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a b s t r a c t

Elucidating the extracellular polymeric substances (EPS) of anammox granular sludge is important for
stable nitrogen removal processes in wastewater treatment. However, due to a lack of standardized
methods for extraction and characterization, the composition of anammox granule EPS remains mostly
unknown. In this study, alkaline (NaOH) and ionic liquid (IL) extractions were compared in terms of the
proteins they extracted from different “Candidatus Brocadia” cultures. We aimed to identify structural
proteins and evaluated to which extend these extraction methods bias the outcome of EPS character-
ization. Extraction was focussed on solubilization of the EPS matrix, and the NaOH and IL extraction
recovered on average 20% and 26% of the VSS, respectively. Using two extraction methods targeting
different intermolecular interactions increased the possibility of identifying structural extracellular
proteins. Of the extracted proteins, ~40% were common between the extraction methods. The high
number of common abundant proteins between the extraction methods, illustrated how extraction
biases can be reduced when solubility of the granular sludge is enhanced. Physicochemical analyses of
the granules indicated that extracellular structural matrix proteins likely have b-sheet dominated sec-
ondary structures. These b-sheet structures were measured in EPS extracted with both methods. The
high number of uncharacterized proteins and possible moonlighting proteins confounded identifying
structural (i.e. b-sheet dominant) proteins. Nonetheless, new candidates for structural matrix proteins
are described. Further current bottlenecks in assigning specific proteins to key extracellular functions in
anammox granular sludge are discussed.
© 2019 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Anaerobic ammonium oxidation (anammox), a process
involving the oxidation of ammonium to dinitrogen gas with nitrite
as electron acceptor, is significant across many biogeochemical
landscapes (De Brabandere et al., 2014; Kalvelage et al., 2013; Yang
et al., 2015). The means to transform ammonium to nitrogen gas
without oxygen also makes it a very attractive nitrogen removal
process in wastewater treatment, where aeration is a major oper-
ating cost for complete nitrification. Since its discovery almost
thirty years ago (Mulder, 1989), more than 100 full-scale applica-
tions have been commissioned in which anammox is coupled with
partial nitritation (Lackner et al., 2014). This includes a wide
Ltd. This is an open access article u
spectrum of wastewaters that can be treated by anammox, from
digester effluents (van der Star et al., 2007), black water from
source separated sanitation (Vlaeminck et al., 2009), to various
industrial wastewaters with low C/N ratio (Lackner et al., 2014). The
configuration of the process ranges from two-stage to single-stage
applying to either mainstream or side stream wastewater treat-
ment plants. Currently there is a strong emphasis on developing
anammox technology for mainstream municipal wastewater
treatment (Agrawal et al., 2018; Cao et al., 2017; Hoekstra et al.,
2018).

Anammox processes rely on the immobilisation of anammox
bacteria as granules or biofilms, in order to reach sufficient biomass
retention (Abma et al., 2007). Biofilm formation is facilitated by the
production of extracellular polymeric substances (EPS) (Flemming,
2011). EPS are reported to consist of polysaccharides, proteins, DNA,
and other polymers. The tendency of their EPS to mediate the
nder the CC BY-NC-ND license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
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formation of dense anammox biofilms is an important aspect of
stable anammox reactor operation. When the EPS are not suffi-
ciently stabilised, this can impair the anammox process stability (de
Graaff et al., 2011). On the other hand, EPS production can hamper
the characterization of anammox cell biology (Cirpus et al., 2006).
Hence, there are both cases in which EPS production is desirable
and in which it is not. In any case it is a process with many un-
knowns, and therefore difficult to measure or control. To improve
on that, it is important to first understand the composition of the
EPS matrix.

In recent years, much information has been obtained regarding
population, cell structure and compartmentalization (e.g. anam-
moxosomes) (Van Teeseling et al., 2013), and kinetics (Lotti et al.,
2014). For example, five different genera have been identified
that are capable of performing anammox (Peeters and van Niftrik,
2019). Nonetheless, despite their importance and ubiquity, the
EPS are perhaps the least understood aspect of anammox com-
munities. This is largely because EPS are difficult to analyse due to
the fact that they are poorly soluble and compositionally hetero-
geneous (Seviour et al., 2019).

Onemajor challenge, or objective in EPS characterization, is how
to link EPS compositionwith function. Thus, instead of focussing on
the amount of EPS (e.g. proteins and polysaccharides) that can be
recovered, the composition should be identified to resolve the exact
nature (Boleij et al., 2018; Felz et al., 2019; Seviour et al., 2019). In
previous work it was shown that proteins form the dominant
fraction in the EPS (Boleij et al., 2018; Chen et al., 2019), and
anammox EPS contains a relatively high amount of b-sheets (Hou
et al., 2015). b-Sheets have the potential to self-assemble into
various conformations that can have structural functions in the
matrix (Perras et al., 2015) (e.g. as fibers, like silk (Pena-Francesch
and Demirel, 2019) or amyloid-like (Lotti et al., 2019)). Hence, b-
sheet rich proteins potentially have a structural function in the EPS
matrix.

The prerequisite step for recovery and identification of the
structural polymers, is to solubilize the EPS. Because different
biofilms have different EPS, various biofilms need a different
treatment to be solubilized. For example, some aerobic granules
were effectively solubilized with alkaline conditions (Felz et al.,
2016), while this treatment did not work for aerobic granules
enriched with Defluviicoccus (Pronk et al., 2017) and aerobic gran-
ules enriched with ammonia-oxidizing bacteria (Lin et al., 2018).
Instead, they were solubilized with acidic conditions and SDS
treatment, respectively.

Studies involving EPS extraction from anammox granular
sludge, in general don't report the solubilization of the EPS matrix.
Two previously proposed extraction methods that were able to
solubilize and recover EPS of anammox granular sludge, are the
alkaline (NaOH) extraction (Boleij et al., 2018) and ionic liquid (IL)
extraction (Wong et al., 2019). However, they were never directly
compared. Since there are no standardized extraction and charac-
terization methods, it is currently unknown if these two extraction
methods lead to comparable extracted EPS or not.

