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Abstract
Pseudomonas stutzeri strain XL-2 exhibited significant performance on biofilm formation. Extracellular polymeric substances
(EPS) secreted by strain XL-2 were characterized by colorimetry and Fourier transform infrared (FT-IR) spectroscopy. The
biofilm growth showed a strong positive correlation (rP=0.96, P<0.01) to extracellular protein content, but no correlation to
exopolysaccharide content. Hydrolyzing the biofilm with proteinase K caused a significant decrease in biofilm growth (t=3.7,
P<0.05), whereas the changes in biofilm growth were not significant when the biofilm was hydrolyzed by α-amylase and β-
amylase, implying that proteins rather than polysaccharides played the dominant role in biofilm formation. More specifically,
confocal laser scanning microscopy (CLSM) revealed that the extracellular proteins were tightly bound to the cells, resulting in
the cells with EPS presenting more biofilm promotion protein secondary structures, such as three-turn helices, β-sheet, and α-
helices, than cells without EPS. Both bio-assays and quantitative analysis demonstrated that strain XL-2 produced signal
molecules of N-acylhomoserine lactones (AHLs) during biofilm formation process. The concentrations of C6-HLS and C6-
oxo-HLS were both significantly positively correlated with protein contents (P<0.05). Dosing exogenous C6-HLS and C6-
oxo-HLS also resulted in the increase in protein content. Therefore, it was speculated that C6-HLS and C6-oxo-HLS released
by strain XL-2 could up-regulate the secretion of proteins in EPS, and thus promote the formation of biofilm.
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Introduction

Biofilm is a highly structured community of bacterial cells
enclosed in a self-produced extracellular polymeric sub-
stances (EPS) matrix attached to a surface (Costerton et al.
1999; O'Toole et al. 2000). Biofilm has been widely studied
because they represent a fascinating example of microbial
development and also because they can be problematic or
beneficial in natural and artificial surfaces. Biofilms are
formed from planktonic (free-swimming) cells in a complex
and multiple-step process (Flemming and Wingender 2010).
In general, planktonic cells that transitioned into a biofilm
lifestyle are thought to initiate interactions with a surface

reversibly, followed by irreversible attachment of cells, which
thereafter form micro-colonies. Progressively, the micro-
colonies differentiate into EPS-encased, mature biofilms
(O'Toole and Kolter 1998; Rasamiravaka et al. 2015; Huang
et al. 2019).

EPS, mostly excreted by microorganisms themselves, is
essential for the biofilm formation (O'Toole et al. 2000;
Flemming and Wingender 2010; Zhang et al. 2015).
Proteins and polysaccharides are the major compositions of
EPS, with low concentrations of extracellular DNA, lipids,
humic acids, and other substances. Polysaccharides have been
reported to play an important role in cell surface interactions
during biofilm formation and serve as structural compositions
of the biofilm matrix (Jennings et al. 2015; Skariyachan et al.
2018). Extracellular proteins, including various enzymes and
structural proteins, also play a crucial role in the formation of
biofilm (Karunakaran and Biggs 2011; Lv et al. 2014; Dube
and Guiot 2019). Certain protein secondary structures play an
important role in promoting adhesion, aggregation, and bio-
film formation (Beech et al. 1999; Tretinnikov and Tamada
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2001; Badireddy et al. 2010; Wang et al. 2018b). However,
mixtures of extracellular enzymes for the dispersal of biofilms
were also described (Flemming and Wingender 2010). To
date, it is still controversial whether polysaccharides or pro-
teins play a major role in promoting biofilm formation.
Therefore, the potential links between specific compositions
of EPS and biofilm formation need to be further discussed, as
it may vary in different bacteria.

Furthermore, the secretion of EPS might be regulated by
quorum sensing (Gilbert et al. 2010; Inhülsen et al. 2012).
Quorum sensing occurs through signal molecules, which are
microbial metabolic products and released to gauge microbial
population density. When the microbial population density in
the environment reaches the threshold, the concentration of
signal molecules reaches a certain level, thus inducing the
expression of certain genes. N-Acylhomoserine lactones
(AHLs), one of the important signal molecules in Gram-
negative bacteria, have been reported to be involved in EPS
biosynthesis and thus affect the formation of biofilm (Davies
et al. 1998; Tan et al. 2014; Wang et al. 2018a). However,
much more investigations are needed to further clarify wheth-
er signal molecules promote biofilm formation by mainly reg-
ulating proteins or polysaccharides in EPS. Also, this may
vary in different bacteria.

