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Summary

The influence of exopolysaccharide (EPS) produced by cheese starter cultures on biofilm formation on reverse
osmosis (RO) membranes was assessed using two genera of EPS" cultures and their respective isogenic EPS
mutants by comparing the data between isogenicisolates of the same species only. The study revealed opposite
adhesive behavior between both species. High cell surface hydrophobicity showed a greater association with
biofilm formation on RO membranes than did surface charge or EPS production.

Highlights
- Not all EPS-producing starter cultures have an advantage in regard to their ability to form biofilm on
membrane separation surfaces. JDS
« Variations between different EPS modify adhesive behavior to reverse osmosis membranes. Communications™
«  Cell hydrophobicity is critical for initial adhesion to RO membrane separation surface and thus biofilm L |
formation.
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Effect of exopolysaccharides produced by dairy
starter cultures on biofilms formed on reverse
osmosis membranes

Nuria Garcia-Fernandez, Ashraf Hassan,* and Sanjeev Anand+t

Abstract: Two different cheese starter cultures producing exopolysaccharides (EPS": Streptococcus thermophilus strain ST3534 and
Lactococcus lactis ssp. cremoris strain JFR+) and their isogenic EPS-negative (EPS : S. thermophilus strain ST5842 and L. lactis ssp.
cremoris strain JFR—) variants were used to study the attachment of bacterial cells in the absence of growth (at 4°C) and the resultant
biofilm formation on reverse osmosis membranes (at 30 or 35°C). We used M17 broth and a 10% solution of whey protein concentrate
(with 35% protein) as growth media for biofilm development under static conditions. As expected, ST3534 (EPS") showed significantly
greater cell counts within biofilms than ST5842 (EPS"). In the absence of growth, however, cells of these 2 isogenic Streptococcus strains
attached to the membrane in similar numbers. In contrast, JFR+ counts were significantly lower than those of JFR— under all conditions.
These findings indicate that the EPS produced by S. thermophilus may play a greater role in building up the 3-dimensional structure of
the biofilm, rather than only assisting during initial attachment of the cells to the membrane, whereas the EPS produced by L. lactis ssp.
cremoris hampered both initial attachment to the membrane and biofilm formation. Although no differences were observed in the surface
charge of the cells between the 2 EPS-producing cultures, surface hydrophobicity was associated with the different adhesive properties
of these microorganisms. In conclusion, our results exclude the hypothesis that all EPS-producing starter cultures have an advantage in
regard to their ability to form biofilm on membrane separation surfaces. In contrast, variations between different EPS, with hydrophobic-

ity being an important influencing feature, modify adhesive behavior to reverse osmosis membranes.

Exopolysaccharide (EPS)-producing lactic acid bacteria (LAB)
are relevant to the dairy industry and, with the increased demand
for healthier and fat-reduced food products, they have been used
as starters to manufacture low-fat products. Exopolysaccharides
modify the physical properties of fermented milk by increasing
viscosity and water-holding capacity, reducing syneresis, and inter-
fering with protein—protein interactions. These properties together
improve smoothness and mouthfeel (Hassan, 2008). Over the last
few years, significant work has been done to relate the produc-
tion of exopolymeric substances by bacteria to biofilm formation.
However, the participation of EPS produced by LAB used as dairy
starters on biofilm formation remains unexplored. Whey, the liquid
byproduct of cheesemaking and casein manufacturing processes
and comprising water (93%), lactose, and whey proteins, is fre-
quently concentrated by reverse osmosis (RO) to reduce the vol-
ume and increase the solids content before transportation or further
processing. Biofouling, or the buildup of suspended particles, is
one of the critical issues in membrane filtration technology (Field,
2010). It has a significantly detrimental effect on the efficiency
of the separation processes, causing flux decline, pressure drop,
reduced membrane lifetime, and inconsistent product composition
and quality. Biofilms play a major role in biofouling and may con-
tribute to product contamination, potentially with harmful bacteria.

