

Fig. 2. SDS-PAGE of proteins extracted from seawater-adapted granules. L: 
ladder 1x: granules concentration at 6.4 mg/mL and 2x: granules concentration 
at 12.8 mg/mL CB: Coomassie blue staining for all proteins (L, lane 1x, 2x). 
PAS: Periodic acid staining for glycoproteins. Left of the ladder are the mo
lecular weights indicated as kDa. The small white arrows at the lane 2x indicate 
the two weakly stained bands at around 70 kDa.
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calculation by ExPASy.
Interestingly, when the full protein sequence was used as a query and 

BLAST against NCBI database, an exact sequence match was found to be 
a putative surface protein belonging to an unclassified Accumulibacter 
species (Table 1). Importantly, the conserved protein domain revealed 
that most of the amino acids (166–753) of this protein are arranged as 
β-sheets (with repeating β-strands), which has high similarity with the 
typical property of S-layer proteins (Bharat et al., 2017). Looking at the 
annotated proteins of other matches (2, 3 and 4 in Table 1), the E-value 
shows a good sequence homology, despite the low sequence identity. For 
the two proteins: beta strand-repeat containing protein and 
calcium-binding protein, they showed a match of 47.1 % and 43.8 % and 
E-values of 7E-133 and 1.8E-90, respectively. For the well-studied 
S-layer protein rsaA of Caulobacter crescentus, the match with our pro
tein is only 30.5 %, while the E-value is low (1.8E-41). This suggests that 
the identified protein may be involved in calcium binding and/or is 
similar to surface layer protein (S-layer protein).

To further understand the putative function of the surface protein, 
the protein domains were evaluated through InterPro, and its structure 
was predicted by AlphaFold3. A C-terminal parallel β-roll was found 
consisting of two RTX repeats and 13 β-sheets (Fig. 3A). The parallel β 
roll structure is suggested to play a role in conformational arrangements 
upon binding with Ca2+extracellularly (Guo et al., 2019), matching with 
the homologs annotated with Ca2+ binding property found above. The 
protein structure was found to consist of 35.2 % β-sheets and 18.8 % 
α-helix (Fig. 3B). At the N-terminal, 8 α-helix structures were found. 
Furthermore, the anchoring domain suggests that the protein may be 
anchored to the cell surface, thus the protein should be exported to the 
exterior by an export mechanism.

The protein was found to have four nonapeptide / RTX repeats, 
GGxGxDxUx, in the sequence (Fig. 3A), which is commonly found in 
proteins exported by the type 1 secretion system (T1SS) (Spitz et al., 
2019). No export signal peptide was detected while using SignalP 6.0 
(Teufel et al., 2022). To determine whether Accumulibacter sp. carries 
the genes encoding for T1SS, the genome protein sequence match was 
first identified. The exact sequence match was found present in the 
metagenome-assembled genome (MAG) of the Accumulibacter sp. from 
a lab-scale reactor fed with glucose (Elahinik et al., 2023) and pre
liminary search of seawater AGS metagenomics dataset of this study 
revealed the presence of the surface protein as well (Chen et al., in 
preparation). Four genes encoding for T1SS, together with the gene 
encoding for the surface protein, were found (Fig. 3C); two genes were 
annotated as T1SS permease / ATPase, one gene for HlyD the membrane 
fusion protein, and TolC the outer membrane protein, making up the 
complete T1SS (Kim et al., 2016; Spitz et al., 2019). Overall, the abun
dant protein in the seawater-adapted AGS is a surface protein, likely 
exported extracellularly by T1SS, and may be involved in a structural 
role similar to S-layer proteins.

To conduct in situ visualization of the protein in the granules, im
munostaining was applied. The specificity of the generated antibody was 

validated by immunoblotting (Fig. 4). As expected, the antibody bound 
specifically to the protein at approximately 100 kDa, which is the same 
molecular weight as the band observed before with the Coomassie gel 

Table 1 
BLASTp search of the surface protein in NCBI and Uniprot showing the hit (1) and the homology (2 - 4) of the putative surface protein with other proteins. The full 
BLASTp results from NCBI and Uniprot are found in the Supplemental material. Lower E-value indicates higher confidence that the similarity is not found by chance. E- 
values < 1E-25 indicate clear homology (Pearson, 2013).