Among the strategies to clean up pollutants, biofilm pro-
cess presents an increasing need for application in the
upcycling of wastewater treatment plants all around the world
in recent years (Huang et al. 2019). The biofilm provides
structural integrity, bacterial protection, and nutrient capturing
and consumption, and thus is vitally important to the perfor-
mance of biofilm reactors. The formation of biofilm on car-
riers is a base of successful start-up and stable operation.
However, there are still many controversies and unknowns
about the role of EPS in biofilm formation and the signal
regulation of EPS secretion. Previously, a biofilm formation
bacterium Pseudomonas stutzeri strain XL-2 has been isolated
from activated sludge in a municipal wastewater treatment
plant (Zhao et al. 2018). Exploring the role of EPS in biofilm
formation by P. stutzeri strain XL-2 may provide a further
understanding of biofilm formation mechanisms, and may al-
so lead to an application of this strain in the wastewater bio-
film treatment process. Therefore, the present study is focused
on elucidating the role of EPS in biofilm formation by P.
stutzeri strain XL-2. To achieve this purpose, the EPS secre-
tion from strain XL-2 was characterized by colorimetry and
Fourier transform infrared (FT-IR) spectroscopy. The contri-
bution of proteins and polysaccharides in EPS to biofilm for-
mation was revealed by Pearson correlation analysis, enzy-
matic hydrolysis, confocal laser scanning microscopy
(CLSM) and protein secondary structures analysis.
Furthermore, the signal regulation of EPS secretion was ex-
plored by bio-assays and quantitative analysis of AHLs and
exogenous AHLs dosing experiment.

Materials and methods

Strain

The strain used in this study, Gram-negative Pseudomonas
stutzeri XL-2 (GenBank No. KY435925), was isolated from
activated sludge in the secondary sedimentation tank after
anaerobic–anoxic–oxic (A2/O) treatment unit in Jiguanshi
wastewater treatment plant (Chongqing, China) (Zhao et al.
2018). Strain XL-2 has been deposited into the China General
Microbiological Culture Collection Center (CGMCC)
(Beijing, China) (accession number CGMCC No. 13252).
The cells of strain XL-2 were stocked in a 25% glycerol solu-
tion at −80°C.

Media

Luria–Bertani broth (LB) was used to enrich strain XL-2. The
stock solution (1 ml) of strain XL-2 was inoculated in a 250-
ml flask containing 100 ml LB and cultivated for about 24 h at
30°C and 120 rpm. This was used as a pre-culture.

Basal medium (BM) contained (per liter) NH4Cl 0.19 g,
KNO3 0.14 g, CH3COONa 2.39 g, NaCl 4 g, MgSO4 1.2 g,
NaH2PO4·2H2O 1.83 g, Na2HPO4·12H2O 4.37 g, and trace
element solution 3 ml.

The trace element solution contained (per liter)MnSO4 3 g,
ZnSO4·7H2O 3 g, H3BO3 1.1 g, FeSO4·7H2O 0.3 g, and
CaCl2·2H2O 0.6 g.

Determination of biofilm growth

Biofilm formation of P. stutzeri strain XL-2 was determined in
a 96-well microtiter plate according to O'Toole and Kolter
(1998) and modified. The pre-culture (1 ml) was inoculated
into a 250-ml flask containing 100 ml BM and incubated at
30°C and 120 rpm for 24 h. Then cells were harvested by
centrifugation (5000×g, 10 min, 4°C) and washed twice with
PBS (pH ~7.0). The cell pellet was suspended with 0.9%NaCl
solution and the final optical density (OD) at 600 nm (OD600)
was adjusted to 1.0. This solution was named as cell suspen-
sion. The cell suspension (20 μl) was pipetted into a polysty-
rene, flat-bottomed 96-well microtiter plate (Corning, Costar,
USA) containing 180 μl BM. Cells grown in the microtiter
plate at 30°C for a desired period of time, and then the wells
were washed twice with PBS (pH ~7.0) to remove planktonic
bacteria. Subsequently, the microtiter plate was dried at 45°C
and the cells were stained with 0.1% (w/v) crystal violet (200
μl) for 5 min. After that, the plate was washed twice and dried
again at 45°C. Finally, 95% ethanol (200 μl) was used to
dissolve the cell-bound dye. After 30 min, OD was measured
at 570 nm by a microplate reader (Thermo Fisher, USA) to
determine the biofilm growth. All the experiments were per-
formed in triplicates.
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EPS extraction