Biofilms are initiated when bacterial cells attach to a surface
and they develop into different stages of maturation as bacteria
grow (Ridgway et al., 1999). The first phase of bacterial adhesion
involves physicochemical interactions, after which molecular and

cellular interactions take place (Vadillo-Rodriguez et al., 2005).
Multiple factors influence the adhesion of bacterial cells, including
environmental factors and surface characteristics of the microor-
ganisms and substratum (De Weger et al., 1987; An and Friedman,
1997; Palmer et al., 2007; Kline et al., 2009). Evidence shows
that microbial adhesion strongly depends on the hydrophobic—hy-
drophilic properties of the interacting surfaces (Liu et al., 2004).
After the first attachment, strengthening of the bonds occurs, often
involving the formation of polymer bridges between the organism
and the surface. These sticky polymers form the matrix network,
providing mechanical stability to the biofilm (Garrett et al., 2008).
The extracellular polymeric substances in biofilms are composed
of EPS, glycoproteins, glycolipids, and environmental (¢)-DNA
(Flemming et al., 2007). Exopolysaccharides produced by micro-
organisms are typically the most abundant component of the exo-
polymeric matrix and are believed to have an important role in the
structure and stability of biofilms. Bacterial strains that produce
EPS are widely used in the dairy manufacturing industry for their
added yield and sensory properties. Therefore, it is anticipated that
the use of EPS-producing starters in cheese production will yield
EPS-containing whey that will deposit on the RO membranes used
for whey concentration. The objective of this research was to study
the role played by bacterial EPS produced by LAB on cell adhe-
sion and biofilm formation on RO membranes. Our hypothesis was
that EPS-producing LAB commonly used for cheese manufacture
would form better biofilms than their non-EPS-producing mutants
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because the EPS would support attachment and biofilm formation
on the separation membranes used for processing cheese whey.

Two cheese starter cultures (of different genera) producing EPS
were compared, respectively, with their isogenic EPS-negative
mutants to evaluate the role that EPS production (exclusively)
has on their ability to attach and form biofilms on dairy separa-
tion membranes. To achieve this goal, we compared the number of
cells attached to RO membranes under static conditions when we
changed the medium and incubation temperature. Our study avoids
the many interacting factors of dynamic settings, and our results
will help the dairy industry understand key factors contributing
to the initial stage in biofilm formation. In addition, we measured
physicochemical characteristics of the 2 EPS™/~ bacterial pairs that
affect adhesion to a particular surface, such as surface charge and
hydrophobicity. Finally, we observed the biofilm structures under
the microscope. The influence of EPS on biofilm formation was
compared between isogenic isolates of the same species only.

Streptococcus thermophilus strain ST3534 (EPS") and a mutant
S. thermophilus strain ST5842 (EPS") were provided by Chr. Han-
sen Inc. Lactococcus lactis ssp. cremoris strain JFR+ (EPS") was
isolated from commercial buttermilk, and we isolated a spontaneous
mutant L. lactis ssp. cremoris strain JFER— (EPS") in our laboratory.
For selection of the JFR EPS™ mutants, 3 replicate clones of strain
JFR+ were inoculated into tubes with 10 mL of M 17 broth (Oxoid)
and incubated to stationary phase at 30°C under static conditions.
One loopful of the top layer of the liquid culture was collected and
aseptically transferred to another tube with 10 mL of fresh me-
dium, which was incubated under the same conditions. This was
repeated over a period of 10 d, and the cultures were checked for
colony morphology daily. Eventually, we observed colonies of the
same morphology, but lacking ropiness, and we isolated one such
colony. This mutant lost the ability to ferment lactose (Lac ) along
with the EPS operon. The identity of this Lac strain as L. lactis
ssp. cremoris, was confirmed by plasmid profile comparison and
MALDI-TOF analysis at the Animal Disease Diagnostic and Re-
search Laboratory of South Dakota State University (Brookings).
In all experiments conducted with the EPS™ Lac™ strain, glucose
was added to the growth medium, as described below.

The RO membrane used in this study was obtained from Toray
Membrane USA Inc. This membrane was made of cross-linked ar-
omatic polyamide with a negative net charge and was hydrophilic.
Each of the 5 pieces used to develop biofilms in a typical experi-
ment consisted of 2 membrane squares (2 x 2 cm?) that were glued
together to expose the retentate sides. These were pretreated by
soaking in sterile distilled water for 5 d with daily water changes
and sanitizing with hydrogen peroxide (0.5% solution) followed by
rinsing with sterile distilled water 3 times and placing in a sterile
Petri dish for further use.