Description Organism E-value %ID Accession / Entry Database

1 bluetail domain-containing putative surface protein Accumulibacter sp. 0 100% WP_313,950,548.1 NCBI
2 beta strand repeat-containing protein Rhizobium oryzicola 7.00E-133 47.1% WP_302,078,835.1 NCBI
3 Calcium-binding protein Methylobacterium sp. Leaf99 1.80E-90 43.8% A0A0Q4XER2 Uniprot
4 S-layer protein rsaA Caulobacter crescentus 1.80E-41 30.5% P35828 Uniprot

Fig. 3. Proteomic analysis of the surface protein. A) The secondary structure 
showing the parallel beta roll (IPR011049) and the surface-anchoring domain 
(IPR048165) towards the C-terminal of the protein predicted by InterPro and 
the RTX repeats (IPR001343). B) The 3D protein structure predicted by 
AlphaFold3. The prediction template modelling score (pTM) was 0.81, indi
cating a high-quality prediction (Abramson et al., 2024). The blue to red 
gradient indicates the N-terminal to the C-terminal of the protein respectively. 
C) Annotated genes around the gene encoding for the surface protein in the 
coding sequence region (CDS). Type 1 secretion system (T1SS) (in green) 
consisting of the outer membrane protein TolC, membrane fusion protein HlyD, 
and the ABC transporters T1SS permease / ATPase. Other annotated proteins: 
*1, hypothetical protein. *2, FecR family protein. *3, adenylate/guanylate 
cyclase domain-containing protein. *4, hypothetical protein. *5, DUF6447 
family protein. *6, methyltransferase type 11. *7 ABC transporter permease. *8, 
ABC transporter ATP-binding protein.
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(Fig. 2) The other bands that were present in the lower molecular weight 
range (< 45 kDa) with the Coomassie gel did not show any binding, 
indicating that the antibody is highly specific to the surface protein. 
Besides the 100 kDa band, the antibody was also found to interact 
strongly with a band at around 70 kDa, representing closely the theo
retical molecular weight of 74 kDa. Although, shifts in apparent mo
lecular weight can be caused by glycosylation (Scheller et al., 2021), the 
absent sugar staining and lack of glycosylation detected by the untar
geted mass spectrometry approach suggest that the observed shift may 
instead result from different protein configurations, such as oligomeri
zation and folding (Dunker and Rueckert, 1969).

3.4. Surface protein is found on the cell and in the extracellular matrix of 
seawater-adapted AGS

To visualize the location of the protein in the biomass, pottered 
biomass was used first. The antibody bound to the cell surface, showing 

a clear border around the rod-shaped bacteria (Fig. 5). Judging from the 
shape and the FISH analysis before, this organism resembles “Ca. 
Accumulibacter”. The antibody was confirmed to have specific binding, 
as other bacteria, e.g. larger cocci shaped likely resembling GAO 
(Fig. 5A, B arrow), did not show any signal. Notably, about 1 µm long 
fibril-like structures were observed attached to the cells and in between 
the spaces of the cells (Fig. 5), suggesting that the surface protein could 
be part of the extracellular matrix of the seawater-adapted AGS.