The EPS of strain XL-2 was extracted by using a modified
method according to Liang et al. (2010). Biofilms in six-well
microtiter plates (Corning, Costar, USA) at different cultiva-
tion times were dissolved in 0.9% NaCl solution to prepare
suspension. Then the suspension was centrifuged (5000×g, 10
min, 4°C) and the cell pellet was washed twice with PBS (pH
~7.0). The re-suspension was treated by ultrasonic disruption
(20 kHz, 40 W) and centrifuged (5000×g, 10 min, 4°C). After
that, the cell pellet was re-suspended to a volume of 30 ml
with PBS (pH ~7.0) and 70 g/g cell dry weight of cation
exchange resin (CER) was added. The mixture was shaken
at 600 rpm and 4°C for 1 h and remained static to settle
CER. Then the suspension was centrifuged (10,000×g, 15
min, 4°C). The supernatant was collected as EPS and the
pellet was cells without EPS. The EPS was filtered by a
0.45-μm filter membrane before further analysis. The concen-
tration of polysaccharides was measured by anthrone colorim-
etry (Gaudy 1962), and the concentration of proteins was de-
termined by Lowry method (Frølund et al. 1996). The DNA
content was measured by the diphenylamine colorimetry
using calf thymus DNA as the standard. The cell dry weight
was estimated by freeze-drying method (Du and Yu 2002). To
evaluate the cell lysis during the EPS extraction process, the
activity of glucose-6-phosphate-dehydrogenase (G6PDH), an
intracellular enzyme, was measured in the EPS sample using
G6PDH assay kit (BC0260; Solarbio) (Liang et al. 2010). The
specific enzyme activity (U/l) was defined as the amount of
enzyme units that catalyzed the generation of 1 nmol NADPH
per minute by the liquid in the system in liters. The total
content of EPS was the sum of polysaccharides, proteins,
and DNA.

Fourier transform infrared (FT-IR)

FT-IR (Nicolet iS50; Thermo Fisher, China) was used to de-
termine the functional groups at 4000–400 cm−1 (mid-
infrared) in EPS sample. EPS sample was ground with IR-
grade KBr powder and molded into a disc. To determine the
protein secondary structures, IR analysis was performed using
Peakfit V4 software. The second derivatives of the amide I
region at 1700–1600 cm−1 were generated and smoothed with
15% smoothing (Pickering et al. 2012). A Gaussian line shape
was chosen as quantitative analysis, and the fitting process
was performed with a correlation (r2) ≥0.999 in all of the fitted
spectra.

Enzymatic hydrolysis

The enzymatic hydrolysis was aimed to evaluate the contribu-
tion of proteins and polysaccharides to biofilm formation.
Biofilm was cultivated in six-well microtiter plates (Corning,

Costar, USA) for 24 h. Proteinase K was an endolytic protease
and utilized to hydrolyze proteins in EPS. α-Amylase and β-
amylase were used to break down (α1-4) glycosidic bonds
and β-linkages in polysaccharides in EPS, respectively
(Adav et al. 2008). The enzyme activity of proteinase K was
about 500 U/μl in PBS at pH 8.0. Before addition, the pro-
teinase K was incubated at 58°C for 2 h. α-amylase and β-
amylase were dissolved in PBS at pH 6.9 and pH 5.0, respec-
tively, with the enzyme activity of about 200 U/μl. The
biofilms in microtiter plates were digested by 2 μl of protein-
ase K, α-amylase, and β-amylase, respectively, and incubated
at 30°C for 60 min in a shaker at 20 rpm. The biofilm without
hydrolysis (2 μl of PBS was added to maintain the same vol-
ume) was used as a control. Then OD570 was measured by a
microplate reader (Thermo Fisher, USA) to indicate the bio-
film growth. Then the biofilms treated with different enzymes
were dissolved in 0.9%NaCl solution. The EPS was extracted
and determined according to the section of EPS extraction. All
the experiments were conducted with six parallel samples.

Confocal laser scanning microscopy (CLSM) analysis

The biofilm of strain XL-2 was incubated on coverslips in a
six-well microtiter plate (Corning, Costar, USA) for 24 h.
Cells, proteins, and polysaccharides of the biofilm were
stained by SYTO63 stain (Thermo, USA), fluorescein isothio-
cyanate (FITC) (Sigma, USA), and calcofluor white (Sigma,
USA), respectively. The staining process was conducted ac-
cording to Wang et al. (2018b). The stained biofilm was ob-
served by a CLSM (TCS SP5; Leica, Inc., Germany). The
entire staining process should be carried out in the dark to
avoid fluorescence quenching.

Extraction of AHLs

Biofilm of P. stutzeri strain XL-2 was cultivated in six-well
microtiter plates (Corning, Costar, USA) at 30°C for a desired
period of time. The extraction method for signal molecules
was modified according to Feng et al. (2014). Biofilm and
culture in the wells were collected at different culture times
and 0.9% NaCl solution was added to prepare the suspension.
The suspension was then centrifuged (8000×g, 5 min, 4°C) to
collect the supernatant. The pellet was re-suspended in 0.9%
NaCl solution and then the supernatant was collected by cen-
trifugation again. These operations were repeated three times.
All the supernatants were collected and adjusted to 50 ml by
0.9%NaCl solution, and this was referred to as washing water
phase. The remaining pellet was also adjusted to 50 ml by
0.9% NaCl solution, and this was referred to as sludge phase.
Ethyl acetate was added to the washing water phase and
sludge phase to extract organic phase three times. Then, an
appropriate amount of anhydrous sodium acetate was added to
the organic phase to remove water. The organic phase was
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evaporated to about 1 ml by rotary evaporator and then
completely dried to solid by nitrogen. The solid was re-
dissolved in 1 ml 50% acetonitrile solution and filtrated by a
0.45-μm filter membrane. Then the AHL extracts from wash-
ing water phase and sludge phase were obtained and stored at
−80°C for subsequent determination of AHLs.