To study biofilm formation, standard static assays were conduct-
ed in Petri dishes using 2 different growth media. Fifty milliliters
of M17 broth with 5% lactose or a 10% solution of whey protein
concentrate (WPC) with 35% protein (WPC35) was inoculated
with 1 mL of culture in late-exponential phase, containing 10® cfu/
mL of the test strain, and was added to the Petri dish containing
the membrane pieces as described above. The incubation was car-
ried out for 24 h under static conditions at 30°C (for JFR+/JFR—)
or 35°C (for ST3534/ST5842) to develop biofilms. To study at-
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tachment in the absence of growth, 50 mL of M17 broth with 5%
lactose containing 10% cfu/mL of the test strain was incubated for
24 h under static conditions at 4°C. The broth or whey medium was
supplemented with 2.5% glucose only for JFR— (EPS™ Lac"), to
achieve the same sugar molality that was in the 5% lactose medium
for JFR+. No significant differences were found in the growth rate
between JFR+ and its genetic variant in all media used under these
conditions (data not shown).

The ability of each strain to attach in absence of growth (at 4°C)
or form biofilm was evaluated by estimating the number of viable
cells embedded in the membranes after mechanically detaching
cells. The membrane pieces were rinsed 3 times in distilled water
to remove loosely attached cells (Hinsa-Leasure et al., 2013), and
cells were detached from membranes by mixing in a stomacher
at 230 rpm for 2 min. Counts of viable cells were determined by
enumeration of colony-forming units on M17 agar after incubation
for 24 h at the respective growth temperatures.

For the EPS'/EPS™ cultures, surface structures associated with
attachment (pili, fimbriae, flagella, and capsule) were examined
microscopically. Furthermore, the biofilm structure of 3-d-old
and 1-mo-old membranes was observed using scanning electron
microscopy.

For the observations of surface structures by transmission elec-
tron microscopy, bacterial cells were placed on formvar carbon-
coated 100-mesh copper grids (Electron Microscopy Sciences) and
left to settle for 5 min. The excess liquid and any unbound cells
were wicked off with a No. 1 Whatman filter wedge. A drop of
1% aqueous uranyl acetate was placed on each grid, grids were
air-dried before imaging on a FEI Tecnai20 transmission electron
microscope (FEI Inc.) operating at 200 keV, and images were taken
digitally with an AMT camera (AMT Imaging).

For the observations of bacterial capsules, confocal scanning
laser microscopy was used. Overnight cultures of the EPS® and
EPS™ strains separately grown in M17 broth were suspended at
10% (vol/vol) in reconstituted skim milk that was heat-treated at
95°C for 15 min, and 1 drop of each milk suspension was deposited
on a glass slide and observed with an Olympus Fluoview FV300
CSLM (Olympus America) in reflectance mode as previously de-
scribed (Hassan et al., 1995).

The structure of biofilms on RO membranes was observed by
scanning electron microscopy. We developed 3-d-old and 1-mo-
old biofilms on RO membrane pieces as described above by
inoculating individual cultures of ST3534, ST5842, JFR+, and
JFR— strains in M 17 broth with 5% lactose as the growth medium.
In the case of the JFR EPS Lac mutant, lactose was substituted
by 2.5% glucose. Membrane pieces were incubated under aerobic
static conditions at 36°C (ST cultures) or 30°C (JFR cultures).
Membrane biofilms at 3 d or 1 mo of age were observed, as de-
scribed by Hassan et al. (2010), using a Hitachi scanning electron
microscope (model S-3400N, Hitachi Systems Ltd.).