Here we evaluated two different extraction methods (NaOH and
IL) and analysed the extracted EPS from anammox granular sludge
from various reactors, focussing on proteins. The molecular weight
distribution and the functional groups of the recovered EPS were
investigated, as well as the secondary structure of the extracted
proteins. Mass spectrometry (MS) was applied for identification of
extracted proteins. The recovered polymers were characterized in
order to evaluate the influence of different extractionmethods, and
better understand the underlying extraction mechanisms. In
addition, by combining information of the characterization of EPS
extracted with both methods, we aimed for identification of the
structural components.
2. Materials and methods

2.1. Sampling and characterization of anammox granular sludge

Anammox granular sludge samples were collected from three
full-scale plants in the Netherlands (NlAmx1, NlAmx2 and NlAmx3)
as well as from a lab-scale reactor in Singapore (SgAmx). The
characteristics of all reactors are shown in Table 1. A clone library
analysis was performed to identify the dominant anammox species
in the granules. This was complemented by Fluorescent In Situ
Hybridization (FISH), which was performed as described by
Johnson et al. (2009) (see supplemental materials for details about
clone library analysis and FISH).

Anammox granules were visualized with an optical microscope,
scanning electron microscope and transmission electron micro-
scope. The granular sludge sample with the highest inorganic
content (NlAmx1) was analysed by micro-computed tomography
(Micro-CT). Micro-CT was performed as described by Lin et al.
(2013), using a MCT-12505MF (Hitachi Medical, Kashiwa, Japan).

Thioflavin T staining was performed to indicate b-sheet rich
structures in the granule. 0.5% (w/v) Thioflavin T (THT) (Sigma
Aldrich) was prepared in 0.1N HCl and filtered. Cryosectioned
anammox granules (Leica Cyrostats CM1950) on glass slide (5 mm)
was stainedwith THTworking solution for 15min and the slidewas
rinsed two times with PBS and imaged on Leica SPP8WLL confocal
microscope with a 40� objective.

2.2. EPS extraction by ionic liquid treatment

Prior to extraction, granules werewashed with MilliQ water and
lyophilized. The EPS extraction process was performed as follows:
Ionic liquid (IL) 1-ethyl-3-methyl imidazolium acetate (EMIA) was
mixed with dimethylacetamide (DMAc) to a volumetric ratio of
40:60 as described in Seviour et al. (2015). Freeze-dried anammox
granules were directly added to 15mL 40% v/v EMIA mixture to a
concentration of 30mg/mL in a Falcon tube. The tube was incu-
bated in a 55 �C water bath for 16 h. Soluble and semi-soluble
fractions were captured by precipitation with ethanol (70% v/v),
separated by centrifugation, cleaned by dialysis and lyophilized for
further analysis.

2.3. EPS extraction by alkaline treatment

The alkaline (NaOH) extraction was performed as described in
Boleij et al. (2018). Freeze-dried anammox granules were added to
0.1M NaOH to a concentration of 50mg/ml. The mixture was
incubated for 5 h while being stirred with a magnetic stirrer at
400 rpm. After centrifugation at 4000g for 20min at 4 �C, the pellet
was discarded. Polymers in the supernatant were precipitated out
by decreasing the pH to 5. For 40ml solution, ~2.5ml HCl (1M) was
used to obtain pH 5. The precipitated polymers were collected by
centrifugation at 4000g for 20min at 4 �C. Subsequently the
extracted EPS were dialyzed and lyophilized.

2.4. Live/dead staining

IL and NaOH treated anammox granules were examined by live/
dead staining. Briefly, anammox granules (treated and untreated),
were washed two times with double distilled water and freeze-
dried. Subsequently they were stained with BacLight Live/Dead
viability stain (Thermo Fisher Scientific). Live/dead stain was pre-
pared by adding 6 mL of 1:1 SYTO 9 (3.34mM in DMSO) and pro-
pidium iodide (20mM in DMSO)mixture to 1mL of double distilled
water. After staining for 15min, the granules were washed two
times with double distilled water for 5min, smeared on glass slides



Table 1
Characteristics of the different reactors and anammox granular sludge.

Sample NlAmx1 NlAmx2 NlAmx3 SgAmx

Reactor full-scale
the Netherlands

full-scale
the Netherlands

full-scale
the Netherlands

lab-scale
Singapore

Wastewater municipal industriala/municipal industrialb synthetic
System anammox nitratation/anammox nitritation/anammox anammox
Feed NH4

þ (mg N L�1) 500 e 700 300 e 400 1000 e 2000 300± 20
Feed NO3

� (mg N L�1) 500 e 700 none none 360± 20
Volume (m3) 70 600 3000 0.004
DO (mg O2 L�1) 0 0.5 e 2 0.5 e 1.5 <0.01
pH 7.0 e 7.5 7.5 e 8.0 7.0 e 7.5 7.0 e 7.5
VSS in granules (%) 71 88 87 88

a Potato plant.
b Rendering plant.
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and imaged on confocal microscope (Leica SP8WLL and Zeiss LSM
780 with a 63� objective).

2.5. Fourier-transform infrared (FTIR) spectroscopy and excitation-
emission matrix (EEM) fluorescence spectroscopy

The Fourier-transform infrared (FTIR) spectra of the extracted
EPS were recorded on a FTIR Spectrometer (PerkinElmer, Shelton,
USA) at room temperature, with the wavenumber range from
550 cm�1 to 4000 cm�1.

3D fluorescent spectroscopy of extracted EPS solutions (25mg/L,
pH 11) was performed using a FluoroMax-3 spectrofluorometer
(HORIBA Jobin Yvon, Edison, NJ, U.S.A.). EEM spectra were scanned
with excitation wavelengths from 220 to 450 nm (2 nm increment)
and emission wavelengths from 270 to 500 nm (4 nm increment).
Graphs were generated using MATLAB.