Protein secretion induced by exogenous signal
molecules

One milliliter of pre-culture was inoculated into flasks con-
taining 100 ml BM. Meanwhile, C6-HLS and C6-oxo-HLS
were added to the flasks with concentrations of 0, 10−4,
10−5, 10−6, 10−7, 10−8, and 10−9 g/l, respectively. After 24 h
of cultivation at 30°C and 120 rpm, bacterial samples were
collected and the EPS was extracted. Then the concentrations
of proteins in EPS were determined.

Determination of AHLs

Bio-indicator methods were applied for semi-quantitative
analysis of AHLs. Chromobacterium violaceum CV026 was
used to indicate the presence of short and medium acyl chain
AHLs (n=4–7) by determining the production of purple pig-
ment violacein (Blosser and Gray 2000). Then 1% (v/v) strain
CV026 was inoculated into LB containing 1% (w/v) kanamy-
cin, and 100 μl of AHL extract from washing water phase or
sludge phase was added. The culture was incubated at 30°C
and 120 rpm overnight and OD600 was determined. To esti-
mate violacein, 1 ml of this overnight bacterial culture was
lysed by adding an equal volume of 10% (w/v) sodium dode-
cyl sulfate solution (SDS), vortexed for 0.5 min, and incubat-
ed in a water bath at 37°C for 5 min. Then, 2.7 ml of water-
saturated butanol was added and vortexed for 0.5 min. The
organic phase was separated by centrifugation (20,000×g, 5
min, 4°C) and was used to measure the absorbance at 585 nm
(OD585) to calculate the violacein content. The content of
violacein corresponds to the concentration of short and medi-
um acyl chain AHLs. The violacein unit was calculated as
(OD585/OD600)×1000.

The inducement of β-galactosidase by Agrobacterium
tumefaciens JZA1 was used to indicate the presence of long
acyl chain AHLs (n=8–18). Then 1% (v/v) strain JZA1 was
inoculated into LB containing 1% (w/v) kanamycin, and
100 μl of AHL extract from washing water phase or sludge
phase was added. The culture was incubated at 28°C and
120 rpm overnight and OD600 was determined. To estimate
the activity of β-galactosidase, 100 μl of this overnight bac-
terial culture was mixed with 0.9 ml pre-heated Z-buffer so-
lution (0.06 mol/l Na2HPO4, 0.04 mol/l NaH2PO4, 0.01 mol/l
KCl, 0.001 mol/l MgSO4, 0.05 mol/l β-mercaptoethanol).
The cells were then lysed by adding 100 μl of CHCl3 and
50 μl of 1% (w/v) SDS, vortexed for 10 s, and incubated in

water bath at 28°C for 3 min. Then, 200 μl of o-
nitrophenyl-β-D-galactopyranoside (4 mg/ml) was added to
the mixture, and the time of addition was recorded. After the
appearance of sufficient color, the reaction was stopped by
adding 500 μl of Na2CO3 (1 mol/l) and the stop time was
recorded. The mixture was centrifuged (20,000×g, 5 min,
4°C) to remove the cell fractions. Then the absorbance of
the mixture was measured at 420 and 550 nm, and the activity
of β-galactosidase was calculated as (OD420−1.75×OD550)/
(100 μl×reaction time×OD600)×1000. The level of β-
galactosidase activity corresponds to the concentration of long
acyl chain AHLs.

A high-performance liquid chromatography– tandem mass
spectrometry (LC-MS/MS) system (LCMS-8060; Shimadzu,
Japan) equipped with C-18 column (2.0 μm particle size,
2.1×150 mm) was used in an electrospray ionization interface
(ESI) positive mode for quantitative analysis of AHLs. Before
injection, the AHL extract from washing water phase or
sludge phase was passed through a 0.22-μm filter membrane.
AHLs were eluted with 50% acetonitrile solution at a flow rate
of 0.3 ml/min. The column temperature was 30 °C and the
mass range was 80–1200 m/z. Synthetic AHLs (Sigma-
Aldrich, Germany) were used as a standard. The retention
time of C6-HLS, C6-oxo-HLS, and C8-HLS was 0.88, 0.75,
and 1.398 min, respectively.

