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ABSTRACT The aim of this work was to better understand the roles of extracellular
polymeric substances (EPS) in membrane biofouling at the single-strain level. In the
present study, a total of 23 bacterial strains were isolated from a sludge sample. The
EPS extracted from pure-cultured bacteria were assessed for their fouling potentials
and were simultaneously analyzed using Fourier transform infrared spectroscopy
(FTIR). Further, the impact of calcium on the chemical composition of EPS and mem-
brane fouling behavior was investigated in a strain-dependent manner. The EPS of
the 23 bacterial strains exhibited different IR features for protein and polysaccharide
regions. In addition, an �-1,4-glycosidic linkage (920 cm�1) and amide II (1,550
cm�1) correlated very well with the fouling potentials of all pure-cultured bacteria.
In contrast to low-fouling strains, medium- and high-fouling strains exhibited two
distinct peaks at 1,020 cm�1 (uronic acids) and 1,250 cm�1 (O-acetyl), which acceler-
ate membrane fouling given their gelling capacities. In the presence of calcium, the
fouling potential of a high-fouling strain (Bacillus sp. strain JSB10) was profoundly re-
duced (P � 0.0005) due to the binding activity of an �-1,4-glycosidic linkage and
amide II with calcium. However, the impact of calcium on a low-fouling strain (Vago-
coccus sp. strain JSB21) was insignificant. Two-dimensional FTIR correlation spectro-
scopic (2D-FTIR-COS) analysis further revealed that the susceptibilities of functional
groups to calcium largely relied on the composition and abundance of the above-
described functional groups in EPS. These findings suggest that bacterial strains with
different fouling potentials exhibit varied responses to calcium.

IMPORTANCE Membrane biofouling is one of the main challenges for the operation
of membrane-based processes used for water and wastewater treatment. This study
revealed the functional determinants of EPS in membrane biofouling of 23 bacterial
strains isolated from a full-scale membrane bioreactor (MBR) plant. We found that an
�-1,4-glycosidic bond, amide II, and uronic acids of EPS significantly correlated with
the fouling potentials of bacteria. The roles of these EPS groups in membrane foul-
ing were impacted by calcium resulting from EPS-calcium interactions. In addition,
our results also demonstrated that any perturbations in the sludge bacterial commu-
nity in MBRs can lead to varied filtration potentials of the bulk liquor.

KEYWORDS extracellular polymeric substances, functional groups, membrane
fouling, membrane bioreactors, bacterial attachment

The filtration performance of membrane bioreactors (MBRs) inevitably declines with
increased working time due to the deposition of biotic and abiotic materials onto

membrane surfaces or into membrane pores (1). A growing body of literature has
explored the mechanism involved in biofouling for the development of effective
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membrane fouling mitigation strategies (2–4). Most of the previous investigations
focused on sludge characteristics or bacterial communities rather than an individual
strain. This focus results in considerable uncertainty with regard to the biofouling
mechanisms given the complexity of the mixed liquor of activated sludge. As such,
some contradictory conclusions in the literature on biofouling have been reported (1,
5, 6). For instance, two sludge samples with the same net soluble microbial products
(SMPs) can exhibit different fouling behaviors (5). Another widely explored heteroge-
neous material in biofouling studies is bio-cake formed on membranes. It is well known
that microbial activities are not uniform in the cake layer. An oxygen-depleted envi-
ronment exists in the deeper regions of bio-cake, where the microbial activity and
live-to-dead-cell ratio are reduced (7) compared with levels near the bulk region. In
addition, the chemical compositions might change with the increased working time (8).
Thus, activated sludge and bio-cake might not be suitable choices for studying bio-
fouling mechanisms. In fact, activated sludge and bio-cake are mainly composed of
bacterial cells, which are responsible for the yield and degradation of fouling-causing
biopolymers.

Extracellular polymeric substances (EPS) are one of the primary constituents in
bacterial aggregates (9). An increase in bound EPS can lead to a reduction in the
filterability of sludge (10), flux decline (3, 11), and increases in cake resistance (12).
However, the results with respect to the roles of EPS in membrane fouling remain
confusing. On the other hand, membrane fouling is highly correlated with the amount
of EPS (13). In addition, some studies demonstrated that the chemical composition of
EPS was more critical for fouling development (14). In recent years, model bacterial
species (e.g., Escherichia coli, Pseudomonas spp., and Staphylococcus aureus) have been
used to study biofouling behaviors (15–17). The results from these previous attempts
are conflicting due to different experimental conditions or filtration modes used.
Hence, it is essential to characterize the EPS of a number of pure-cultured strains from
MBR sludge to provide more detailed knowledge regarding the linkage between EPS
and membrane fouling.

Analysis of purified EPS from each sludge bacterial species using Fourier transform
infrared spectroscopy (FTIR) helps in distinguishing the environmental isolates based
on their fouling potentials (18). EPS contains charged functional groups (e.g., carboxyl
and hydroxyl groups) and polar groups (e.g., aliphatics and aromatics) (19–21). These
groups determine bacterial aggregation/flocculation (22, 23), fouling issues (24), and
biofilm development (25) in both engineered and natural systems. For instance, the
�-sheet, �-turn, and random coils of proteins in EPS are related to flocculation and
deflocculation (26). EPS constituents can also adsorb heavy metals (e.g., Cr3�) by
forming metal-ligand complexes between carboxylic functional groups of EPS and
metal ions (27). In addition, specific interactions between polysaccharides and calcium
have substantial effects on membrane fouling given that Ca2� can act as a good
coagulant, leading to the production of coagulant flocs (28). Some reports have
assessed the effect of calcium ions on EPS (cell-free) fouling propensity (12, 29), but a
whole-cell approach has not been reported to date. Such attempts have great impli-
cations on the understanding of membrane fouling of activated sludge or the devel-
opment of fouling control methods (30). However, the abundance of functional groups
in EPS and their roles in membrane biofouling are poorly understood.