2.6. SDS-PAGE (sodium dodecyl sulfate e polyacrylamide gel
electrophoresis)

The extracted EPS were analysed by SDS-PAGE, as described in
Boleij et al. (2018). SDS-PAGE was performed using NuPage® Novex
4e12% Bis-Tris gels (Invitrogen). EPS samples were prepared in
NuPAGE LDS-buffer and DTT (dithiothreitol) was added to a final
concentration of 10mM. The proteins were denatured by incuba-
tion at 70 �C for 10min. Subsequently, 10 ml sample was loaded per
well. The Thermo Scientific Spectra Multicolor Broad Range Protein
Ladder was used as molecular weight marker. The gel electropho-
resis was performed at 200 V for 35min. The gels were stained by
three different stains afterwards.

For visualization of proteins, the Colloidal Blue staining kit
(Invitrogen) was used according to manufacturer's instructions. For
visualization of glycoproteins, the Thermo Scientific Pierce Glyco-
protein Staining Kit was used, which is based on the periodic acid-
Schiff (PAS) method and is specific for glycans bearing vicinal hy-
droxyl groups. For staining of acidic glycoconjugates, Alcian Blue
8GX (Fluka, Sigma Aldrich) was used. Alcian Blue is a cationic dye. It
was used with pH 2.5 to stain dissociated (ionic) acidic groups. An
adapted protocol of Møller and Poulsen (2009) was used. After
electrophoresis, the gels were extensively washed in solution I (25%
(v/v) ethanol and 10% (v/v) acetic acid) for 2.5 h while refreshing
the solution 4 times. Subsequently, the gel was stained in 0.125%
(w/v) Alcian Blue in solution I for 30min and washed in solution I
overnight.

2.7. Mass spectrometry (MS) analysis

The samples, containing 100 mg of proteins, were polymerized in
a 4% SDS gel and fixed with 50% methanol and 12% acetic acid, for
30min in room temperature. The gel was cut into small pieces
(1mm3), the pieces were washed three times with 50mM TEAB/
50% (v/v) acetonitrile (ACN) and dehydrated using 100% ACN.
Samples were reduced with 5mM TCEP at 57 �C for 60min, fol-
lowed by alkylation with 10mM MMTS for 60min at room tem-
perature with occasional vortexing. Following reduction and
alkylation, the gel pieces were washed with 500 ml of 50mM TEAB.
They were dehydrated with 500 ml of ACN and 500 ml of 50mM
TEAB added for re-swelling. A final dehydration step was per-
formed using 100 ml of ACN.1 mg of trypsin per 20 mg of proteins was
added and trypsinization performed at 37 �C for 16 h. The digested
peptides were extracted sequentially with 200 ml each of 50mM
TEAB, 5% formic acid (FA) in 50% ACN and then 100% ACN. The
solutions were added, allowed to stand for 5e10min and centri-
fuged at 6000 rpm. The supernatant with the digested peptides
were collected. Elutes were then desalted in a Sep-Pak C18 car-
tridge (Waters, Milford, MA), dried and then reconstituted in 20 ml
of 2% ACN and 0.05% FA in water. An Eksigent nanoLC Ultra and
ChiPLC-nanoflex (Eksigent, Dublin, CA, USA) column was used in
Trap Elute configuration to separate the peptides. Desalting was
with a Sep-Pak tC 18 m Elution Plate (Waters, Miltford, MA, USA),
followed by reconstitution in 20 ml of 2% ACN and 0.05% FA inwater.
5 ml of the samples were loaded on a 200 mm� 0.5mm trap column
and eluted through an analytical 75 mm� 150mm column made of
ChromXP C18-CL, 3 mm (Eksigent, Germany). Peptides were sepa-
rated by a gradient formed by 2% ACN, 0.1% FA and 98% ACN, 0.1%
FA. A TripleTOF 5600 system (AB SCIEX, Foster City, CA, USA) in
Information Dependent Mode was used for MS analysis. MS spectra
were acquired across the mass range of 400e1250 m/z in high
resolution mode (>30000) using 250ms accumulation time per
spectrum. Tandem mass spectra were recorded in high sensitivity
mode (resolution >15000) with rolling collision energy on adjust-
ment. Survey- IDA Experiment, with charge state 2 to 4 was
selected. Peptide identification was carried on the ProteinPilot 5.0
software Revision 4769 (AB SCIEX) using the Paragon database
search algorithm (5.0.0.0.4767) for peptide identification and the
integrated false discovery rate (FDR) analysis function. The data
were searched against a “Ca. Brocadia” database (total 33264 se-
quences). These protein data were searched against a protein
reference database obtained from analysis of translated predicted
genes from metagenome assemblies of the sampled reactor com-
munities combined with protein sequence from five extant draft
AnAOB genomes (Liu et al., 2018).
2.8. Analysis of abundant protein sequences

To estimate the protein abundance in the samples, Exponen-
tially Modified Protein Abundance Index (emPAI) analysis was
performed according to Li et al. (2016). The sequences of the



Fig. 2. Visualization of anammox granular sludge. A) Optical microscope image. B)
micro-CT scan of one intact anammox granule. The bright part is the mineral hy-
droxyapatite, and the grey part is the organic matrix. C) and D) are scanning electron
microscopy pictures of the inside of the granules where the structure of the matrix of
granules enriched with “Ca. Brociadia sapporoensis” and “Ca. Brocadia sinica”
respectively. E) and F) are transmission electron microscopy pictures of cells that are
glued to each other by their EPS, in granules enriched with “Ca. Brocadia sapporoensis”
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abundant proteins, obtained with the emPAI analysis, were sub-
jected to the PredictProtein tool to predict structural and functional
features (Yachdav et al., 2014), and the ProtParam tool from ExPaSy
to predict physical and chemical parameters (Gasteiger et al., 2005).