Microbial adhesion to hydrocarbon (MATH) was performed
to determine cell surface hydrophobicity (Rosenberg, 1984). One
milliliter of xylene was added to 4 mL of cells of overnight cultures
suspended in PBS, vortexed for 2 min, and equilibrated at 37°C
for 30 min. The optical density at 600 nm (ODggg,m) Of @ portion
of the aqueous lower layer before and after treatment with xylene
was determined using a Cary 50 Bio spectrophotometer (Varian).
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Table 1. Counts of exopolysaccharide-producing (EPS*) and nonproducing (EPS") cultures in biofilms formed on reverse
osmosis membranes under static conditions using different feed substrates and counts of cells attached in the absence

of growth'
Streptococcus Lactococcus lactis ssp.
thermophilus cremoris
Substrate and incubation condition Culture Count SD Count SD
Biofilm formation using M17 as growth EPS* 6.46° 0.13 455° 0.29
medium EPS™ 5.50° 0.33 6.02° 0.44
Biofilm formation using whey protein EPS* 5.96° 0.25 433° 0.32
concentration as growth medium EPS™ 5.22° 0.3 567" 0.6
Attachment with M17 in absence of growth EPS* 5.92° 0.6 478" 0.21
at4°C EPS™ 6.12° 0.5 6.16° 0.22

*PMeans in the same column without common superscripts are significantly different (P < 0.05).

'Counts (log,, cfu/cm?) are means of 3 replicates.

Hydrophobicity was calculated as follows: MATH value (%) =
(ODgg before treatment — ODgy, after treatment) x 100/ODgy,
before treatment.

Absolute cell surface hydrophobicity was determined by mea-
suring contact angle on intact colonies grown on M17 agar plates
by the sessile drop technique (Woodward, 1999). A lawn of cells
was created by plating 1 mL of an overnight culture and incubating
the plate for 12 h at the appropriate growth temperature. A cross-
section of 75 by 25 mm of the agar was then cut with a scalpel and
placed on a glass slide. A drop of 10 pL of sterile distilled water
was placed on the surface of the agar plate, and an image was taken
at an angle of 0° so that it looked exactly horizontally at the drop
using a Canon EOS Rebel T1i camera with an EF-S 18-200mm
f/3.5-5.6 IS standard zoom lens. The static contact angle was
measured using ImageJ software (National Institutes of Health)
by manual point selection. If the contact angle was <90°, the cell
surface was considered hydrophilic; if the contact angle was >90°,
the cell surface was considered hydrophobic. Reported values are
the averages of triplicate contact angle measurements.

The zeta potential of bacterial cells was also measured. The 4
cultures were grown on M17 incubated at 35°C (ST cultures) or
30°C (JFR cultures). Medium contained 0.5% lactose for ST3534
and ST5842, 5% lactose for JFR+, and 2.5% glucose for JFR—.
Cells were washed twice in PBS, and the last suspension was
prepared immediately before measurement. Surface charges at
different ionic strengths were measured for cells obtained from
overnight cultures in M17 (107 cfu/mL) suspended in 1, 5, or 10
mM solutions of PBS at pH 7.4 (Hassan and Frank, 2004). Eight
hundred microliters of the cell suspension freshly prepared was
pipetted into a disposable capillary cell. Zeta potentials were mea-
sured at 25°C using the Zetasizer Nano series instrument (Malvern
Instruments Ltd.).

All experiments were repeated in 3 separate experiments. Statis-
tical analysis was completed using the SAS 9.3 (TS LEVEL 1M0
W32 7PRO platform; SAS Institute Inc.). The pairwise compari-
sons between treatments were performed using a Student’s #-test to
examine whether biofilm formation differed significantly among
EPS-producing and non-EPS-producing groups. The ANOVA test
was performed to determine significant differences between more
than 2 groups. Means were considered statistically significant at
P <0.05.