In this study, a total of 23 bacterial strains were isolated from real wastewater sludge
in a full-scale MBR plant, identified by 16S rRNA gene sequence analysis, and physic-
ochemically characterized using approaches based on cell-free EPS (i.e., dry weight,
polysaccharide, and protein) and whole cells (i.e., viscosity, zeta potential, and mem-
brane fouling potential). The membrane fouling behavior of bacterial strains was
investigated using short-term filtration tests. The EPS functional groups of bacterial
strains were characterized by FTIR to link functional groups with their fouling propen-
sity. Moreover, the impact of calcium on the filtration performance of the bacterial
strains was investigated, and the interactions of EPS functional groups with calcium
were revealed by two-dimensional correlation spectroscopic (2D-COS) analysis.
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RESULTS
Strain properties and identification. A total of 23 bacterial strains (named JSB1 to

JSB23) were isolated from the sludge sample. Of these strains, 10 strains were Gram
positive, and the remaining strains were Gram negative. The characteristics of these
bacteria are listed in Table 1, and their microscopic photos based on Gram staining are
presented in Fig. S1 in the supplemental material. Most of these bacteria were rod
shaped, with dimensions of 0.6 to 1.6 by 1.1 to 4.7 �m. The majority of the strains
produced white colonies (LB agar) and reached stationary phase within 24 h (LB broth)
(as listed in Table S1). According to a BLASTn search of 16S rRNA gene sequences (1,375
bp), 99 to 100% identity was noted within the existing identified DNA sequence
database. Nine strains belonged to the genus Bacillus; 4 strains were Aeromonas; 3
strains were Klebsiella; one strain each was from the genera Paenochrobactrum, Proteus,
Serratia, and Vagococcus; and three strains were unidentified. The EPS layer tightly
bound to the bacteria was observed under a light microscope after capsule staining
(Fig. S2). The bound EPS dry weight of these strains was in the range of 0.58 to 1.28
g/liter. The protein-to-polysaccharide ratios in the EPS of all 23 sludge bacteria were
�1.0, because the concentration of protein (5.2 to 53.0 mg/liter) was reduced com-
pared with that of polysaccharides (52 to 530 mg/liter). Apparent viscosities of these
cell suspensions were observed in the range of 1.92 to 2.37 mPa/s, whereas that of the
control sample (0.9% NaCl solution) was 1.91 mPa/s (at a shear rate of 122.5 s�1). When
the shear rate increased from 122.5 to 244.9 s�1, the viscosities of most strains (19 out
of 23 strains) increased by 24 to 59% (as shown in Table S2). The zeta potential of
bacteria (intact bound EPS) ranged from �1.61 to �17.40 mV.

FTIR spectra of bound EPS of pure-cultured strains. The FTIR spectra of bound
EPS of the individual bacterial strains are presented in Fig. 1, and the relevant charac-
teristic functional groups are listed in Table S3. All the absorbance bands are typical
characteristic peaks of bacteria reported elsewhere (31). Specifically, two peaks at 1,640
cm�1 and 1,550 cm�1 in the spectra of most strains were attributed to the presence of
the amide I and amide II groups, respectively (32). A peak at 1,400 cm�1 was assigned
to symmetric stretching of the –COO� group associated with amino acids in the
following samples: Serratia sp. strain JSB1, Bacillus sp. strains JSB10 and JSB11, Bacillus
sp. strain JSB13, Bacillus sp. strains JSB17 and JSB19, and Proteus sp. strain JSB20 (20,
33). A strong peak at �1,100 cm�1 was attributed to the presence of polysaccharides
(20) and was identified in all samples. The presence of uronic acid was indicated by a
peak at �1,020 cm�1 (34), which was only detected in the EPS from Bacillus sp. JSB10,
Klebsiella sp. strain JSB15, Klebsiella sp. strain JSB16, and Klebsiella sp. strain JSB18. In
addition, a shoulder peak at 920 cm�1 was detected in the EPS of Bacillus sp. JSB10,
Klebsiella sp. JSB15, Klebsiella sp. JSB16, Klebsiella sp. JSB18, and Proteus sp. JSB20. This
peak is attributed to the presence of an �-1,4-glycosidic bond. Taken together, the FTIR
spectra predominantly indicated 3 functional groups associated with each region of
proteins (1,400, 1,550, and 1,640 cm�1) and polysaccharides (920, 1,020, and 1,100
cm�1) in EPS.

