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Abstract The exopolysaccharide (EPS) produced by Lactococcus lactis subsp. cre-
moris DPC6532 has been shown to improve yield and functionality of reduced fat
cheese. The aim of this work was to characterise the EPS produced by this strain to
elucidate its role in fermented milk. The EPS was isolated from fermented skim milk,
purified, quantified and imaged using atomic force microscopy and scanning electron
microscopy. The monosaccharide composition and molecular weight of the EPS was
also determined. The direct effect of the EPS on gelation and viscosity was investi-
gated by oscillation rheometry on skim milk fermented with DPC6532 and its non-
EPS-producing isogenic variant. The results indicated that this EPS gave a yield of
322 mg.L−1 in skim milk, had a molecular weight of ~2.8×105 g.mol−1 and was
mainly composed of glucose and galactose (1.29:1). When observed by atomic force
microscopy and scanning electron microscopy, a large size distribution was observed,
with large aggregates consisting of several EPS molecules. Milk fermented with the
EPS-producing culture was significantly more viscous than milk fermented with its
non-EPS-producing isogenic variant. Gel strength was also significantly higher after
16 h of fermentation when the EPS-producing strain was used. This effect is thought
to be due to depletion interactions caused by the EPS, which would stay dissolved in
the serum phase, hence affecting gel viscosity and causing phase separation. The
information provided by this study provided some insight to the information available
on this specific EPS which can help to better understand its role in dairy matrices.
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乳酸乳球菌乳脂亚种DPC6532胞外多糖的流变性、微观结构和主要化学性质

摘要 : 乳酸乳球菌乳脂亚种DPC6532菌株所产生的胞外多糖 (EPS)可以提高脱脂干酪的产率

和改善产品特性 本文研究了该菌株所产生EPS性质,进一步阐述了EPS在发酵乳中的作

用 首先从脱脂牛乳中分离提取出EPS,纯化后对其进行定量分析,以及分别利用原子力显

微镜和电子显微镜进行图像观察 此外还对EPS的单糖组成和分子量进行了测定 在脱脂

牛乳中分别接种产生EPS的乳酸菌DPC6532和不产生EPS的同基因乳酸菌变种,采用振荡流

变仪测定脱脂发酵乳的流变性,以此评价EPS对胶体的凝胶性和黏性的直接影响 实验结果

表明,该菌株在脱脂乳中EPS的产量达到322 mg·L-1,EPS分子量约为2.8×105 g·mol−1,EPS主
要由葡萄糖和半乳糖(1.29:1)组成 采用原子力显微镜和扫描电镜可以观察到由多糖分子连

接而形成的较大颗粒的凝聚物 产EPS乳酸菌其发酵物的黏度显著地高于不产EPS乳酸菌的

发酵物,并且前者发酵16h后,其发酵物的凝胶强度也有显著增加 研究证明EPS引起凝胶强

度的增加不是由于EPS与蛋白质之间发生了相互作用,而是发生了由EPS导致的“耗尽相互

作用”现象;该现象是由于不带电荷的EPS溶解在乳清相中,对蛋白质起到排斥作用,因而形

成了较大的酪蛋凝聚物,进而影响了凝胶的黏度以及引起相分离 本研究为拓展EPS在乳品

中的应用提供了理论基础

关键词 胞外多糖 .原子力显微镜 .凝胶 .黏度 .乳球菌

1 Introduction

Exopolysaccharides (EPS) produced by lactic acid bacteria (LAB) are commonly
used in the dairy industry to improve the texture and viscosity of yogurts and
fermented milk, to reduce syneresis, as well as to improve the yield and functionality
of reduced-fat cheeses (Costa et al. 2010). To date, many EPS have been character-
ised to better understand the diversity and properties of EPS produced by lactic acid
bacteria (Badel et al. 2011). However, as many EPS still remain to be characterised, it
is difficult to draw generalised conclusions. For instance, over ten unique EPS
produced by strains of L. lactis have been fully characterised (Ruas-Madiedo et al.
2009) and despite some similar properties being reported, differences in their charge,
composition, production yields and structure have also been highlighted. Indeed,
some strains of L. lactis have been shown to simultaneously produce more than one
type of polysaccharide (Knoshaug et al. 2007) while others are capable of changing
their composition depending on the culture conditions employed (Sanchez et al. 2006).