3. Results

3.1. Characterization of the anammox granular sludge

Granules from three full-scale (municipal and industrial) and
one laboratory-scale anammox reactor (see Table 1) were collected
in order to extract their EPS and resolve the composition. The
phylogenetic tree in Fig. 1 shows that the dominant anammox
species in NlAmx1 and NlAmx3 cluster together, and in both in-
stances are closely related to “Candidatus (Ca.) Brocadia sappor-
oensis” (previously “Ca. Brocadia sp. 40”). NlAmx2 and SgAmx
cluster together and are closely related to “Ca. Brocadia sinica”. A
smaller part of SgAmx is closely related to “Ca. Brocadia caro-
liniensis”. FISH indicated a high abundance of the anammox bac-
teria in the granules (see Supplemental Figs. S1 and S2).

The volatile suspended solid (VSS) content of the granules
ranged from 71 to 88% (Table 1). In Fig. 2B, the inorganic part ap-
pears bright and is not only present in the core of the granules, but
also forms layers around the core. The inorganic fraction of NlAmx1
was previously determined to be hydroxyapatite (Lin et al., 2013).
In between these hydroxyapatite layers the space is filled with the
organic matrix, which appears as the grey part. The matrix of the
granules has a heterogeneous structure, as was observed using
electron microscopy: both regions with low and high cell densities
were observed. In regions with low cell densities, both a compact
matrix and a relatively open, fibrous structure can be seen (Fig. 2C
and D). At the regions with high cell densities, the EPS appear in
between the cells, which glue the cells tightly to each other (Fig. 2E
and F). Thus, the challenge for the EPS characterization lies not only
in the fact that the EPS matrix is difficult to solubilize, but also in
the heterogeneous structure of the granules.

Thioflavin T (ThT) staining was applied to indicate b-sheets in
the anammox granules. ThT becomes strongly fluorescent when it
binds to b-sheet rich structures. The images in Fig. 3 show that ThT
Fig. 1. Phylogenetic tree with the anammox bacteria of the different reactors, deter-
mined by a clone library analysis.

and “Ca. Brocadia sinica” respectively.
binds to the anammox granules enriched with “Ca. Brocadia sinica”,
which indicates that b-sheets are indeed a dominant secondary
structure in the EPS. Since b-sheets are abundant, and also found
before in anammox EPS (Lotti et al., 2019), for the EPS analysis in
this study, b-sheet rich proteins will be taken into account as a
candidate for structural extracellular proteins.
3.2. Solubilization of anammox granules by alkaline (NaOH) and
ionic liquid (IL) treatments

The granular sludge from all four anammox reactors was sub-
jected to alkaline (NaOH) and ionic liquid (IL) extractions. The ex-
tractions were performed according to the workflow scheme in
Fig. 4. Following NaOH treatment, the granular shape was lost
(Fig. 5A), indicating the dissolution of structural EPS. To precipitate
the solubilized polymers, HCl was added dropwise until the pHwas
decreased to pH 5. This resulted in the formation of gel-like films,
which could be recovered by centrifugation. After IL treatment
there is a stratification of the granular matrix into a mineral part
(lower layer), a gel layer (middle layer) and a soluble layer (upper
layer) (Fig. 5A). The upper and the middle layers were recovered.
The upper layer was soluble inwater (IL-Sol) while the middle layer
was insoluble in water (IL-Gel).



Fig. 3. Staining of the anammox granule enriched with “Ca. Brocadia sinica” with Thioflavin T (ThT). Microscopy image (left), fluorescent microscopy image after staining with ThT
(middle) and overlay of both images (right). (Scale bar is 20 mm)

Fig. 4. Workflow of the 2 different extraction methods, leading to the 3 extracts; NaOH, IL-Sol, IL-Gel.
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Using the NaOH extraction method, approximately 20% of the
VSS is extracted, whereas with the IL extraction method up to 30%
of the VSS is extracted (Fig. 5B). Both treatments caused disinte-
gration of the granular shape. The VSS components that could not
be solubilized stayed in the pellet together with the inorganic part
of the granules. Compared to the NaOH and IL-Gel fractions, the IL-
Sol fraction is only a minor fraction of the EPS. Interestingly, the
dried IL-Sol fraction was a white powder while the NaOH and the
IL-Gel fractions were both red.

Harsh extraction methods were used to solubilize the granular
sludge, possibly leading to cell death. Live/dead staining of the
treated anammox cells (Fig. 5C) shows that IL and NaOH treatments
resulted in more staining of the biomass by propidium iodide (red)
than the control, which indicates either greater cell permeability or
DNA release due to lysis. However, even before extraction there is a
significant amount of dead cells present in the granular sludge.

In summary, the results of the extractions showed that both
extraction methods fulfil the first requirement of EPS extraction,
namely the solubilization of the granular matrix. Because ionic
liquid and NaOH treatments damage the cells, it can not be
excluded that intracellular proteins are released and co-extracted.
For convenience, we will refer to the total extracted material by
‘extracted EPS’. The extracted EPS will be characterized with a focus
on potential extracellular properties (e.g. high amount of beta-
sheets as was found in the granular matrix), and assigning intra-
and extracellular proteins using mass spectrometry. Hereby aim-
ing at identification of extracellular proteins and additionally vali-
dating the recovery of extracellular polymers with these extraction
methods.
3.3. b-sheets dominate the secondary structure of extracted
proteins

FTIR was applied in order to analyse the protein secondary
structure and to explore functional groups in the extracted EPS. The
FTIR profiles of the EPS from the different reactors were comparable