According to the characteristic IR features (regions I and II) in polysaccharide and
protein regions, FTIR spectra of the 23 strains were divided into 4 groups (Fig. 1a to d),
as follows: (i) 15 strains did not exhibit either region I or region II (Fig. 1a), (ii) 3 strains
exhibited region I (Fig. 1b) and belonged to the genus Klebsiella, (iii) 3 strains exhibited
region II and belonged to the genus Aeromonas (Fig. 1c), and (iv) only one strain (i.e.,
Bacillus sp. JSB10) exhibited both regions I and II (Fig. 1d). These results imply the
genus-dependent nature of the EPS structure to a certain extent. Considering the
potential overlapping of important peaks at 900 to 960 cm�1 and 1,500 to 1,700 cm�1,
curve fitting was conducted, and the deconvoluted spectra are presented in Fig. 2. The
results showed that �-1,4-glycosidic bond (�920 cm�1), amide I (1,600 to 1,700 cm�1),
and amide II (1,500 to 1,600 cm�1) peaks were exactly extracted from the FTIR spectra.
Specifically, the IR absorbance intensity of the �-1,4-glycosidic bond for the EPS of
Vagococcus sp. JSB21, Proteus sp. JSB20, and Bacillus sp. JSB10 were 0.05 (Fig. 2b), 0.12
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(Fig. 2e), and 0.18 (Fig. 2h), respectively. Interestingly, the IR absorbance intensity of
amide II varied significantly for these three strains, at 0.0599 (Fig. 2c), 0.23 (Fig. 2f), and
0.264 (Fig. 2i), respectively. In contrast, the absorbance intensity of the amide I bond did
not significantly differ among the three selected strains.

Fouling potentials of pure-cultured strains. The flux decline curves of 23 strains
are presented in Fig. S3, and 3 representative curves are presented in Fig. 3a. The
relevant unified membrane fouling index (UMFI) values of these 23 strains were
calculated, and the results are presented in Fig. 3b. According to the UMFI values, the
strains were divided into 3 groups, low-, medium-, and high-fouling-causing bacteria,
with UMFI values of �0.1, 0.1 to 0.2, and �0.2, respectively. The flux of the high-fouling
strain (Bacillus sp. JSB10) quickly decreased, whereas the flux of the low-fouling strain
(e.g., Vagococcus sp. JSB21) decreased slowly. The lowest (Bacillus sp. JSB17; UMFI,
0.054) and highest (Bacillus sp. JSB10; UMFI, 0.404) UMFI values within the same genus
of Bacillus offered overwhelming evidence of the strain-dependent nature of fouling
behavior. Similar findings are presented in the literature (35). Specifically, 5 strains of
Bacillaceae isolated from fouled membrane exhibited significantly different fouling
behaviors. According to the correlation analysis (Table S4), only the IR absorbance
intensity of the �-1,4-glycosidic bond (Pr [Pearson correlation coefficient r] � 0.6672;
P � 0.0005) and amide II (Pr � 0.5957; P � 0.005) correlated well with the UMFI (as
shown in Fig. 4a and b). These findings indicate that the �-1,4-glycosidic bond or amide
II may play a key role in membrane fouling potentials during the filtration of these
pure-culture cells.

Ca-mediated fouling propensity of pure-cultured bacteria. The presence of
divalent cations and ionic strength mediates EPS properties and fouling behavior. In
Fig. 5, the responses of these three bacterial strains varied. For the high-fouling strain
Bacillus sp. JSB10, the presence of calcium ions led to a significant decrease in fouling
propensity, and the UMFI was reduced from 0.38 to 0.1135 (P � 0.0005) (Fig. 5a). This
result suggests that the presence of divalent cations might aid in mitigating the fouling

FIG 1 Fourier transform infrared spectroscopic analysis of bound EPS of different pure-culture bacteria. Grouping is based
on structural differences in the FTIR spectra among different bacteria. (a) FTIR spectra without a high absorbance region
for polysaccharides (region I) and proteins (region II). (b to d) FTIR spectra of region I (b), region II (c), and regions I and
II (d).
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potential of this type of bacterial strain. The presence of a lower calcium concentration
(0.1 mM) with identical ionic strength resulted in a lower UMFI than that noted with 0.5
mM calcium. This phenomenon is similar to that reported in a previous study demon-
strating that a low calcium concentration resulted in gel formation of alginate on
membranes, whereas a high calcium concentration led to gel breakage (36). As
observed in Fig. 5b, the particle size of Bacillus sp. JSB10 bacteria was not significantly
influenced by Ca2�, implying that this high-fouling strain might not exhibit aggrega-
tion in the presence of Ca2�. Thus, the mitigated fouling of Bacillus sp. JSB10 bacteria
in the presence of Ca2� was likely due to the modification of the conformation of EPS
molecules or the shielding effects on some EPS functional groups (37). However, for the
medium-fouling strain case (Proteus sp. JSB20), the presence of 0.5 mM Ca2� increased
the UMFI from 0.1685 (without Ca2� dosage) to 0.2240. The presence of calcium ions
may enhance the adsorption of polysaccharides or proteins on membranes for this type
of strain (12, 38). Regarding the low-fouling strain (Vagococcus sp. JSB21), the addition
of Ca2� did not affect the UMFI, as shown in Fig. 5a. A recent investigation also
reported ambivalent roles of Ca2� in EPS properties and membrane fouling of two
bacterial strains, i.e., the presence of Ca2� increased the adsorption ability of the
wild-type strain of Pseudomonas aeruginosa PAO1 but decreased that of the Δpsl
mutant of PAO1 with a lower EPS content (39). To summarize, our results together with
the previous findings (39) imply that the impacts of Ca2� on fouling behavior of
bacterial strains are highly dependent on the concentration of Ca2� and functional
groups of bound EPS.