The effect of inclusion of EPS-producing strains and purified EPS on various aspects
of fermented milk such as functionality and microstructure has been studied by several
authors (Girard and Schaffer-Lequart 2007; Gorret et al. 2003; Hassan et al. 1996,
2001; Ruas-Madiedo et al. 2002). EPS produced by some strains of LAB have been
reported to affect viscosity (Ruas-Madiedo et al. 2002), gel formation and gel strength
(storage modulus (G′)) (Hassan et al. 2002; Girard and Schaffer-Lequart 2007;
Hassan 2008). Some strains of LAB are capable of producing sufficient quantities
of EPS to affect the formation of the gel structure before milk gelation is initiated
(pH 5.5) (Hassan 2008). As the pH drops to pH 5.35 during milk fermentation, casein
micelles form large clusters which initiate the development of a three-dimensional
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network, thus increasing milk viscosity and entrapping the bacterial colonies (Hassan
2008). The effect of inclusion of an EPS during milk fermentation depends on the
intrinsic characteristics of the EPS as well as the pH of the milk. Girard and Schaffer-
Lequart (2007) reported that the observed increase in gel strength was due to the
charge of the EPS and the EPS–protein interactions. However, Hassan et al. (2002,
2008) and Rimada and Abraham (2006) reported that some EPS were capable of
increasing gel strength not by directly interacting with proteins but due to a phenom-
enon called ‘depletion interactions’. The latter are caused by the EPS effectively
repelling the proteins and leading to the formation of larger casein aggregates,
resulting in the formation of a firmer gel. However, Hassan et al. (2002) reported
that a ropy EPS that had no effect on milk gelation, gel strength or firming rate.
Moreover, in a previous study, gels made with capsular EPS-producing cultures were
found to be weaker (Hassan et al. 1996). Some of the variation in the reported data
can be attributed to the ropy or capsular nature of the EPS and to the fact that EPS are
produced gradually during acidification as the cell biomass increases and may not
have a noticeable effect until a certain critical concentration has been reached (Hassan
2008). However, no clear correlation has been found between EPS concentration and
its effect on the rheological properties of fermented milk (Petry et al. 2003). It has
also been reported that some EPS can change their intrinsic properties (charge,
molecular weight, monosaccharide composition and chain length) during fermenta-
tion (Hassan 2008). Overall, some controversy still remains regarding the mecha-
nisms by which EPS affect the functionality of fermented milk. However, all studies
agree with the importance of knowing the intrinsic characteristics of the EPS in order
to understand its effects. Relating the intrinsic characteristics of an EPS to their role
and effect on fermented products is the first step to a targeted exploitation of EPS for
specific functions or applications (Ruas-Madiedo et al. 2009).

The aim of this work was to characterise the EPS produced by L. lactis subsp.
cremoris DPC6532 by chemical and microscopic methods (atomic force microscopy,
AFM, and scanning electron microscopy, SEM). This information was then used to inves-
tigate the role of the EPS in the gelation and viscosity of fermented skimmilk as analysed by
oscillation rheometry. The latter was achieved by comparing fermentedmilk produced by the
EPS-producing strain of L. lactis and its non-EPS-producing isogenic variant.

2 Materials and methods

2.1 Strains

The ropy-capsular EPS-producing strain of L. lactis subsp. cremoris DPC6532 (EPS+)
and its non-EPS-producing isogenic variant (L. lactis subsp. cremoris DPC6533,
EPS−) were obtained from the culture collection of Teagasc Food Research Centre
(Moorepark, Fermoy, Ireland). The EPS negative variant was obtained by
spontaneous mutation due to loss of a plasmid (Costa et al. 2010). The EPS+ strain
is known to produce an uncharged EPS of unknown structure (Costa et al. 2011).
High-performance liquid chromatography (HPLC) analyses of the EPS− strain
confirmed that it does not produce detectable amounts of EPS (data not shown).
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2.2 Preliminary physico-chemical characterisation

2.2.1 Isolation of the EPS

The EPS was isolated from the EPS+ strain grown in 10% reconstituted skim milk
(RSM, Kerry Food Ingredients, Charleville, co. Cork, Ireland) for 16 h at 30 °C as
described in Costa et al. (2011). Purified EPS samples were stored at −20 °C until use.