Statistical analysis

Statistical analysis was conducted by using the soft IBMSPSS
24.0 (SPSS Inc., USA). Pearson correlation test and one-way
analysis of variance (ANOVA) followed by least-significant
difference multiple comparison test (LSD-t) were applied to
evaluate the statistical significance. The P <0.05 level indi-
cates significant and the P <0.01 level indicates highly signif-
icant. The closer the absolute value of Pearson correlation
coefficient (rP) is to 1, the stronger the correlation is.

Results

Biofilm formation capability of P. stutzeri strain XL-2

Biofilm formation of P. stutzeri strain XL-2 within 60 h on the
surface of microwells was determined (Fig. 1). The biofilm
growth was measured in terms of the absorbance of the dis-
solved crystal violet dye from microtiter plates. Initially, the
biofilm growth (OD570) was not significant and then a rapid
increase in biofilm growthwas detected in 1–12 h. The growth
of biofilm gradually slowed down after 12 h and reached the
maximum at 24 h with an OD570 of 2.14±0.19. After that, the
biofilm growth was decreased. These results demonstrate that
P. stutzeri strain XL-2 has the capability of biofilm formation.
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Characteristics of EPS from P. stutzeri strain XL-2

The contents and compositions of EPS from P. stutzeri strain
XL-2 during growth period of 60 h are presented in Fig. 2. The
lower activity of G6PDH indicates the noticeable cell lysis
(Aguilera et al. 2008; Liang et al. 2010). It was obviously
showed that the main composition of EPS from strain XL-2
was proteins, followed by polysaccharides. The content of
DNAwas extremely low. In the first hour, only a low content
of proteins and polysaccharides was observed. Then for pro-
teins, a dramatic increase was observed from 1 to 12 h, and
then the increase in proteins content slowed down. The max-
imum protein content was observed at 24 h with 313±5.5 mg/
g cell dry weight and then gradually decreased. This trend was
similar to that of biofilm growth in Fig. 1. For polysaccha-
rides, a continuous increase was observed from 1 to 48 h and
then a decrease appeared.

The FT-IR spectra were used to further analyze the compo-
sitions of EPS secreted from strain XL-2 (Fig. 3). The bands

observed at 3435–3120 cm−1 were assigned to the N–H and
O–H stretching vibrations in the amide groups (Saleh 2011;
Zhou et al. 2013; Saleh et al. 2016). The band at 2367 cm−1

belonged to the interference peak caused by CO2 in the air
(Ando 2005). The bands observed at 1648 cm−1 corresponded
to the C=O and C=C stretching vibration of amide I in proteins
(Badireddy et al. 2010; Yuan et al. 2011). And the peak at
about 1241 cm−1 belonged to the C–N stretching vibrations
of amide III (Badireddy et al. 2010; Yang et al. 2015; Wang
et al. 2018b). The asymmetrical band at 1115 cm−1

corresponded to the P–O, C–O–C, C–O–P of phosphodiesters
and polysaccharides (Badireddy et al. 2008; Merroun and
Selenska-Pobell 2008; Yang et al. 2015). And the band at
1049 cm−1 was associated with the C–O–C and C–H defor-
mation vibrations of polysaccharide groups (Yuan et al. 2011;
Zhang et al. 2014). The band at 987 cm−1 corresponded to
diverse functional groups in carbohydrates, such as C–O and
C–C stretching vibrations (Barth and Zscherp 2002). Besides,
the peak at 949 cm−1 was associated with O–P–O stretches in
nucleic acids (Badireddy et al. 2008). The bands observed at
860–814 cm−1 and 610 cm−1 were known as the fingerprint
region (900–600 cm−1) and attributed to the ring vibrations
associated with C–C and C–OH, which were reported from
aromatic amino acids and nucleotides (Quiroz et al. 2006;
Badireddy et al. 2010). Therefore, the main bands in the
EPS components from strain XL-2 were several absorption
peaks in the mid-infrared region: (1) 3435–3120 cm−1,
1700–1600 cm−1 (amide I region), and 1300–1200 cm−1 (am-
ide III region) were all associated with proteins; and (2) 1200–
900 cm−1 and 900–600 cm−1 (fingerprint region) were asso-
ciated with polysaccharides and nucleic acids. Thus, EPS of
strain XL-2 mainly included proteins and polysaccharides,
and might have a few nucleotides.

Contribution of proteins and polysaccharides
in biofilm formation

The relationship between biofilm growth and EPS compositions
was investigated by statistical correlation analysis (Fig. 4). By
comparing the P value and Pearson correlation coefficient (rP),
there was a strong positive correlation (rP=0.96, P<0.01) be-
tween biofilm growth and proteins content. However, the poly-
saccharide content showed no correlation (rP=0.61, P>0.05) to
biofilm growth. This result indicates that the proteins rather than
polysaccharides in the EPS might play a more important role in
biofilm formation of strain XL-2.