FIG 2 FTIR spectra of bound EPS of low-fouling (a), medium-fouling (d), and high-fouling (g) bacteria are shown. Second derivative revolution enhancement
and curve-fitted (r2 0.999, interactions [number of iterations in the fitting] � 7) polysaccharide (b, e, and h) and protein (c, f, and i) region of bound EPS of
respective strains are shown. The curve-fitted spectra (r2 0.99 to 0.999, interactions � 7) were obtained by the Fourier deconvolution of Gaussian instrument
response function, followed by application of the AutoFit Peaks II second derivative function for the polysaccharide region (b, e, and h), and the AutoFit Peaks
III deconvolution function for protein regions (c, f, and i). UMFI, unified membrane fouling index; PS, EPS-polysaccharide; PN, EPS-protein.
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Interactions of functional groups of EPS with Ca. To investigate the mechanism
for Ca-mediated membrane fouling of these bacteria during membrane filtration, the IR
spectra of EPS with addition of various concentrations of Ca2� (0 to 1.0 mM) were
measured. The presence of Ca2� obviously changed the IR spectra of the EPS samples,
including peak shape and intensity (Fig. 6). These results indicate that the functional
groups of EPS could interact with Ca2�, and this interaction largely depended on the
Ca2� concentration and type of bacterial strains. For instance, the IR peak at 1,100 cm�1

of the low-fouling strain (Vagococcus sp. JSB21) did not change significantly as the Ca2�

dosage changed (Fig. 6c). However, the �-1,4-glycosidic bond at 920 cm�1 of the
high-fouling strain (Bacillus sp. JSB10) was strongly affected by Ca2� even at a very low
concentration (0.1 mM) (Fig. 6a). According to the AutoFit Peaks II second derivative
function, changes in the IR absorbance intensities of six specific functional groups of
EPS as a function of Ca2� dosage are presented in Fig. 7. A low dosage of Ca2� (0.1 mM)
led to a sharp decrease in the IR absorbance of �-1,4-glycosidic bond (Fig. 7a), uronic
acids (Fig. 7c), and amide II (Fig. 7f) in EPS of Bacillus sp. JSB10. This finding is consistent
with the substantially decreased membrane fouling (i.e., UMFI values) of Bacillus sp.
JSB10 upon the addition of Ca2� (Fig. 5a). In contrast, with respect to the EPS extracted
from Vagococcus sp. JSB21 (a low-fouling strain), the lower dosage of Ca2� (0.1 to 0.3
mM) did not result in a significant decrease in the IR absorbance of the �-1,4-glycosidic
bond at 920 cm�1 (Fig. 7m), uronic acids (Fig. 7n), and amide II (Fig. 7r). This result
explains why the fouling behavior of Vagococcus sp. JSB21 did not respond significantly
to the addition of Ca2� (Fig. 5a). The IR absorbances of five functional groups in the EPS
extracted from Proteus sp. JSB20 (a medium-fouling strain) decreased significantly in

FIG 3 Values of normalized flux of selected bacterial strains (a) and unified membrane fouling index of
various pure-culture bacteria (b). Dotted vertical line (a) indicates flux decline (%) by 20 ml of permeate,
and values for Vagococcus sp. JSB21 (green), Proteus vulgaris JSB20 (blue), and Bacillus sp. JSB10 (red)
were 27, 87, and 96%, respectively. Grouping in panel b was based on fouling potential. LF, low-fouling
bacteria (UMFI, �0.1); MF, medium-fouling bacteria (UMFI, 0.1 to 0.2); HF, high-fouling bacteria (UMFI,
�0.2).
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the presence of Ca2� (Fig. 7g, h, and j to l). This finding was in contrast to the increased
fouling of this strain by Ca2� (Fig. 5b). It was hypothesized that the membrane filtration
was probably dominated by other fouling factors (i.e., substantial increases in the
aggregate size of the bacteria) rather than the EPS functional groups.

Some IR peaks (e.g., 1,550 and 1,640 cm�1) responded significantly even at a low Ca2�

dosage, whereas some IR peaks only changed at a high Ca2� dosage. Thus, 2D-FTIR-COS
analysis was further performed to investigate the sequential order of Ca2� binding for these
functional groups. In 2D-COS analysis, synchronous maps displayed autopeaks (at a diag-
onal position) for each bacterium (Fig. 8a, c, and e). Note that the intensities of the
autopeaks represent the overall susceptibility of the corresponding structure to external
perturbation. Increased intensities of autopeaks in both polysaccharide and protein regions
were observed for Bacillus sp. JSB10 (Fig. 8a), whereas these intensities were gradually
reduced in Proteus sp. JSB20 (Fig. 8c) and Vagococcus sp. JSB21 (Fig. 8e). Furthermore, an
increased number of positive cross-peaks was observed (Table S5) as the fouling potentials
increased. For example, Bacillus sp. JSB10, Proteus sp. JSB20, and Vagococcus sp. JSB21
exhibited 5, 10, and 11 peaks in their synchronous maps, respectively. Positive cross-peaks
indicated that these peaks had the same response to the addition of Ca2�. In contrast,
negative cross-peaks in synchronous maps suggest the change in peak directions. Such
peaks were only observed in Bacillus sp. JSB10 (10 peaks) and Vagococcus sp. JSB21 (4