2.2.2 Compositional analyses

Isolated freeze-dried EPS was resuspended in 1 N HCl (2.5 mg.mL−1) and boiled for
5 h at 100 °C in order to release the monosaccharides. This solution was further
diluted ×500 in MiliQ water. Monosaccharides were analysed by a HPLC method
with pulsed-amperometric detection using a CarboPac PA-20 (Dionex Ireland Ltd.,
Dublin, Ireland) anion-exchange column at 25 °C and 8 mM NaOH as running buffer
at a flow rate of 0.6 mL.min−1. Measurements were carried out on four independently
isolated samples. The pulse potentials (E, volts) and durations (t, ms) were E100.1,
t10400, E20−2,000, t2020, E300.6, t2020, E30−0.1, t3060 with a total of 0.5 s
detector response time. The system was allowed to equilibrate for 30 min with 8 mM
NaOH, and elution was carried out at 0.6 mL.min−1 using 8 mM NaOH for 20 min
followed by 2 min with 200 mM NaOH to regenerate the column. Standard
monosaccharides, amino sugars and carboxylic acids (glucose, galactose, rhamnose,
manose, trehalose, fructose, fucose, arabinose, ribose, xylose, N-acetylglucosamine,
N-acetylgalactosamine, glucuronic acid and galacturonic acid) were prepared in
MiliQ water in a range of concentrations (1–100 μg.mL−1) and used for the
generation of the calibration curves. All standards were obtained from Sigma
(Sigma-Aldrich Chemie Gmbh).

2.2.3 Molecular weight analyses

The molecular weight (Mr) of the purified isolated freeze-dried EPS was determined by
high-performance gel permeation chromatography. Samples were dissolved at 0.1% in
20-mM phosphate buffer, pH 7.2 and left overnight at 20 °C to hydrate fully. After that,
rehydrated EPS were filtered through a 0.45-μm filter (Sartolab-P20 plus, Sartorius,
Germany). Aliquots of 10μLwere injected onto a Shodex OHpak SB-806 HQ separation
column (8.0×300 mm; 13-μm particle size; exclusion limit, 20×106 g.mol−1) of a HPLC
system consisting of a Waters 2695 separation module with a Waters refractive index
detector operating at a wavelength of 410 nm to detect the EPS. Elution was performed
using a constant flow rate of 0.5 mL.min−1 of 20-mM phosphate buffer, pH 7.2.
Calibration was performed using pullulan standards P20, P50, P100, P200, P400, and
P800 (Shodex STANDARD, Showa Denko K.K., Tokyo, Japan), of known molecular
weights in the range of 20–800 kg.mol−1, prepared as described by the manufacturer.

2.2.4 Production yield

The production yield of the EPS produced in 10% RSM, isolated as described in
section 2.2.1, was quantified using the phenol-sulfuric method (Dubois et al. 1951)
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and expressed as glucose equivalents (Ruas-Madiedo et al. 2002). Quantification was
carried out on three independently isolated samples and the results were averaged.

2.3 Physico-chemical characteristics of fermented milk

2.3.1 Viscosity measurements

Skim milk (10% RSM) was inoculated with a 0.05% (v/v) of a pre-grown culture of
either culture (EPS− and EPS+) and incubated at 30 °C until a pH of 4.5 was reached.
The apparent viscosity of the samples was measured using the cup and bob geometry
(AR 2000 Rheometer, TA Instruments, Leatherhead, UK). The dimensions of the
geometry were: rotor (DIN conical) radius, 14 mm; stator radius, 15 mm; immersed
height, 42 mm; and gap, 5.92 mm. A pre-shear rate of 500 s−1 was applied for 1 min,
followed by a temperature equilibration time of 2 min. A shear-rate sweep from 0.1 to
500 s−1 was applied for 5 min and the apparent viscosity (mPa.s) was measured at
25 °C as previously described (Costa et al. 2010). Triplicate measurements of three
independent replicates of each culture were performed.