Selective enzymatic hydrolysis of proteins, α-polysaccha-
rides, and β-polysaccharides in the EPS was conducted to
further confirm the role of proteins and polysaccharides in
biofilm formation of strain XL-2. It can be seen from
Table 1 that each enzyme effectively hydrolyzed specific com-
positions in the EPS. After a hydrolysis by proteinase K, the
proteins in EPS decreased from 312±7.5 mg/g cell dry weight
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to 98.8±5.8 mg/g cell dry weight (t=37.81, P<0.05). The poly-
saccharide content after hydrolysis with α-amylase and β-
amylase remained at 30.2±4.2 mg/g cell dry weight
(t=11.14, P<0.05) and 27.5±3.8 mg/g cell dry weight
(t=11.89, P<0.05), respectively. The biofilm hydrolysis by
proteinase K exhibited a significant decrease in biofilm
growth (t=3.7, P<0.05), whereas the changes in biofilm
growth were not significant when the biofilm was hydrolyzed
by α-amylase and β-amylase. These results further demon-
strated that proteins rather than polysaccharides in the EPS
played the dominant role in biofilm formation.

The protein secondary structures

To further understand the role of proteins in EPS, the protein
secondary structures of cells with EPS and cells without EPS
were analyzed according to the curve fittings in amide I region
(1700–1600 cm−1) (Badireddy et al. 2010;Wang et al. 2018b).
The conformations of aggregated strands, α-helix, β-sheet,

random coil, three-turn helices, and antiparallel β-sheets/ag-
gregated strands were observed at 1620–1610 cm−1, 1660–
1650 cm−1, 1640–1620 cm−1, 1650–1640 cm−1, 1680–1660
cm−1, and 1695–1680 cm−1, respectively. The assigned sub-
peak spectra of each sample were determined in Fig. 5 and the
contents of each protein secondary structure by the assigned
sub-peak spectra are shown in Table 2.

In the sample of cells with EPS, the secondary structures
of three-turn helices and β-sheets presented 34.5% and
34.3%, respectively. Therefore, the sum of these two con-
tents occupied more than 50% of all compositions.
Following the three-turn helices and β-sheets were α-
helices with a percentage of 21.5%, while the random coil
structures were not observed. Interestingly, the α-helix
structures were not detected after EPS extraction. The
dominant secondary structures in the sample of cells with-
out EPS were determined as random coil structures
(28.1%) and antiparallel β-sheets/aggregated strands
(27.2%), followed by the three-turn helices (22.5%).
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CLSM analysis

CLSM analysis was conducted to understand the distribution of
proteins, polysaccharides, and cells in the biofilm. The CLSM
showed that the trend of the fluorescence intensity curves of

proteins and cells were similar, while the fluorescence intensity
curve of polysaccharides fluctuated (Fig. 6). This phenomenon
indicates that proteins were evenly distributed and tightly bound
to the cells, whereas the distribution of polysaccharides was rel-
atively inhomogeneous in the biofilm.

Release of AHLs by P. stutzeri strain XL-2

The release of AHLs by P. stutzeri strain XL-2 was initially
detected by bioassay. All the AHLs were detected in the washing
water phase, but not in the sludge phase. The violacein produc-
tion by strain CV026 induced by AHLs from strain XL-2 was
used to indicate the presence of short and medium acyl chain
AHLs. The result in Fig. 7a suggests that no short and medium
acyl chain AHLs was released before 12 h. With further devel-
opment of biofilm, the release of short and medium acyl chain
AHLs increased and reached the maximum at 24 h, and then
gradually decreased after 30 h. The induction of β-
galactosidase in strain JZA1 was used to indicate the presence
of long acyl chain AHLs. The result in Fig. 7b suggests that long
acyl chain AHLs were not released at the first 24 h, and began to
appear at 30 h with low content, and disappeared at 48 h.

Furthermore, the concentrations of C6-HLS, C6-oxo-HLS,
and C8-HLS in the culture during the biofilm formation process
ofP. stutzeri strainXL-2were quantitatively detected by LC-MS/
MS. As shown in Fig. 7c, the concentrations of C6-HLS and C6-
oxo-HLS began to be detectable at 12 h, and achieved the max-
imum at 24 h with 0.63 μg/l and 0.45 μg/l, respectively. After
that, the concentrations of C6-HLS and C6-oxo-HLS decreased
gradually. However, C8-HSL was only detected within 36–48 h
with low concentrations of 0.02–0.05 μg/l. These quantitative
results were consistent with the bio-assay results. The correla-
tions between the concentrations of C6-HLS/C6-oxo-HLS and
extracellular proteins/extracellular polysaccharides at corre-
sponding culture time were calculated. No correlations between
C6-HLS/C6-oxo-HLS and polysaccharides were observed (data
not shown). However, there was a significant positive correlation
(rP=0.86, P<0.05) between C6-HLS and proteins (Fig. 7d). Also,
a significant correlation (rP=0.89,P<0.05)was observed between
C6-oxo-HLS and proteins (Fig. 7e). These results suggest that C6-
HLS and C6-oxo-HLS might stimulate the secretion of extracel-
lular proteins.
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Fig. 5 The sub-peak spectra from original spectra by curve-fitted amide I
region (1700–1600 cm−1) of cells with EPS (a) and cells without EPS (b)