Fig. 5. EPS extractions by IL and NaOH treatment. A) Images of the solubilization of the granules in IL and NaOH, and the three recovered fractions B) Recovery yield of the NaOH
and IL extraction on the different biomass samples. C) Live/dead staining before treatment (left), and after NaOH (middle) or IL treatment (right). Staining by propidium iodide (red)
indicates dead cells and staining with SYTO (green) indicates living cells. (Scale bar is 10 mm). (For interpretation of the references to color in this figure legend, the reader is referred
to the Web version of this article.)
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(see Supplementary Fig. S3). Thus, based on the FTIR the functional
groups of the different granular sludge samples look similar. In
Fig. 6 the FTIR spectra of extracted EPS from “Ca. Brocadia sinica”
(NlAmx2) are shown as an example for the comparison of the EPS
extracts NaOH, IL-Gel and IL-Sol. The FTIR spectra of NaOH
extracted EPS and IL-Gel EPS are similar: A narrow band with a
relatively sharp peak at 3280 cm�1, which is a typical peak of eNH
group in proteins. A peak at 3050 cm�1, indicating the presence of
aromatic amino acids (tryptophan, tyrosine, and phenylalanine)
Fig. 6. FTIR spectra of 3 different fractions, extracted from NlAmx2 (“Ca. Brocadia
sinica”).
(Dian et al., 2002). The dominant protein secondary structure are b-
sheets with the peak at 1635 cm�1 of NaOH extracted EPS and the
peak at 1627 cm�1 of IL-Gel EPS (Barth, 2007). The peak at
1150 cm�1 implies there are CeOeC bonds due to the crosslinking
of acidic sugars (e.g. sugars with eCOOH group). A band at 1200-
940 cm�1 with two peaks, one peak at 1080 cm�1 due to the
presence of ePO4

3-, and the other one at 1040 cm�1, indicating
carbohydrates.

In comparison, the spectrum of IL-Sol is different in the
following peaks: a broad band at 3700e3100 cm�1 with peak at
3280 cm�1, which is assigned to hydroxyl group (eOH); a peak at
1654 cm�1 indicating the dominant protein secondary structure is
a-helix (Barth, 2007); a band at 1200-940 cm�1 with the peak at
1080 cm�1, implying that there are carbohydrates and ePO4

3-

groups, the strong signal ofePO4
3- covers the peak of carbohydrates.

There are two extra peaks at 970 cm�1 and 910 cm�1 from ePO4
3-

group, matching with the strong signal of phosphate. In addition,
no peak at 3050 cm�1, indicating there is little aromatic amino acids
(tryptophan, tyrosine, and phenylalanine) (Dian et al., 2002); and
no peak at 1150 cm�1 implying there is little CeOeC bond from the
crosslinking of acidic sugars.

Thus, NaOH extracted EPS and IL-Gel EPS are dominated by
proteins with b-sheet secondary structure, while proteins in the IL-
Sol fraction is dominated with a-helix secondary structure, and
phosphate groups (especially with hydroxyl groups, such as hy-
droxyapatite). The high amount of b-sheets are consistent with
what was observed with the ThT staining.

In addition to the FTIR, EEM spectra of the three extracts were
measured (Fig. 7 and Supplementary Fig. S4). While both NaOH and
IL-Gel have a major peak at 275/340 (ex/em), the IL-Sol has a very
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small signal at those wavelengths, and a major peak at 240/360
instead. The 275/340 nm peak is reported to represent aromatic
amino acid tryptophan. The 240/360 peak is the same as the peak
for the autofluorescence of hydroxyapatite (Ciobanu et al., 2012).
The high amount of tryptophan is in accordance with the FTIR
spectra, where the 3050 cm�1 peak showed phenolic amino acids.
Tryptophan plays an important role in the formation of b-sheets. As
b-sheet structures are dominant in the NaOH and IL-Gel samples,
more tryptophan is present in these fractions than in the IL-Sol
sample.

3.4. Protein profile of extracted EPS depends more on dominant
population than extraction method

The protein profiles of the different extracts were compared by
using SDS-PAGE analysis, in combination with different stains.
Proteins, neutral glycans and acidic glycans, that were also indi-
cated with FTIR, were stained with Coomassie Blue, Periodic acid
Schiff (PAS) and Alcian Blue, respectively. In Fig. 8, pictures of SDS-
PAGE gels with extracted EPS of NlAmx1 (representative for “Ca.
Brocadia sapporoensis”) and NlAmx2 (representative for “Ca. Bro-
cadia sinica”) are shown (see Supplementary Fig. S5 for all sludges).
IL and NaOHmethods both extracted glycoproteins, as indicated by
the bands that stained positive for both Coomassie Blue and PAS
stains. For NlAmx1 glycoproteins were observed at 80, 12 and
10 kDa, regardless of the extraction methods used. For NlAmx2, IL
extracted EPS showed glycoprotein bands at 200, 150, 50 and 8 kDa.
NaOH-extracted EPS also showed the 8 kDa band while the higher
molecular weight glycoproteins appeared less resolved. Thus, the
protein profile of the extracted EPS depended more on dominant
population than on the extraction method.

In addition, the Alcian Blue staining, that is specific for glyco-
conjugates with an acidic character (carboxylated or sulfated),
showed that the NaOH extraction recovered more acidic polymers
than the IL-Gel, which is indicated by the ‘smear’ in the high mo-
lecular weight range (>235 kDa). This was the case for both NlAmx1
and NlAmx2. For the IL-Sol, a larger sample amount needed to be
applied to visualize the bands, indicating a lower presence of pro-
teins in this fraction.

3.5. In search of structural extracellular (glyco)proteins

To identify proteins with a potential function in the structural
matrix, the extracted EPS from NlAmx1 (“Ca. Brocadia sappor-
oensis”) and SgAmx (“Ca. Brocadia sinica”) were analysed using
Fig. 7. Excitation Emission spectra of the different fractions (NlAmx 2, Ca. Brocadia sinica). T
Sol (right) fraction has the major peak at 240/360 nm.
mass spectrometry (MS). All fractions from the extractions were
analysed to compare the results of the NaOH and IL methods. The
obtained spectra were matched against a “Candidatus Brocadia”
wide database. Of the detected proteins in the NaOH extracted EPS,
59% and 62% was also detected when EPS was extracted with the IL
method, for NlAmx1 and SgAmx respectively. Of the total detected
proteins 41.5% and 37.1% are overlapping for NlAmx1 and SgAmx
respectively, as illustrated in Fig. 9. The amount of detected proteins
in NaOH and IL extracted samples are comparable in the case of
NlAmx1, while for SgAmx the amount of detected proteins was
higher for the IL extracted EPS. Of the IL soluble proteins, 63% and
60% for NlAmx1 and SgAmx respectively are also detected in the IL
gel proteins (Supplementary Fig. S6).