2.3.2 Gelation

Gelation experiments were performed in an AR 2000 EX Rheometer (TA Instruments,
Leatherhead, Surrey, UK). An aliquot of 13 mL of heat-treated 10% RSMwas placed in
the concentric cylinder-measuring cell, previously sterilised with 70% ethanol and
inoculated with 1.5% of an active grown culture. A layer of paraffin oil was placed on
top of the inoculated milk to prevent evaporation during the gelation process. The
change in G′ was monitored every 5 min for 16 h at 30 °C. The gelation time (tgel)
and pH (pHgel) were taken at the point where G′>1 Pa. Rheological measurements
were carried out in the linear viscoelastic region of gels by applying a constant 0.5%
strain at a 0.1-Hz frequency. Gelation experiments for three independent replicates of
each strain were performed in parallel with the acidification curves (described below),
using the same milk and inocula.

2.3.3 Acidification profiles

The acidification profiles of the strains were measured in parallel with the gelation
experiments using the CINAC pHmonitoring system (Ysebaert, Frépillon, France). The
system monitored the reduction in pH by recording values every 5 min at 30 °C for 16 h.

An aliquot of 100 mL of heat-treated 10% RSM was inoculated with 1.5% of
active culture. A previously calibrated and sterilised CINAC pH probe was placed in
the inoculated milk and covered with parafilm.

2.4 Microscopy techniques

2.4.1 Capsule observation

The strains were grown in 10% RSM and examined for the presence of a capsule
using the differential interference contrast technique (DIC) on a light microscope
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(Olympus BX51 equipped with a Leica DFC320 camera, Tokyo, Japan) with an oil
immersion lens (Olympus PlanApo lens, ×60 objective/1.40 oil). Fresh overnight
grown skim milk cultures were diluted ×10 in fresh 10% RSM, and the diluted
samples were observed using the microscope. The presence of a capsule was deter-
mined by observing a clear zone which encompassed the bacterial cells. Due to the
presence of the EPS around the bacterial cell, caseins are inhibited from entering this
zone and hence the light scattering is altered and this results in the appearance of a
clear zone. The DIC method is an alternative to the traditional negative staining
approach which employs a colloidal pigment such as India ink (Duguid 1951) and
requires a drying step to highlight the clear capsule zone. The DIC method is fast,
simple and allows direct observation of bacterial capsules or EPS in a milk product in
the hydrated native state (with no drying step involved), which facilitates rapid
screening of capsular strains.

Liquid 10% RSM was the sole media used to screen for capsule presence because
previous studies reported that strains that do not produce capsules in milk do not seem
to form capsules in any other growth medium (Hassan et al. 2001).

2.4.2 Atomic force microscopy

Both strains of lactococci (EPS+ and EPS−) and the purified EPS were observed in air
using the AC mode (oscillation) in a MFP three-dimensional atomic force microscope
(Asylum Research UK, Ltd., Oxford, UK). An aluminum reflex coating cantilever
with a tetrahedral tip (AC 240; spring constant, 1.8 N.m−1; resonant frequency,
79.58 kHz; Olympus Optical Co., Ltd., Japan) and scan rate of 1 Hz was used for
all samples. The images were obtained as described previously (Oboroceanu et al.
2010). A silicon nitride cantilever (Biolever-150, spring constant, 0.03 N.m−1;
Olympus Optical Co. Ltd., Japan) was applied to perform force mapping on the
sample. The cantilevers (biolever-150) were driven at oscillatory frequencies in the
range of 5–7.5 kHz in water. Adhesion values of the EPS produced by the EPS+ strain
were directly measured under 100 μL of deionised water on a mica-sheet, where the
EPS had previously been deposited.