Table 1 Contents of proteins and
polysaccharides in EPS from P.
stutzeri strain XL-2 and the bio-
film growth by different enzy-
matic hydrolysis

Samples Proteins
(mg/g cell dry weight)

Polysaccharides
(mg/g cell dry weight)

Biofilm growth OD570

Control 312±7.5a 70.2±2.4a 2.1±0.2a

Hydrolyzed with proteinase K 98.8±5.8b 74.5±6.4a 1.6±0.2b

Hydrolyzed with α-amylase 300±8.2a 30.2±4.2b 2.0±0.1a

Hydrolyzed with β-amylase 304±6.3a 27.5±3.8b 2.0±0.2a

Error bars are shown as ±SD. Values with different letters within each column are significantly different from each
other (P<0.05)
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Protein secretion induced by exogenous signal
molecules

To further determine whether the extracellular proteins of
P. stutzeri strain XL-2 were stimulated by C6-HLS and C6-oxo-
HLS, exogenous signal molecules of C6-HLS and C6-oxo-HLS
were added to BM for the cultivation of strain XL-2. Cultivation
system without the addition of exogenous signal molecules was
used as a control. As shown in Fig. 8a, there was no obvious
difference in the content of proteins from strain XL-2 in response
to the addition of 10−9–10−8 g/l of C6-HLS compared with con-
trol group.When exogenous C6-HLS increased to 10

−7–10−4 g/l,
an increase in protein content was observed. Also, compared
with the control group, no obvious difference in the content of
proteins in response to the addition of 10−9–10−7 g/l of exoge-
nous C6-oxo-HLS was observed (Fig. 8b). However, 10−6–10−4

g/l of exogenous C6-oxo-HLS led to an increase in protein con-
tent. These results further suggest that C6-HLS and C6-oxo-HLS
could stimulate the secretion of proteins in EPS.

Discussion

P. stutzeri strain XL-2 exhibited a rapid biofilm growth
(OD570) in microtiter plate (Fig. 1), suggesting that strain
XL-2 presented significant performance on biofilm formation.
In most biofilms, the microorganisms account for less than
10% of the dry mass, whereas the EPS that forms the biofilm

matrix can account for over 90% (Flemming and Wingender
2010). The production of copious quantities of EPS was
thought to be one prominent feature for the maturation of
biofilms (Flemming and Wingender 2010; Zhang et al.
2015). Obviously, as shown in Fig. 2, EPS was secreted from
strain XL-2 with biofilm growth. According to FT-IR spectra
and quantitative analysis (Fig. 2 and Fig. 3), the main compo-
sition of EPS from strain XL-2 was proteins, followed by
polysaccharides. This was consistent with the compositions
of EPS in many reports (Adav et al. 2008; Wang et al. 2018b).

Moreover, the trend of proteins content with cultivation time
(Fig. 2) was quite similar to that of biofilm growth (Fig. 1). The
statistical correlation analysis further indicates that there was a
strong positive correlation (rP=0.96, P<0.01) between biofilm
growth and proteins content, but no correlation (rP=0.61,
P>0.05) between biofilm growth and polysaccharides content
(Fig. 4). Moreover, a significant decrease in biofilm growth
(t=3.7, P<0.05) was observed when proteins in EPS were hydro-
lyzed by proteinase K. However, the changes in biofilm growth
were not significant when α-polysaccharides and β-
polysaccharides in EPS were hydrolyzed by α-amylase and β-
amylase respectively (Table 1). All these results demonstrated
that proteins rather than polysaccharides in the EPS from strain
XL-2 played the dominant role in biofilm formation. Similarly, a
dramatic reduction in biofilm formation by Streptococcus
pneumoniae was observed when proteins were inhibited
(Moscoso et al. 2006). For Bacillus cereus, extracellular proteins
functioned as non-specific adhesions during biofilm formation
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Table 2 Compositions and relative contents of protein secondary structures of P. stutzeri strain XL-2

Aggregated
strands (%)

α-Helix (%) β-Sheets (%) Random coil (%) Three-turn helices (%) Antiparallel β-sheets/
aggregated strands (%)

Cells with EPS 5.5 21.5 34.3 0 34.5 2.9

Cells without EPS 4.2 0 10.0 28.1 22.5 27.2
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(Karunakaran and Biggs 2011). The EPS of Shewanella sp.
HRCR-1 contained biofilm-promoting protein BpfA and
surface-associated serine protease, which were crucial functional
components that promoted cell surface attachment and biofilm

development (Cao et al. 2011). Extracellular proteins have also
been reported to play important roles in the development of
Baerobic granular activated sludge biofilm^ (Lv et al. 2014).
Contrarily, the polysaccharides in EPS fromBacillusmegaterium
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TF10, which have the structure of the long backbone with active
side chains, were the active constituents for the high
bioflocculation activity (Yuan et al. 2011). Therefore, the poten-
tial links between specific compositions of EPS and biofilm for-
mation varied in different bacteria and bacterial communities.