FIG 4 Correlation (fit line with linear regression) between membrane fouling potentials (UMFI) of bacteria
and �-1,4-glycosidic bond (a) and amide II (-N-H) (b). Assumed data were sampled from the Gaussian
population (Pearson) for correlation analysis. Absorbance values on the y axis were obtained from FTIR
curve-fitted spectra (Fourier deconvolution of Gaussian instrument response and AutoFit Peaks II second
derivative functions were applied, r2 � 0.73 to 0.99, interactions � 7). P values (one-tailed) at 95%
confidence interval are reported. Numerals (labeled with color circles) 1 to 23 indicate the respective
strains JSB1 to JSB23. Functional groups at �920 cm�1 and �1,550 cm�1 are attributed to an
�-1,4-glycosidic bond (66) and amide II (63), respectively.
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peaks), not in Proteus sp. JSB20 (Table S5). Asynchronous maps can reveal the sequential
order of the EPS-specific structural response to perturbation by comparing the signs of
cross-peaks between synchronous and asynchronous maps. As shown in Fig. 8, 12, 13, and
9 cross-peaks were detected above the diagonal line for EPS binding with Ca2� in Bacillus
sp. JSB10 (Fig. 8b), Proteus sp. JSB20 (Fig. 8d), and Vagococcus sp. JSB21 (Fig. 8f), respec-
tively. The signs of the aforementioned cross-peaks are presented in Table S5. In summary,
the changes in EPS functional groups in response to Ca2� exhibit the following order (Table
S5): (i) �-1,4-glycosidic bond (920 cm�1) � uronic acids (1,020 cm�1) � 1,100 cm�1 �

amide I (1,640 cm�1) � amide II (1,550 cm�1) � CAO (1,400 cm�1) for Bacillus sp. JSB10;
(ii) amide II � uronic acids � CAO � �-1,4-glycosidic bond � amide I for Proteus sp.
JSB20; and (iii) 1,100 � CAO � amide I � amide II � uronic acids � �-1,4-glycosidic
bond for Vagococcus sp. JSB21. This finding suggests that the susceptibilities of the
functional groups of different bacteria to Ca2� differed and likely depended on their

FIG 5 Effect of Ca2� concentrations on membrane fouling potentials (n � 3) (a) and particle size (n � 5) (b)
of selected bacterial species. The control contains respective cells in 0.9% NaCl solution of ionic strength
similar to that of Ca2�-amended samples. Two-way ANOVA Tukey’s multiple-comparison test was performed,
and adjusted P values (one tailed) at 95% confidence interval are reported (**, P � 0.005; ***, P � 0.0005; ****,
P � 0.00005).
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abundance in an EPS matrix. Overall, 2D-FTIR-COS analysis findings provide new
insights into the different responses of UMFI to Ca2� in the three bacterial strains.

DISCUSSION
Bacterial strain-specific features of IR spectra of EPS. During membrane-based

processes for water and wastewater treatment, membrane fouling inevitably occurs
due to the gelling nature or viscosity of EPS, which generally involves a network of
cross-linked polysaccharide chains (40). In addition, proteins also contribute to mem-
brane fouling as a result of their hydrophobic interactions with membranes or other
foulants. Previously, researchers focused on the characterization of EPS and SMPs in the
mixed liquor of suspended sludge composed of various bacteria. Given the complex
nature of such a sludge bacterial community, the reported results differed or were even
contradictory. In this work, our primary objective is to understand the EPS composition
and roles in membrane biofouling at a single-strain level. Our FTIR analysis demon-
strated that the EPS of each strain exhibited unique IR features. For instance, the EPS
of Bacillus sp. JSB10 contained IR bands in both region I (920, 1,020, and 1,100 cm�1)
and region II (1,550 and 1,640 cm�1), which generally differed from other Bacillus
strains (e.g., JSB2, JSB3, JSB6, and JSB7). In addition, three strains belonging to the
genus Klebsiella also showed strong IR bands in region I. Evidently, the presence of
region I, i.e., the simultaneous presence of three peaks at 920, 1,020, and 1,100 cm�1,
is attributed to glycogen (41). Of note, these three peaks in combination with a peak
at 1,250 cm�1 is indicative of alginate-like polysaccharides (42), e.g., the EPS from
Bacillus sp. JSB10 and Proteus sp. JSB20. Differences in the quantities and compositions
of EPS among the strains are likely attributed to differing metabolic activities (43) or
varied DNA compositions. For example, significant differences in EPS between parent
and mutant strains have been reported in numerous studies (42, 44, 45) and support
our conclusion of the strain-specific IR features of EPS. Moreover, glucose-yeast extract
medium and the steady-growth stage of bacteria (48 h) were used for EPS formation
and extraction in this work. Apparently, the culture medium and incubation time could
also have a great impact on the characteristics and composition of bacterial EPS. In the
future, the effects of different culture media and growth phases on EPS production and

FIG 6 FTIR spectra of EPS-Ca2� complexes of high-fouling (Bacillus sp. JSB10) (a), medium-fouling (Proteus sp. JSB20) (b), and low-fouling (Vagococcus sp. JSB21)
(c) bacteria. Functional groups of EPSs are shown as influenced by different concentrations of calcium from 0 to 1.0 mM.
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bacterial properties and the association of these factors with membrane fouling
behaviors should be clarified.