For the direct observation of the bacterial strains, a colony was picked gently from
an active culture grown on an LM17 (Oxoid Ltd., Basingstoke, UK) plate using a
sterile loop (ensuring that no contaminating media was present). The colony was
placed on a freshly cleaved mica-sheet and an aliquot of 100 μL of deionised water
was placed on top to submerge the colony which was subsequently left to dry for 24 h
in a desiccator.

For the observation of the previously purified EPS (section 2.2.1), samples were
diluted 10,000 fold in sterile MiliQ water and filtered through 0.45-μm filter (Sarto-
lab-P20 plus, Sartorius, Goettingen, Germany) prior to being deposited on the mica.

2.4.3 Scanning electron microscopy

Scanning electron microscopy was performed on the EPS+ and EPS− bacteria in order
to characterise morphology of the bacterial cells and the presence/location of the EPS.
Briefly, a colony from an LM17 plate of active culture of each bacterial strain was
picked with a sterile loop and spread as a thin film onto a freshly cleaved mica-sheet
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and left to dry for 1 h at room temperature. Samples were sputter coated with
chromium and imaged using a Zeiss Supra 40VP field emission scanning electron
microscope (Carl Zeiss NTS Ltd., Cambridge, UK) operating at an accelerating
voltage of 2 kV. Digital images (8-bit TIFF) were acquired at a range of magnifica-
tions using the secondary electron detector.

2.5 Statistical analyses

All statistical analyses were carried out using SAS (version 9.1.3, Cary, NC). Analysis
of variance was performed using a general lineal model on SAS to determine the
significant main effects and/or interactions (P<0.05) of the factors (time or shear
and strain type) and the dependant variable in each case (either viscosity, gel strength
or ph). Differences between the obtained parameters pHgel and tgel between the two
strains were analysed by a t test (P<0.05).

3 Results

3.1 Preliminary physico-chemical characterisation

3.1.1 Compositional analyses

The monosaccharide composition of the EPS produced by L. lactis subsp. cremoris
DPC6532 was found to be mainly glucose and galactose in a ratio of 1.29: 1 (glucose/
galactose).

3.1.2 Molecular weight analyses

The average molecular weight of the EPS produced by L. lactis subsp. cremoris
DPC6532 was found to be 2.80×105±0.9×105 g.mol−1.

3.1.3 Production yield

The average production yield of EPS for L. lactis subsp. cremoris DPC6532
produced in 10% RSM after 16 h of growth at 30 °C was found to be 322.6 mg.L−1

(±20.18 mg.L−1).

3.2 Physico-chemical characteristics of fermented milk

3.2.1 Viscosity measurements

The apparent viscosity of milk inoculated with the EPS+ and EPS− strains is presented
in Fig. 1a. Increasing the shear rate from 0 to 500 s−1 significantly (P<0.001)
decreased the viscosity (at 25 °C) of the milk samples for both strains. However,
milk inoculated with the EPS+ strain exhibited a significantly (P<0.001) higher
viscosity from a shear rate of 0.8 s-1 onwards in comparison to milk inoculated
with the EPS− strain, confirming the production of EPS in RSM media. The viscosity

L. lactis DPC6532 EPS characterisation 225



was reduced from >500 to 150 mPa.s for the EPS+ milk and to 20 mPa.s for the EPS−

milk when the shear rate increased to 500 s−1, both displaying non-Newtonian shear
behaviour with the EPS+ exhibiting a less pseudo-plastic behaviour (viscosity
decreases with higher shear).
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Fig. 1 Viscosity plotted vs. shear rate for the non-exopolysaccharide-producing strain (- - ) and the exopoly-
saccharide-producing strain strain (__) grown in 10% reconstituted skim milk measured at 25 °C (a) and
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with 1.5% (v/v) inocula (b). All curves shown are the means of three independent replicates
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3.2.2 Gelation