To further understand the role of proteins in biofilm forma-
tion by strain XL-2, the protein secondary structures were
analyzed (Fig. 5), as it related to microbial adhesion, aggrega-
tion/flocculation, and biofilm formation (Beech et al. 1999;
Tretinnikov and Tamada 2001; Omoike and Chorover 2004;
Badireddy et al. 2010; Wang et al. 2018b). Microbes appeared
to aggregate and form biofilm when the contents of biofilm
positive protein secondary structures, such as β-sheets, α-he-
lices, three-turn helices, and aggregated strands, were high.
However, the aggregation and biofilm formation ability would
be inhibited when the contents of biofilm negative protein
secondary structures, such as random coils and antiparallel
β-sheets/aggregated strands, were high. When EPS was ex-
tracted from cells, the sum of biofilm positive protein second-
ary structures transformed from 95.8% to 36.7%, while the
sum of biofilm negative protein secondary structures in-
creased from 2.9% to 55.3% (Table 2). This result implies that
the proteins in EPS from strain XL-2 contained more biofilm
positive protein secondary structures. The proteins in B.
megaterium TF10 were found to play a minor role in bio-
flocculation and the low percentage of α-helices was consid-
ered as one of the main factors (Yuan et al. 2011). The EPS in
Enterobacter sp. strain FL, which exhibited significant capa-
bility of auto-aggregation, occupied more than 50% of sec-
ondary structures that stimulated aggregation (β-sheets, α-he-
lices, and three-turn helices) (Wang et al. 2018b). Therefore,
protein secondary structures might play a crucial role in bio-
film formation by strain XL-2. The CLSM analysis (Fig. 6)
indicates that proteins were tightly bound to the cells, which
would be beneficial to alter the protein secondary structures of

cells’ surface, and thus increased the adhesion and aggregation
ability of strain XL-2 to form large colonies, further acceler-
ating the formation of biofilm.

Furthermore, both bio-assays and quantitative analysis
demonstrated that P. stutzeri strain XL-2 could produce signal
molecules such as AHLs (Fig. 7a–c). Moreover, short and
medium acyl chain AHLs presented relatively higher concen-
trations compared with long acyl chain AHLs. In combination
with Fig. 1, it can be seen that signal molecules mainly ap-
peared during the period of high biofilm growth. When the
biofilm growth was maximum, the concentration of short and
medium acyl chain AHLs also reached the maximum, sug-
gesting that the AHLs from strain XL-2 might regulate the
biofilm formation (Davies et al. 1998; De Kievit et al.
2001). Investigations have shown that signal molecules could
regulate the secretion of EPS and thus affect the formation of
biofilm (Gilbert et al. 2010; Inhülsen et al. 2012). For strain
XL-2, the concentrations of C6-HLS and C6-oxo-HLS were
both significantly positively correlated with proteins contents
(P<0.05) (Fig. 7d, e). Moreover, when the exogenous C6-HLS
reached the concentration of 10−7 g/l, or the exogenous C6-
oxo-HLS reached the concentration of 10−6 g/l, an increase in
protein content was observed (Fig. 8). These results provided
evidence that C6-HLS and C6-oxo-HLS could stimulate the
secretion of proteins in EPS from strain XL-2. Meanwhile,
Fig. 4 and Table 1 demonstrated that proteins in the EPS from
strain XL-2 played the dominant role in biofilm formation.
Therefore, it was speculated that C6-HLS and C6-oxo-HLS
released by strain XL-2 could up-regulate the secretion of
proteins in EPS, and thus promote the formation of biofilm.

P. stutzeri strain XL-2 presented significant performance
on biofilm formation due to the secretion of EPS. In the waste-
water biofilm treatment processes, the formation of biofilm on
carriers is a base of successful start-up and stable operation of
biofilm reactors. Supplementation of strain XL-2 in biofilm
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reactors might enhance initial adhesion and EPS production.
This would be a desirable bio-augmentation for biofilm for-
mation of biofilm reactors. Therefore, further investigations
are undergoing to evaluate the bio-augmentation by strain
XL-2 for reducing start-up time and maintaining high treat-
ment performance of biofilm reactors.
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