The emPAImethodwas applied to find the relative abundance of
the proteins in the extracted EPS. A list with abundant proteins in
the different fractions is shown in Table 2. Considering abundant
proteins in the different extracts, similar predicted functions could
be found. Various enzymes, proteases, superoxide dismutases,
chaperones, a heme transporter and elongation factor Tu, and
uncharacterized proteins were found. The emPAI analysis shows
similar types of proteins that are abundant in both “Ca. Brocadia
sapporoensis” and “Ca. Brocadia sinica” (Supplementary
Tables S1e6).

The sequences of the abundant proteins were analysed with
online tools (ExPaSy, ProtParam and PredictProtein) that predict
various physical and chemical parameters like subcellular locali-
zation, secondary structure, grand average of hydropathicity
(GRAVY), aliphatic index and instability index of the proteins. The
proteins that were predicted to be extracellular proteins (including
secreted and fimbrium proteins) all belong to the uncharacterized
proteins, which means that the function is still unknown. Among
the predicted secreted proteins, especially A0A1V6LWI7 was
noticed for its secondary structure was predicted to contain no a-
helix, but only b-sheet (42%) and loop structures (58%). This is
similar as in the previously identified glycoprotein in “Ca. Brocadia
sapporoensis”, which was proposed to be a surface layer protein
(Boleij et al., 2018), and which contains 47% b-sheet and 53% loop
structures. Looking at the conserved domains present in the
sequence of A0A1V6LWI7, it contains aWD40/YVTN repeat domain.
Structurally, both the WD40 and the YVTN repeated motifs form a
circularised beta-propeller structure, which consist of seven 4-
stranded beta-sheets. Looking to the aligned PDB (protein data-
base bank) homologs, the structure of the protein A0A1V6LWI7 is
related to the structure of a hydrazine synthase (E-value: 9e-84)
and of a surface layer protein of archaea bacteria (E-value: 7e-54)
he NaOH (left) and the IL-Gel (middle) fraction have a peak at 275/340 nmwhile the IL-



Fig. 8. The different extracted EPS of A) “Ca. Brocadia sapporoensis” (NlAmx1) and B) “Ca. Brocadia sinica” (NlAmx2) were analysed on a SDS-PAGE gel using different staining's.
Coomassie Blue (CB) was applied to stain proteins, Periodic acid Schiff's (PAS) stain for glycans and Alcian Blue (AB) for acidic sugars. (For interpretation of the references to color in
this figure legend, the reader is referred to the Web version of this article.)

Fig. 9. Venn diagram of the total detected proteins in the NaOH and IL extracts (IL-Gel and IL-Sol taken together), using a “Ca. Brocadia” wide database, detected in A) NlAmx1 (“Ca.
Brocadia sapporoensis”) and in B) SgAmx (“Ca. Brocadia sinica”).

Table 2
Abundant proteins in extracted EPS of NlAmx1 based on the emPAI scores analysis, and their predicted subcellular location and secondary structure (n.d¼ not detected).

Accession Annotated function Species (%) emPAI Predicted

NaOH IL-Gel IL-Sol Location b-sheet (%) a-helix (%)

A0A1V6M2T4 Nitrate oxidoreductase subunit alpha Ca. Brocadia sapporoensis 4.8 5.5 0.1 Periplasm 8 16
A0A1V6LWQ0 Uncharacterized protein Ca. Brocadia sapporoensis 3.5 4.7 3.8 Periplasm 20 5
A0A1V6LWN1 Heme transporter CcmC Ca. Brocadia sapporoensis 3.4 1.6 6.8 Periplasm 4 29
A0A1V6LY92 ATP synthase subunit beta Ca. Brocadia sapporoensis 3.3 3.2 0.4 Cytoplasm 16 34
A0A1V6M2W3 Uncharacterized protein Ca. Brocadia sapporoensis 2.7 1.4 9.4 Secreted 3 71
A0A1V6M077 Superoxide dismutase Ca. Brocadia sapporoensis 2.4 1.1 0.4 Cytoplasm 7 58
A0A0C9NKJ8 Nitrate reductase subunit beta Ca. Brocadia sapporoensis 2.2 1.4 n.d. Periplasm 8 18
A0A1V6LYV6 Serine protease Ca. Brocadia sapporoensis 1.9 1.1 n.d. Outer Membrane 26 13
A0A1V6LZP8 60 kDa chaperonin Ca. Brocadia sapporoensis 1.8 5.9 5.8 Cytoplasm 12 47
A0A1V6LZQ8 Uncharacterized protein Ca. Brocadia sapporoensis 1.5 1.9 0.6 Periplasm 31 8
A0A1V6LWI7 Uncharacterized protein (Fragment) Ca. Brocadia sapporoensis 1.4 1.6 2.1 Secreted 42 0
A0A1V6LXE2 Uncharacterized protein Ca. Brocadia sinica JPN1 1.3 0.7 n.d. Periplasm 0 29
A0A1V6LYC0 Cysteine synthase A Ca. Brocadia sapporoensis 1.3 1.3 n.d. Cytoplasm 12 35
A0A1V6M345 Hemerythrin Ca. Brocadia sapporoensis 1.3 n.d 0.3 Cytoplasm 0 20
A0A1V6LZD4 Thioredoxin peroxidase Ca. Brocadia sapporoensis 1.1 n.d. n.d. Cytoplasm 25 25
A0A1V6LZX1 ATPase Ca. Brocadia sapporoensis 1.1 n.d. n.d. Cytoplasm 9 47
A0A1V6LZI3 60 kDa chaperonin Ca. Brocadia sapporoensis 1.0 2.3 2.3 Cytoplasm 13 47
A0A1V6M3P3 Hydroxylamine oxidoreductase Ca. Brocadia sapporoensis 1.0 0.6 0.5 Periplasm 1 27
A0A1V6M1T3 Glutamate synthase (NADPH), homotetrameric Ca. Brocadia sapporoensis 1.0 0.6 n.d. Cytoplasm 18 27
A0A1V6LZY1 Probable transaldolase Ca. Brocadia sapporoensis 0.9 0.2 n.d. Cytoplasm 13 45
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(Supplementary Fig. S7).