The EPS-producing strain of S. thermophilus (ST3534) formed
more biofilm than its EPS™ mutant. In contrast, L. lactis ssp. crem-
oris strain JFR+ formed less biofilm than its EPS™ mutant (Table
1). Growth medium (M17 or WPC) did not affect the attachment
of the 2 isogenic pairs, although the differences between the EPS"
and EPS strains were less dramatic in WPC than in M 17 broth.
When only the attachment of bacterial cells to RO membranes was
studied in absence of growth (at 4°C), no significant difference (P
< 0.05) was observed between the EPS" and EPS™ S. thermophilus
(Table 1), indicating that the EPS produced by this strain influ-
enced cell-cell cohesion, rather than cell-membrane adhesion.
Interestingly, EPS produced by strain JFR+ seemed to interfere
with attachment, as we observed a significantly greater number of
cells of JFR— attached to the RO membrane (Table 1), suggesting
that the EPS produced by this strain interferes with both cell sur-
face adhesion and cell—cell cohesion. Although, to our knowledge,
the role of EPS produced by LAB in biofilms formation on dairy
membranes has not been studied, EPS has long been associated
with strong adhesion and biofilms formed by diverse bacteria on
various surfaces (Quintero and Weiner, 1995; Langille et al., 2000;
Michel et al., 2011).

All 4 strains were negatively charged, and both EPS" cultures
had a greater negative charge than their respective EPS  genetic
variants (Table 2). Hence, cell charge alone did not appear to play
a major role in attachment to the RO membrane. Contact angle
revealed the hydrophilic character of all cell surfaces. However,
different degrees of water affinity were observed between the ge-
netic pairs (Table 2). The JFR+ strain was more hydrophilic (low
adhesion to xylene) than its genetic variant, whereas ST3534 was
significantly less hydrophilic than its EPS™ mutant (P < 0.05). The
MATH results agreed with the contact angle results, with ST3534
and JFR— showing greater adhesion to xylene than their respective
variant strains. Cell hydrophobicity and biofilm development were
positively correlated, which could explain the difference between
the 2 EPS" cultures (Tables 1 and 2). The higher hydrophilicity of
the JFR+ culture than its EPS™ mutant was associated with EPS
production, which seemed to interfere with attachment of bacterial
cells to the membrane. This strain exhibited stronger affinity for the
liquid medium than for the membranes. Carbohydrates are viewed
as entirely polar molecules; however, it has been demonstrated that
hydrophobic and van der Waals interactions are involved in interac-
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Table 2. Hydrophobicity as determined by microbial adhesion to hydrocarbon (MATH; xylene) and zeta potential (mV)
under different ionic strengths of cell surface of exopolysaccharide-producing (EPS*) and nonproducing (EPS") cultures’

Cells bound to xylene® (%)

Zeta potential at different PBS concentrations

Strain® Contact angle Biofilm Attachment 1TmM 5mM 10 mM
ST3534 34.59° 48.61° 55.89° -19.03? -11.83? -10.57
ST5842 14.30° 10.41° 18.98° —-6.52¢ —483¢ —4.05¢
JFR+ 12.84¢ 3.47° o° -18.33° -12.6° —9.74
JFR— 24.12° 76.55° 84.63° -10.31° -7.96° -5.72°

*“Means in the same column without common superscripts are significantly different (P < 0.05).

'Data are means of 3 replicates.

2EPS-producing strains Streptococcus thermophilus ST3534 and Lactococcus lactis ssp. cremoris strain JFR+ and their iso-
genic non-EPS-producing variants S. thermophilus ST5842 and L. lactis ssp. cremoris JFR—.

3MATH was measured under same conditions used in biofilm formation and attachment experiments.

tions between carbohydrates and proteins (Quiocho, 1988). Gener-
ally, the increase in cell surface hydrophobicity of EPS-producing
starters resulted in more intense biofilm formation, suggesting that
hydrophobicity of EPS plays a major role in biofilm formation on
RO membranes. This observation is consistent with the description
of super-sticky yeast strains having high contact angle and surface
tension (Nguyen et al., 2004).

To confirm that the differences in attachment and biofilm for-
mation between the EPS strains and their EPS™ mutants could be
attributed only to EPS production, we conducted additional phe-
notypic studies. The studies showed that no attachment structures
were found on the cell wall of any of the 4 strains, as observed
by transmission electron microscopy (data not shown). Capsules
(depicting cell-associated EPS) were observed in the 2 EPS" cul-
tures but not in their respective mutants. In addition, no growth rate
differences were found between the genetic pairs (data not shown).