Functional determinants of EPS in membrane biofouling. In previous studies,
membrane fouling was generally attributed to the presence of some typical IR

FIG 7 Changes in the absorbance of FTIR spectra of functional groups of EPS-Ca2� complexes of monospecies cultures: high-fouling (Bacillus sp.
JSB10) (a to f), medium-fouling (Proteus sp. JSB20) (g to l), and low-fouling (Vagococcus sp. JSB21) (m to r) bacteria. The curve-fitted spectra (r2,
0.99 to 0.999, interactions � 7) were obtained by Fourier deconvolution of Gaussian instrument response function, followed by the application
of AutoFit Peaks II second derivative function for an �-1,4-glycosidic bond and AutoFit Peaks III deconvolution function for amide I and amide
II functional groups. P values (one-tailed) at a 95% confidence interval were as follows: *, P � 0.05; **, P � 0.005; ***, P � 0.0005; ****, P � 0.0001.
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bands (24), such as the broad peak at 1,100 cm�1 and two protein peaks at 1,640
and 1,550 cm�1. However, some unique IR features, including peaks at 920 and
1,020 cm�1, have not been given sufficient attention likely due to the complex
composition of the analyzed samples, such as activated sludge and bio-cake. Based
on the IR analysis of the EPS extracted from 23 strains, three IR peaks were
associated with polysaccharides (920, 1,020, and 1,100 cm�1), and three peaks were
associated with proteins (1,400, 1,550, and 1,640 cm�1). Statistical analysis revealed
that the presence of an �-1,4-glycosidic bond (920 cm�1) and amide II (1,550 cm�1)
were highly significant (P � 0.005 or �0.0005) for UMFI values. In comparison, the
broad peak at 1,100 cm�1, which has been previously considered to be an impor-
tant indicator of membrane fouling, did not correlate well (Pr � �0.2363; P � 0.05)
with UMFI values (Table S3). In addition, �-1,4-glycosidic linkages are often present
in sugars or polysaccharides (e.g., maltose and maltotetrose) with high gelling
properties given their role of binding long-chain monosaccharide units into a
polymeric carbohydrate molecule (46). In contrast, �-1,4-glycosidic linkages are

FIG 8 Two-dimensional correlation maps (synchronous and asynchronous) generated from the 800 to 1,800 cm�1 region
of the FTIR spectra of EPS-Ca2� complexes of high-fouling (Bacillus sp. JSB10) (a and b), medium-fouling (Proteus sp. JSB20)
(c and d), and low-fouling (Vagococcus sp. JSB21) (e and f) bacteria. The concentration of calcium used was in the range
of 0 to 1.0 mM. Red and blue represent positive and negative correlations, respectively. A greater color intensity indicates
a stronger correlation, and a weaker color intensity indicates a weaker correlation.
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normally present in cellulose. As previously mentioned, the gelling nature of
polysaccharides can greatly enhance the deposition of bacteria, particularly when
the membrane filtration system is operated at a high pressure. In addition, uronic
acids (1,020 cm�1) and O-acetyl groups (1,250 cm�1) can indicate the presence of
alginate-like polysaccharides (42), which also exhibit a strong gelling property (36).
Okamura et al. documented that the fouling potential of polysaccharides increased
linearly as uronic acid levels increased (47). Nivens et al. found that the algJ mutant
strain of Pseudomonas aeruginosa that yielded alginate lacking O-acetyl groups
exhibited a 5-fold reduced ability to form biofilm compared with its parent (48).
Given that the two bands (1,020 and 1,250 cm�1) were only detected in a few
strains, such as Bacillus sp. JSB10 and Proteus sp. JSB20, no correlation was identi-
fied between these two bands and the UMFI values (Table S3). Further studies
should be conducted to confirm the roles and significance of these functional units
(uronic acids and O-acetylation) in membrane biofouling development.

Similarly, amide II was often detected in the EPS of high- or medium-fouling strains,
and this IR peak correlated well (Pr � 0.5957; P � 0.005) with UMFI values. In fact, the
IR absorbance of amide II has been used as a marker for determining the biofilm
biomass formed by Pseudomonas aeruginosa (48) and Pseudomonas fluorescens (49).
Amide I significantly contributes to cell-cell interactions, such as bacterial aggregation/
flocculation (22, 23) or bacterial attachment (50). The presence of large amounts of
hydrophobic amino acids and a high level of proteins with a loose structure in EPS
greatly enhanced the aggregation ability of sludge (23). Nevertheless, amide I was
present in almost all pure-cultured strains in our current study, and no differences were
noted among the IR absorbances of amide I. Thus, amide I cannot be used as a marker
to distinguish the fouling propensities of various bacterial strains or communities.
Further investigations are also recommended to reveal the fouling mechanisms of
these specific functional groups (�-1,4-glycosidic linkages, uronic acids, O-acetyl
groups, amide I, and amide II) using well-defined mixed cultures or mutants of some
interesting strains.