Granule slices were used to visualize the distribution of the surface 
protein in the granules (Fig. 6). The surface protein was found to be 
distributed throughout the entire granule at different scales; around the 
microorganisms, within the microcolony, and in between the micro
colonies. The surface protein was found around the “Ca. Accumu
libacter” cells towards the loosely packed center of the granule (Fig. 6C), 
confirming the previous proteomic analysis and staining on pottered 
biomass. The areas in between the cells were also stained, similar to a 
web-like structure (Fig. 6C arrows). At the outer edge of the granule, the 
intensity of the surface protein signal was higher compared to the center 
(Fig. 6A, B, D). The individual cells within the microcolony appeared 
densely packed with the surface protein forming a compact honeycomb- 
like structure surrounding the cells and filling the spaces between them 
(Fig. 6B). This structure was consistently found across multiple granules. 
Lastly, a less common structure resembling large fiber strands with 
lengths >20 µm was also observed in between the microcolonies 
(Fig. 6E, F). The fibrous strands seemed to be present in the grooves of 
the granule where less “Ca. Accumulibacter” was observed (indicated by 
the lack of overlap of the signals). To summarize, it was observed that 
the surface protein was located in the microcolonies, as well as in the 
extracellular matrix of the granules. Within the microcolonies, this 
protein was found around the outer membrane and in the space between 
the cells. It built up a dense honeycomb structure filling in the micro
colony, while large fibers were located in between the microcolonies.

4. Discussion

4.1. An abundant surface protein in seawater-adapted AGS has 
similarities with previously identified S-layer RTX protein

Identifying the components in the EPS is important to understand the 
stability of aerobic granular sludge or biofilms in general. In the current 
study, an abundant protein in the seawater-adapted AGS enriched with 
“Ca. Accumulibacter” was isolated and analyzed. It was revealed that 
this protein is a putative surface protein of Accumulibacter species. 
Especially, there are similarities with S-layer proteins. There is a low 
sequence similarity (30.5 %) and a low E-value (1.80E-41) of the iden
tified protein to the well-characterized S-layer protein of Caulobater 
crescentus (Pearson, 2013). However, low homology is generally found 

Fig. 4. Immunoblot analysis of the antibody generated against the unique 
peptide of the surface protein. The ladder (L) in kDa and the 6.8 mg/mL Na2CO3 
extract from seawater (lane 1). A dot blot is presented on the bottom of the 
membrane of 100 ng of the unique peptide as a positive control.

Fig. 5. Immunofluorescence staining of pottered biomass of seawater AGS (A, B, C). The white arrows (A, B) indicate the GAO. Fluorescence staining of AlexaFluor- 
488 was overlayed with phase contrast pictures (A and B) and only the fluorescence staining is shown for C. The exposure of AlexFluor-488 was kept the same across 
all pictures, allowing comparison of the signal intensity between samples.
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on sequence level between S-layer proteins (Pum and Sleytr, 2014). The 
identified RTX motifs in the sequence indicate that the surface protein 
may belong to the family of RTX proteins that are exported by the type 1 
secretion system (Linhartová et al., 2010; Sleytr et al., 2014). The 
physicochemical properties of the surface protein match well with 
known S-layers as well as RTX proteins. The hydrophobic amino acids 
make up 44.7 %, falling into the range of the S-layer proteins 40 – 60 %. 
In addition, the acidic pI of 4.3 (typical range 3.2 – 4.9) and the lack of 
cysteine in the amino acid sequence are characteristic of RTX proteins 
(Linhartová et al., 2010). Also, the predicted secondary structure 
matches closely to other reported S-layer proteins (Sára and Sleytr, 
2000); The proportion of β-sheets, 35.2 %, is lower than the typical 
values of S-layer proteins of 40 % β-sheets. Whereas, the α-helix, 18.8 %, 
falls in the expected range (10–20 %). The α-helix arrangement at the 
N-terminal is also typical for S-layer proteins. Therefore, based on the 
similarities, the identified abundant surface protein highly resembles an 
S-layer RTX protein.