Microscopic observations provided confirmation of the enumer-
ation data. Scanning electron micrographs of 3-d-old and 1-mo-old
biofilms are shown in Figure 1. The 3-d-old biofilm formed by all
strains consisted of a monolayer of cocci. Images showed larger
areas covered by cells of ST3534 than by ST5842. In contrast,
larger areas covered by cells were observed in biofilms formed by
JFR— than by JFR+. The greater biofilm formed by ST3534 and
JFR- than their respective paired strains, as observed by microsco-
py, agreed with the enumeration data (Table 1). Whereas individual
spherical cells of EPS™ strains were observed, cells of the EPS"
strains were embedded in a matrix of EPS (Figure 1).

In the 1-mo-old biofilm, only ST3534 seemed to form a 3-di-
mensional structure consisting of hills and valleys similar to those
observed by Hassan et al. (2010) on used industrial membranes.
Significantly fewer cells of ST5842 than ST3534 were observed on
the surface of the membrane. Images also show that the presence
of EPS produced by ST3534 resulted not only in a more extensive
biofilm but also in different structures from those produced by
other cultures. Finally, the JFR— culture formed biofilm consisting
of flat multilayer cells, whereas fewer cells of JFR+ were glued by
EPS that appeared to be a single-layer biofilm.

The differences in adhesive behavior between the 2 EPS-pro-
ducing cultures were likely due to variations in the molecular char-
acteristics of the respective EPS, such as composition, molecular
weight, charge, and branching. The JFR+ strain produces EPS that
is highly hydrophilic and has high water-binding capacity, which

are desirable characteristics in yogurt, but slimy EPS can cause
an adverse slippery mouthfeel in some fermented milks (Hassan,
2008). Beta-linkages have been associated with stiff chains and
hence high consistency of EPS solutions (Laws and Marshall,
2001). Also, acidic groups on the EPS provide the ability to in-
teract electrostatically with cations and to enter into hydrophobic
interactions (Marshall et al., 1989).

The production of EPS has been shown to be crucial for the
architecture of some biofilms (Danese et al., 2000). Bacteria pro-
ducing hydrophobic EPS could not only form stronger biofilms but
also resist antimicrobial agents, as they would exclude these agents
that are normally in aqueous solutions. Recently it was suggested
that some bacteria produce EPS to stimulate biofilm formation as
a survival mechanism (Yu et al., 2016). The suppression of bio-
film by disrupting bacterial communication or EPS production are
research areas that offer opportunities for future implementation
in dairy and nondairy membrane systems (Mansouri et al., 2010).
This approach has potential for the dairy industry but needs further
investigation. A more readily applicable solution that we are inves-
tigating is the application of enzymes that specifically hydrolyze
biofilm-supporting EPS to facilitate the removal of foulants by
cleaning-in-place systems.

In conclusion, EPS produced by LAB may enhance biofilm or
interfere with attachment and biofilm formation, depending on
their physicochemical characteristics. Strain ST3534 produced
EPS that supported biofilm formation, whereas strain JFR+ pro-
duced EPS with lowered attachment ability and biofilm forma-
tion. The growth medium did not affect the tendency of the test
strains to form a biofilm. The variability in bacterial cell surface
charge did not seem to affect attachment or biofilm formation by
these organisms on RO membranes. Generally, high cell surface
hydrophobicity was associated with greater biofilm formation on
RO membranes. This study highlights the importance of bacte-
rial cell-membrane surface hydrophobic—hydrophilic interactions
in the initial stages of biofilm formation under static conditions.
More research needs to be conducted to determine whether these
results can be extrapolated to real membrane filtration processes.
Nevertheless, the study provides new insights on potential biofilm
formation by starter cultures and suggests possible control of bio-
fouling by manipulating the membrane surface chemistry based on
the type of starter culture used.
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3-d-old biofilm

Figure 1. Scanning electron micrographs of 3-d-old and 1-mo-old biofilms of exopolysaccharide (EPS)-producing strains Streptococcus thermophilus ST3534
(A.1, A.3) and Lactococcus lactis ssp. cremoris strain JFR+ (B.1, B.3) and their isogenic EPS™ variants S. thermophilus ST5842 (A.2, A.4) and L. lactis ssp. cremoris
JFR- (B.2, B.4) on reverse osmosis membranes under static conditions.
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