Roles of EPS-cation interactions in membrane biofouling. EPS plays a significant
role in the attachment of bacterial cells to the surface due to the contribution of
charged functional groups (e.g., carboxyl, hydroxyl, phenolic, phosphoric, and sulfhy-
dryl groups) and polar groups (e.g., aliphatics and aromatics in proteins and hydro-
phobic regions in carbohydrates) in EPS (19). EPS compounds readily interact with
divalent cations (e.g., Ca2� and Mg2�) and form complexes in the presence of these
functional groups. On one hand, divalent cations neutralize the negative charges
carried by EPS molecules (51). On the other hand, divalent cations aid in macromolecule
assembly resulting from the ion bridging role of divalent cations. The formation of
EPS-Ca2� complexes can enhance the aggregation of inorganic colloids in natural
water as a result of gel-like bridging (52). In our study, we also noted an increased
aggregate size for Proteus sp. JSB20 in the presence of Ca2� (Fig. 5b). A number of
studies have also demonstrated that Ca2� can enhance fouling of natural organic
matter or EPS (12, 53), thus leading to a requirement of more intensive chemical
cleaning (53). However, our current study implies that some bacteria or EPS may not
follow such a role, i.e., the presence of Ca2� did not result in changes in the fouling
propensities of some bacterial strains (Vagococcus sp. JSB21) (Fig. 5a). Determining the
binding capacity of a given functional group on divalent cations using well-defined
tests or more specific strains is of significant interest. The results from 2D-FTIR-COS
analysis in our study suggest that the binding capability of a given functional group
relies on its chemical structure and relative abundance in EPS.

In conclusion, this study demonstrated that (i) the IR spectra of the pure-cultured
bacteria overall occurred a strain-dependent manner; (ii) �-1,4-glycosidic linkage (920
cm�1), amide II (1,550 cm�1), and uronic acids (1,020 cm�1) were essential for the
fouling potentials of bacterial strains; (iii) the presence of calcium changed the fouling
potentials of bacterial strains; and (iv) the susceptibility of functional groups in EPS to

Linking EPS Functional Groups to Membrane Biofouling Applied and Environmental Microbiology

August 2018 Volume 84 Issue 15 e00756-18 aem.asm.org 13

http://aem.asm.org


calcium depended on EPS functional group composition and abundance. The genus
and strain dependence of EPS composition together with fouling behavior can explain
why confusing or contradictory results are often reported in the literature, given that
any change in the bacterial community, even at the strain level, can lead to a profound
alteration of EPS composition. In the near future, further studies are required to
determine the roles of uronic acids and O-acetylation in biofilm formation on mem-
branes. In addition, the fouling behavior of mixed cultures should be explored by
focusing on the interaction of EPS from various strains.

MATERIALS AND METHODS
Isolation and identification of bacterial strains. Bacterial strains were isolated from a sludge

sample collected (31 May 2016) from a local full-scale MBR plant (Jingxi municipal wastewater treatment
plant, Guangzhou, People’s Republic of China). This plant is an underground wastewater treatment plant
(WWTP) occupying 1.8 ha, with a treatment capacity of 100,000 m3 wastewater per day (Table S6). To
isolate bacteria, the sludge was first washed thrice with sterilized 1 M HEPES [4-(2-hydroxyethyl)-1-
piperazineethaesulfonic acid] buffer (pH 7.0), and then 10 ml of the same buffer was used to resuspend
bacterial cells. Serially diluted samples (in the HEPES buffer) were plated on LB (Luria-Bertani) agar
medium and incubated at 30 � 2°C for 10 days. To isolate both slow and fast growers (to cover a wider
range of bacterial communities), single colonies were selected at different time intervals (2, 4, 6, 8, and
10 days) and transferred to 96-well microtiter plates containing LB medium at 100 �l/well. In addition,
EPS-producing strains were selected based on their mucoid colonies (54) and crystal violet staining (55).
Finally, a total of 23 strains were isolated and stored in 25% (vol/vol) glycerol at �80°C for further
experiments.

The genomic DNA of these 23 isolated bacteria was extracted individually for direct amplification of
16S rRNA gene portions (56) by PCR. The isolation of DNA was completed as per the manufacturer’s
instructions (Tiangen, Beijing, People’s Republic of China). The primer set 27F (5=-AGA GTT TGA TCM TGG
CTC AG-3=) and 1492R (5=-CGG TTA CCT TGT TAC GAC TT-3=) was used to amplify 16S rRNA gene
fragments (57). Briefly, 0.5 �l of diluted DNA was added to a PCR tube containing 49.5 �l of PCR mixture
(27F primer, 1.0 �l; 1492R primer, 1.0 �l; dinucleoside triphosphates [dNTPs], 5.0 �l; 5	 Fast PFU buffer,
10.0 �l; Fast PFU polymerase, 1.0 �l; and distilled water, 31.5 �l). Then, the mixture was distributed
equally into 3 PCR tubes for effective amplification. A thermal cycler (GeneAmp PCR system 9700; Applied
Biosystems, CA, USA) was used for PCR amplification. Finally, amplified products were sent to BGI
Genomics Co., Ltd. (Beijing Genomics Institute, Shenzhen, People’s Republic of China) for sequence
analysis. For the similarity search, the 16S rRNA gene sequences of the 23 strains were subjected to a
BLAST search online (http://www.ncbi.nlm.nih.gov/BLAST).