“Ca. Accumulibacter” is a known EPS-forming organism and is 
mainly known for its phosphate removal activity in EBPR systems. 
Previous works on the EPS of “Ca. Accumulibacter” have mainly been 
focused on the glycoconjugates (Chen et al., 2024; Dueholm et al., 2023; 
Tomás-Martínez et al., 2021). In parallel, EPS proteins are another 
important component to be characterized. This study suggests that there 
might be an S-layer Ca2+ binding RTX protein produced by “Ca. Accu
mulibacter” present in the EPS. In fact, one study proposed before, that 
Ca2+-binding RTX proteins produced by different Accumulibacter spe
cies may be part of the EPS (Martín et al., 2006). However, additional 
FISH analysis did not conclusively identify the specific Accumulibacter 
species in this study (Supplementary material) and BLAST analysis on 
the “Ca. Accumulibacter” taxa did not reveal clear homology on 
sequence level either (Supplementary material), as expected from the 
S-layer proteins (Pum and Sleytr, 2014). Thus, future research should 

focus on which species produce this surface protein to understand how 
widespread the protein is and the factors influencing its production. 
Moreover, future research should visualize potential crystalline lattices 
on the “Ca. Accumulibacter” cell surface using electron microscopy to 
confirm the presence of S-layer proteins and explore their assembly and 
functions (Sleytr et al., 2014).

4.2. Function of the surface protein in the EPS of seawater-adapted AGS

The recovered surface protein has similarities with known S-layer 
protein. Immunostaining confirmed the location of the protein both on 
the cell surface and in the extracellular matrix. Similar to trehalose 
production and the alteration of EPS glycans (Chen et al., 2023b; de 
Graaff et al., 2020b), the production of the surface protein might be 
another response to the osmotic stress when exposed to seawater con
ditions in “Ca. Accumulibacter”-dominant AGS. It is reasonable to 
speculate that for the “Ca. Accumulibacter” cells, the surface protein 
might play a role in stabilizing the membrane under high osmotic 
pressure similar to the S-layer protein in archaea, Lactobacillus and 
Pseudoalteromonas (Ali et al., 2020; Engelhardt, 2007; Palomino et al., 
2016). In addition, the high Ca2+ concentration in seawater (9.6 mM in 
seawater vs. 0.26 mM in freshwater) may facilitate the folding of the 
RTX motifs with Ca2+ on the outer membrane and in the EPS (Bumba 
et al., 2016). As Ca2+ binding is one of the structural properties of the 
EPS (Felz et al., 2016), the surface protein might likely be a component 
of the structural EPS. Overall, the abundant surface protein of “Ca. 
Accumulibacter” can be a component of the structural EPS and may 
function as a scaffold to stabilize its membranes under seawater 
conditions.

Besides on the cell surface, it was also observed that the surface 
protein forms a honeycomb-like structure in the microcolonies and large 
fibers between the microcolonies in the extracellular matrix. As S-layer 

Fig. 6. Immunofluorescence staining on sliced granules. The secondary antibody probe AlexaFluor-488 (green) was overlayed with the probe for PAO651 (red). 
Overlap of the red and green signal results in a yellow signal. For B, only the antibody probe is shown to show the structure. C shows the surface protein surrounding 
the PAO651 stained “Ca. Accumulibacter”, with the arrows indicating a web-like structure. A, B, and D show the dense honeycomb-like structure of the surface 
protein. E and F show the large fibre structure between the microcolonies, with the arrow in E indicate the fibre structure. A negative control without primary 
antibody confirmed the localized staining of the primary antibody and the autofluorescence (see Supplementary material).
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proteins are known to be shed from the cell, the interaction between the 
shed surface protein and other matrix components (e.g. metal ions, 
proteins, carbohydrates) may contribute to the formation of these types 
of structures (Ali et al., 2020; Kish et al., 2016; Wong et al., 2023). 
Future work employing high resolution microscopy (i.e. TEM, confocal 
microscopy) will provide more understanding of the role of the surface 
protein in aerobic granular sludge formation (Ali et al., 2020). Overall, 
this study suggests that surface proteins might not only play a role in 
stabilizing the cell membranes but also forming fibril structures that 
influence the mechanical properties of aerobic granular sludge.