The gelation profiles for EPS+ and EPS− milk are shown in Fig. 1b, along with their
respective acidification curves. Both milk samples displayed a similar trend up to ~8 h,
corresponding to aG′ of ~50 Pa. Subsequently, the G′ increased for both milk samples
but was significantly greater for the EPS+ milk. Indeed the difference between the G′
of both milk samples became more significant with increasing time and decreasing
pH (P<0.001), with a final G′ of 165 Pa for the EPS+ milk compared to 115 Pa for the
EPS− milk detected after 16 h and a pH of 4.4. No significant differences were detected
in the average pHgel (the pH at which the G′ was>1 Pa; 5.20 for the EPS+ and 5.12 for
the EPS− milk samples) or the tgel (6.40 h for the EPS+ and 6.53 h for the EPS− milk
samples). Significant differences between the EPS+ and EPS− fermented milk
samples did not become obvious until the pH was below 5 (P<0.001).

3.2.3 Acidification profiles

The pH of the EPS+ and EPS− milk samples decreased significantly (P<0.001) with
time (Fig. 1b). The biggest decrease of pH was observed from time 2 to 10 h for both
strains. The final pH after 16 h was 4.34 for the EPS+ and 4.36 for the EPS− strain.
However, the acidification profiles between the two strains did not differ significantly
at any point during the 16 h.

3.3 Microscopy techniques

3.3.1 Capsule observation

Images of the EPS+ and, for comparison, the EPS− strains obtained by DIC light
microscopy are shown in Fig. 2. An extensive capsule extending approximately
0.5 μm out from the surface of the bacterial cells was observed for the EPS+ strain,
as indicated by a clear zone surrounding the bacteria where the presence of the EPS
appeared to exclude the milk colloidal particles (Fig. 2b). No such zone was observed
for the EPS− strain (Fig. 2a) confirming the absence of an EPS layer.

5µm5µm

ba

Fig. 2 Differential interference contrast light microscopy images of the non-exopolysaccharide-
producing strain (a) and the exopolysaccharide-producing strain in fresh reconstituted skim milk. Bacteria
can be observed in the marked area. (b). Arrows indicate the presence of a capsule
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3.3.2 Atomic force microscopy

Figure 3 shows AFM height images of both the EPS+ (right) and the EPS− (left)
strains which were taken from an active colony prior to imaging. Themorphology of both
bacteria was coccoid, with some of cells grouped into pairs or chains and most cells were
observed to be undergoing division. The images clearly showed that the EPS− strain had
no polysaccharide surrounding the bacterial cell (Fig. 3a, height; b, amplitude; and c,
phase) whereas a white mass was clearly observed in between and around the bacterial
cell for the EPS+ strain (Fig. 3 right) which is thought to be the polysaccharide.

A force map for the EPS+ strain in water was also performed (data not shown) which
gives an indication of its elastic properties. The average adhesion force of a 5-μm scan
was 6.24 nN, ranging approximately from 0.65 to 18.78 nN. A larger adhesion force
indicates a ‘stickier’ or more adhesive sample. Hence, the data suggest that regions of
larger adhesion force corresponded to regions with high concentrations or aggregates of
EPS.

Figure 4 shows the AFM images (Fig. 4a–c) of the native EPS in its native form
(unpurified) which extended from the bacteria into the surrounding medium (deionised
water in this case). The EPS was observed to be comprised of chains of aggregates. The

ba

c d

EPS- EPS+

Fig. 3 Atomic force microscopy height images of the non-exopolysaccharide-producing strain (a and c)
and the exopolysaccharide-producing strain (b and d), at 20 μm height (a and b) and 2 and 4 μm height (c
and d, respectively)
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Fig. 4 Atomic force microscopy images of the ropy exopolysaccharide detached from 587 an active colony of the
exopolysaccharide-producing strain previouslymixedwith 588 deionisedwater on a freshly cleavedmica-sheet and
left to dry (left) and atomic force 589 microscopy images of the exopolysaccharide purified from the exopoly-
saccharide-590 producing strain (right). Images were generated simultaneously from 3 channels: 591 height (a,d),
amplitude (b,e), phase (c,f) and size distribution of exopolysaccharide 592 molecules / aggregates (g)
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formation of the aggregates is thought to be due to the dehydration step involved during
sample preparation. However, the aggregate chains observed were varied in size and
correlate with the wide distribution of Mr observed (see section 3.1.2).