Extraction of bound EPS. Bound EPS was extracted (58) by removing the SMPs via centrifuging the
culture broth (25 ml from mid-stationary phase, i.e., 48 h) at 3,500 rpm and 4°C for 15 min. Then, a cell
pellet with intact bound EPS was dissolved in a 0.5% NaCl solution (25 ml) and placed in a water bath
at 60°C for 30 min. Afterward, the suspension was centrifuged again at 12,000 rpm and 4°C for 15 min,
and the supernatant was considered to harbor bound EPS. The dry weight of the crude EPS (in grams per
liter) was measured by drying at 105°C for 8 h (59). The concentrations of carbohydrate and protein in
the EPS (in milligrams per liter) were analyzed using phenol-sulfuric acid (60) and modified Lowry
methods (61), respectively. In addition, the EPS was purified by dialysis for 1 day against deionized (DI)
water (4°C) and lyophilized at �50°C for 10 to 12 h in preparation for the following FTIR analysis. To fix
the incubation time for the extraction of EPS, 3% (vol/vol) inoculum was used to inoculate 100 ml of a
sterilized glucose-yeast extract medium (pH 7.4) (62), followed by incubation for 3 days at 30°C and 180
rpm. The composition of glucose-yeast extract medium was as follows (in grams per liter): glucose, 0.5;
yeast extract, 0.5; (NH4)2SO4, 0.5; NaCl, 0.1; K2HPO4, 5.0; and KH2PO4, 2.0. EPS dry weight and viable cell
numbers (standard plate count method) of samples were measured at regular intervals (6, 12, 24, 36, 48,
60, and 72 h).

FTIR characterization and 2D-COS analysis of EPS-calcium interactions. An FTIR spectrometer
(Nicolet 6700-Continu�m; Thermo Scientific Co., USA) was used to characterize the functional groups of
EPS. The sample pellets were prepared by mixing the freeze-dried EPS powders with spectroscopy-grade
potassium bromide (KBr) at a ratio of 1:100 prior to recording the spectra in an absorbance mode over
a scan range of 400 to 4,000 cm�1 with a resolution of 2 cm�1. To investigate the potential overlapping
peaks in the spectra, the representative peaks at 900 to 960 cm�1 and 1,500 to 1,700 cm�1 were curve
fitted using the Fourier deconvolution of Gaussian instrument response function from the PeakFit
software (PeakFit version 4.12; Systat Software, Inc.) (63).

The changes in EPS functional groups in the presence of calcium were also studied. Specifically, EPS
were first extracted from three selected strains, Bacillus sp. JSB10, Proteus sp. JSB20, and Vagococcus sp.
JSB21. Then, EPS with a total organic carbon of 185 mg/liter was mixed with different concentrations of
calcium (i.e., 0.1, 0.2, 0.3, 0.5, 0.6, 0.8, and 1.0 mM). Finally, the EPS-Ca2� complexes were freeze-dried and
subjected to FTIR characterization. In addition, 2D-FTIR-COS, including synchronous and asynchronous
spectra, were also involved and analyzed according to Noda’s method to further investigate the
susceptibility of EPS functional groups to calcium (64).

Membrane filtration tests. Bacterial cells for the membrane filtration test were harvested from
culture broth after 48 h of incubation with centrifugation at 3,500 rpm and 4°C for 15 min and
washed twice in 0.9% NaCl solution. Then, 100 ml of cell suspension for each bacterial strain was
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prepared for the membrane fouling evaluation experiments. The cell density (optical density at 600
nm [OD600]) was maintained at 0.6 for all the suspensions. Membrane filtration tests were conducted
using a dead-end stirred cell (MSC300; Mosu Co., Shanghai, China) with a volume of 300 ml and an
effective surface area of 37.4 cm2. Flat-sheet polyethersulfone membranes (RisingSun Membrane
Technology Co., Ltd., Beijing, People’s Republic of China) with a pore size of 0.1 �m were used. A
constant pressure of 50 kPa was applied (type-10 CN-68825-00; Marsh Bellofram Co., Newell, WV,
USA) throughout the filtration. The permeate flux was recorded automatically using an electronic
balance (G&G E600Y-2; Neuss, Germany) through a data login system. To investigate the impact of
calcium on the fouling potential of bacterial strains, three representative strains were employed (i.e.,
Bacillus sp. JSB10, Proteus sp. JSB20, and Vagococcus sp. JSB21 as the high-, medium-, and
low-fouling bacteria, respectively). Two different Ca2� concentrations (0.1 and 0.5 mM) were used.
To maintain the same ionic strength (1.5 mM) in all the samples, 1.2 mM NaCl was added to the
samples in addition to 0.1 mM Ca2�. The unified membrane fouling index (UMFI) was applied to
calculate the fouling extents of different bacteria (65).

Additional analyses. The viscosity of each cell suspension (�18 ml) was measured using a rheom-
eter (DV III Ultra; Brookfield) at 25°C. The zeta potentials (�) of the cell suspensions were measured using
a Zetasizer (Nano ZS90, Malvern Corp., UK). Statistical analysis was performed using the GraphPad Prism
7 software at a 95% confidence level (P � 0.05), unless otherwise stated. Two-way analysis of variance
(ANOVA, Tukey’s multiple-comparison test) and correlation analysis were performed to assess the
statistical significance among the different treatments.

Accession number(s). The sequence data for each of 20 identified bacterial strains were deposited
in GenBank, under accession numbers MG595640, MG595665, MG596916 to MG596923, MG596948 to
MG596954, MG596967, MG596968, and MG603267 (see Table S7 in the supplemental material).
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