It was worth noting that, S-layer proteins have been identified in the 
EPS of anammox granules and are thought to have a structural role 
within the EPS matrix (Boleij et al., 2018; Wong et al., 2023). Further
more, one of the functions proposed in literature is their involvement in 
biofilm formation, e.g. S-layer proteins of Tannerella forsythia was 
up-regulated when grown as biofilms (Pham et al., 2010). Therefore, 
although there is no general function assigned to the S-layer proteins, it 
is reasonable to speculate that surface proteins (e.g. S-layer proteins) 
might be one of the structural proteins in granular sludge, or even in 
biofilm in general.

4.3. Detection of structural proteins by in-situ imaging in biofilm

EPS plays an important role in maintaining biofilm stability 
(Flemming and Wingender, 2010). Identifying the EPS components will 
allow a better understanding of the EPS functionality. Proteins are one of 
the major components in the EPS. In order to identify the proteins that 
play a structural role in EPS, a multidisciplinary approach has been 
proposed involving separation, and identification combined with in situ 
imaging visualization (Seviour et al., 2019). However, the steps between 

protein identification and in situ imaging by using antibodies are not 
clearly defined. Moreover, with the fast development of analytical 
techniques, recent advances in the methodology should be taken into 
account. Therefore, in the current research, this multidisciplinary 
approach was updated and expanded (Fig. 7). The same general steps as 
proposed in the roadmap by Seviour et al. (2019) were followed: an 
optimized EPS extraction on the biofilm, followed by protein separation 
on the SDS-PAGE and identification of the dominant protein by MS. 
Antibody generation with subsequent Western Blotting to evaluate 
specificity and finally, in situ imaging using immunostaining-FISH.

In practice, the following steps were identified as essential for the 
workflow: Optimization of the protein extraction and verification of 
antibodies through combined techniques. Protein extraction is a crucial 
step, obtaining sufficient amounts can be challenging (Boleij et al., 2019; 
Seviour et al., 2019). It is noted that complete solubilization of EPS can 
provide information regarding proteins; however, it may hinder the 
identification of structural proteins by compromising the clarity of the 
protein bands in SDS-PAGE. It is suggested in the current research that to 
identify proteins that play a structural role, prioritizing sufficient pro
tein amounts to get clear bands in the SDS-PAGE is more important than 
achieving complete solubilization of the EPS, because it can simplify the 
subsequent MS analysis. Therefore, extraction conditions (e.g. temper
ature, chemical and time) have to be optimized. Moreover, protein 
glycosylation can interfere with SDS-PAGE separation and MS analysis 
(Boleij et al., 2019; Chen et al., 2023a; Gagliano et al., 2018), therefore 
the presence of glycoproteins should be assessed and if present, degly
cosylation should be performed if possible. Furthermore, to confirm the 
extracellular location of the EPS protein, in situ verification is required. 
Antibody staining, known for its high specificity, is commonly used for 
this purpose. Typically, knock-out organisms incapable of producing the 

Fig. 7. General workflow to identify structural proteins in EPS put in the context of the multidisciplinary roadmap proposed by Seviour et al. (2019). The first step 
“complete solubilization” could be reconsidered into the optimization of EPS extraction. Microbial community analysis (FISH) should be considered in parallel to the 
roadmap linking with in situ imaging to identify the protein producer. Created in BioRender.
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target protein are used as a control (Griffiths and Lucocq, 2014). How
ever, this approach is not feasible in microbial communities, due to its 
complexity and dynamic interactions between community members. 
Thus, combining antibody staining with microbial ecology techniques, 
such as immunostaining-FISH and proteomic analysis, is essential to 
identify the producer for proper validation.

5. Conclusions

- Seawater-adapted AGS EPS contains an abundant surface protein 
produced by “Ca. Accumulibacter”.

- The surface protein resembles S-layer RTX proteins and is localized 
both on the cell surface of “Ca. Accumulibacter” and in the extra
cellular matrix of granular sludge as large macromolecular 
structures.

- Detection of structural proteins in mixed-species biofilms requires 
optimized extraction protocols and in situ imaging validation using a 
combination of immunostaining-FISH and proteomics.
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