4. Discussion

4.1. Extracting EPS from anammox granules with two different
extraction methods

The EPS are responsible for the stability of biofilms and granular
sludge. Knowledge on the composition of the EPS is therefore
valuable, because it can aid in development of methods to monitor
(e.g. FTIR online measurement), and ultimately control EPS pro-
duction. Still, it is a poorly characterized material. This is partly due
to limitations in extraction methods as well as the analytical
methods (Felz et al., 2019; Seviour et al., 2019). Here we analysed
EPS of granular sludge of various anammox reactors. Although
these four reactors are operated under different conditions, two
sets of dominant species were found. In this study, we could
correlate the observations of EPS characteristics to the dominant
species present, and not to specific reactor conditions. Both the
NaOH and IL extractions method could solubilize the anammox
granules used in this study, which indicated that at least a part of
the structural polymers of the granules was solubilized. In general,
both NaOH and IL extractions recovered a range of proteins and
glycosylated proteins (with neutral and acidic glycoconjugates).
Highmolecular weight acidic glycoconjugates were more abundant
in NaOH than in IL-Gel extracts. Other than that, there were rela-
tively little differences between the NaOH and IL-Gel extracts, that
were both recovered after the granular gel matrix was dis-
aggregated. While the IL-Sol fraction, which was recovered when
the gel was not solubilized yet, was only a minor fraction and had
more differences compared to the two fractions above. This in-
dicates that extraction biases may be reduced when the extraction
of EPS is associated with solubilizing the granular matrix.

Looking more in detail to the different fractions, the proteins in
both the NaOH and IL-Gel fractions had b-sheets as dominant
secondary structure while the proteins in the IL-Sol fraction had a-
helixes as the dominant secondary structure. The b-sheet structure
was found to be abundant in the granule, indicated by ThT staining.
This was also earlier observed for anammox granules (Lotti et al.,
2019). In addition the NaOH and IL-Gel fraction contained pro-
teins with a high amount of tryptophan as opposed to IL-Sol (Fig. 7
and Supplementary Fig. S8). Tryptophan-rich EPS was observed in
previous studies on EPS of aerobic ammonium oxidizing (AOB)
granules (Lin et al., 2018), where it was proposed to play a structural
role. Furthermore, phosphatewas present in all the fractions, which
might relate to the hydroxyapatite accumulation in anammox
granules.

Looking at the extraction mechanisms, alkaline treatment can
hydrolyse sugars by beta-elimination, and can break disulphide
bonds in proteins, which can aid in the disintegration of the EPS
matrix (Nielsen and Jahn, 1999). Solubilization by ionic liquids is
based on disruption of the hydrogen bonding and its kosmotropic
and chaotropic effects. They are also used to stabilize proteins.
Wong et al. (2019) showed that the ionic liquid EMIA solubilizes
neutral (cellulose) and cationic polysaccharide (chitosan), basic
proteins, and to a lesser extend acidic proteins. It does not extract
acidic polysaccharides (alginate) as opposed to NaOH, in which
acidic polysaccharides are usually more soluble (Wendler et al.,
2010). Consistent with these observations, in this study NaOH
extracted more acidic glycans from the anammox granules than IL.
The fact that the gel matrix was still present after IL treatment, and
could only be completely solubilized after addition of the solvent
(dimethylacetamide), could indicate a structural role of acidic gly-
cans in the EPS matrix.

Concerning EPS extraction, the choice of the extraction method
is dependent on the type of biofilm and on the components that are
targeted. To study the structural EPS, it is very important to solu-
bilize the biofilm first. When the composition of the biofilm is
unknown, it is suggested to perform a screening of extraction
methods to see which one can dissolve the matrix of the biofilm. In
the current case, both extraction methods satisfy the requirement
of disaggregating the granular structure. The choice is then
dependent on the targeted components and follow-up analyses.
When anionic components are the target of interest, NaOH is likely
more suitable than the ionic liquid EMIA. (Other ionic liquids than
EMIA could be more effective for solubilization of acidic glycans.)
Since ionic liquids are also used to stabilize proteins, if tertiary
structures need to be preserved for analysis, the IL treatment can
have advantages over NaOH treatment, which is more prone to
cause some hydrolysis of proteins and sugars, and deacetylation of
sugars. Here both methods have shown useful to solubilize and
characterize the EPS of anammox granular sludge.

Considering the observed damage to the cells during EPS
extraction, bothmethods are likely to cause significant damage. It is
worth pointing out that in order to solubilize the structural part of
the biofilm, cell damage might be unavoidable during EPS extrac-
tion, especially when the granules have compact and strong
structures (cell lysis will be further discussed in the next section).

4.2. In search of structural extracellular proteins

Besides the characterization of the structural features and
functional groups, MSwas applied in order to identify the extracted
proteins. Looking at the list of the most abundant identified pro-
teins, it contains intracellular proteins and uncharacterized pro-
teins. Remarkably, various metabolic enzymes, chaperones and
elongation factor Tu have been reported in literature as moon-
lighting proteins (Amblee and Jeffery, 2015). A moonlighting pro-
tein is a single protein that can have two or more functions (Ebner
et al., 2016). They can have different intra- and extracellular roles.
Many of the reported moonlighting proteins work on the cell sur-
face as an adhesin and can bind to structural components like
fibronectin, laminin, collagen, or to mucin (Amblee and Jeffery,
2015). These kind of moonlighting proteins were also observed in
Clostridium acetobutylicum (Liu et al., 2018) and Staphylococcus
aureus (Foulston et al., 2013) biofilms, and were proposed to play a
role in biofilm formation.

In this study we cannot differentiate between possible ‘moon-
lighting proteins’ or intracellular proteins that were released during
the extractions. However, the possibility of intracellular proteins
having an extracellular role underlines that it is very difficult to
quantify cell lysis during EPS extraction. During the natural devel-
opment of granular sludge, intracellular proteins, whether through
active secretion or as a result of cell death, can end up in the
extracellular matrix (Wingender et al., 1999). Hence, they could
already be present before the extraction is applied, and could not be
distinguished as intracellular or extracellular proteins. Neverthe-
less, it is highly likely that there are lysis products released with
both extraction methods. Therefore, as proposed by Seviour et al.
(2019), the extracellular location of the isolated polymers should
always be verified. Location of potential targets can be verified with
specific stains, antibodies or lectins (as was for done glycoproteins
for example, as described in Boleij et al. (2018)).

4.3. Characterizing the uncharacterized proteins

With the MS analysis no match was obtained that directed to
obvious structural extracellular proteins. Likely the proteins that
belong to the matrix polymers are among the ‘uncharacterized
proteins’. Inorder to clarify thepotential functionofuncharacterized
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proteins, online tools can be used to predict structure, subcellular
localization and conserved domains (Ijaq et al., 2015). The protein
A0A1V6LWI7 was noticed because it was predicted to be secreted,
and to have a secondary structure with a high percentage of b-
sheets. The protein has a WD40/YVTN repeat domain, which in
general forms structures called b-propellers (Chen et al., 2011).
These b-propellers can have various amounts of blades. For this
protein a 7-bladed b-propeller structure is predicted, which is re-
ported to have significantly high thermostability and/or thermo-
dynamic stability (Pons et al., 2012). Looking to the aligned PDB
structures, the structure of the protein A0A1V6LWI7 is related to
hydrazine synthase (Kartal and Keltjens, 2016). On the other hand,
the structure was also related to a surface layer protein of archaea
bacteria, which was proposed to have a role in cell-cell interactions
(Jing et al., 2002). The latter would be interesting considering a role
in the extracellular matrix. The protein A0A1V6LWI7 is a potential
target to be analysed in more detail, regarding the function in
granular sludge. Moreover, localization using e.g. antibodies should
be performed to verify it is indeed a secreted protein, or an intra-
cellular protein (or perhaps both). In general, confidence scores for
the localization of the proteins, using the prediction tool were low
(Supplementary Table S7). This could be due to anammox bacteria
having a unique cell compartmentalization with intracellular
membranes, unique ladderane membrane lipids, and no standard
gram-negative or gram-positive cell wall.

The MS analysis might have not detected, or underestimated
part of the extracted proteins. This could be due to recalcitrant
proteins not entering the SDS-PAGE gel or due to glycosylation
protecting the protein against tryptic digestion, resulting in fewer
detected peptides. Another issue is that the database is limited,
since it consists of proteins that were annotated from a draft
genome. For example, the sequence entry matching the previously
identified abundant glycoprotein of “Ca. Brocadia sapporoensis”
(Boleij et al., 2018) is retracted from the database. When matching
the sequence of this protein against the MS spectra of the EPS in
this study, it does not come up as an abundant protein, while the
band on SDS-PAGE was very abundant. To increase the chance to
detect structural matrix proteins, the samples preparation needs to
be optimised specifically for the more recalcitrant EPS proteins, e.g.
by including a deglycosylation step.

4.4. Concept of the anammox extracellular matrix and outlook

Based onwhat is currently known, we canmake a concept of the
organization of the extracellular matrix of anammox granules. In
this study and also in previous studies (Johansson et al., 2017; Lin
et al., 2013), hydroxyapatite is observed as a part of anammox
granules. The EPS matrix may contain the proteins that function as
a template for hydroxyapatite formation and thereby provide the
‘mineral skeleton’ within granules. For example, phosphorylated
proteins and acidic groups are both reported to be involved in
biomineralization (Ehrlich, 2010; Kawasaki and Weiss, 2006).
Furthermore, b-sheet rich proteins present on the cell surface
forming the glue in between the cells and the matrix, may be S-
layer proteins and/or adhesins. To elucidate the extracellular matrix
of anammox granules, the individual components need to be ana-
lysed in more detail. For example the glycoprotein for “Ca. Brocadia
sapporoensis” (Boleij et al., 2018) and for “Ca. Brocadia sinica”
(Wong et al., 2019) were already characterized in more detail.

5. Conclusions

Global proteomics studies have shed huge insight into many
biological processes, however their application to assigning major
structural extracellular proteins is limited by extraction techniques,
protein solubility and digestibility, and poor representation of
extracellular proteins in the reference databases. We addressed the
issue of extraction and solubility and observed that while using
different extraction methods increases the number of proteins
detected, nonetheless the main ones were largely common. We
observed by microscopy that the matrix is dominated by b-sheet
structures, and confirmed that the extracted proteins had pre-
dominately b-sheet structures. Hence, we believe that we extracted
structural proteins. However, we could not assign any of the pro-
teins identified from the different extracts byMS as being dominant
structural proteins, due to the high number of uncharacterized
proteins, potential for moonlighting functions among proteins, and
the lack of biophysical data regarding the structures of many of
these proteins. Nonetheless, the extractionmethods described here
enable the biochemical (e.g. isolation) and biophysical approaches
needed to fill in the blanks in the protein databases regarding
extracellular protein identity and structure.
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