Figure 4d–f shows the AFM images of the previously purified EPS. Each of the
round structures observed on the images is thought to correspond to either individual
EPS molecule, or some aggregated EPS molecules. A wide size distribution (from 2
to 10 nm) was also observed, correlating with the wide Mr and size distribution
shown in Fig. 4a–c. Again, aggregation of the EPS molecules could be due to
dehydration effect during sample preparation. However, the size distribution of the
purified EPS differed considerably from the size distribution of the native EPS shown
in Fig. 4a–c, which were much larger. Hence, it is likely that the EPS formed large
aggregates in its native form (Fig. 4a–c) but after purification and a filtering step, the
size of the EPS aggregates became considerably reduced (Fig. 4d–f).

3.3.3 Scanning electron microscopy

Figure 5 shows SEM images (at three different magnitudes) of the EPS+ (Fig. 5 right)
and EPS− (Fig. 5 left) strains. Similarly to Fig. 3 both strains displayed a coccoid
morphology. A layer of EPS could also be observed for the EPS+ strain which
completely covered the cell surface of some of the bacteria but not all cells. The
fact that some cells were not completely covered suggests that the EPS was not
completely ‘attached’ and correlates with its ropy behaviour. Also, some mutant cells,
which do not produce an EPS, may be present in the observed colony.

4 Discussion

The ropy-capsular EPS producing strain L. lactis DPC6532 has been utilised in
cheese manufacture, proving to increase yield, improve functionality of reduced-fat
cheddar cheese and reduce syneresis during manufacture (Costa et al. 2010, 2011) but
to date the EPS has not been characterised. It has been reported that the intrinsic
properties of a specific EPS ultimately determine its effect on a dairy matrix (Hassan
2008). In the present work, the EPS produced by L. lactis DPC6532 was partially
characterised by biochemical, rheological and microscopic techniques.

The monosaccharide composition of this EPS was found to be similar to the
composition of previously reported EPS, which were found to contain mainly glucose
and galactose in similar ratios and sometimes also including rhamnose or mannose
(Ayala-Hernandez et al. 2008). Also in agreement with the current study, the concen-
tration of glucose is often the highest in comparison to the other sugars for Lacto-
coccus. It has been previously reported that that an elevated proportion of glucose to
other monosaccharides may relate to the thickening ability of the EPS and hence
viscosity (Petry et al. 2003). Hence, the elevated glucose to galactose ratio of the EPS
produced by L. lactis subsp. cremoris DPC6532 could partly account for the signif-
icantly (P<0.001) higher viscosity observed from a shear rate of 10 s−1 in fermented
RSM (see section 3.2.1). This difference in viscosity detected for the EPS+ and EPS−

milk samples is considered to be due to the presence of the EPS polymer chains.
Because this EPS is uncharged (Costa et al. 2011), it is likely to stay dissolved in the
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serum phase rather than interacting with proteins, causing depletion interactions
(segregative phase behaviour) thus causing bigger protein aggregates. These bigger
protein aggregates could contribute to the increased viscosity themselves, along with
the effect of the EPS increasing the viscosity of the serum phase. This viscosity of the
milk containing the EPS+ strain reported in this study is similar to previously reported
viscosities for strains of EPS-producing L. lactis grown in skim milk (Yang et al.
2005). The viscosity for both strains was reduced significantly with increasing shear
rate, displaying a typical non-Newtonian shear behaviour with the EPS+ exhibiting a
less pseudo-plastic behaviour (viscosity decreases less with higher shear), in agree-
ment with others (Bouzar et al. 1996). At a low shear rates, the EPS chains are
thought to be randomly orientated within a protein matrix which are themselves also
considered to be randomly orientated. As the shear rate is increased initially, the
shear-thinning behaviour observed is thought to be due to the disruption of the protein
matrix, which happens proportionally to an increase in the shear rate, and results in
the reduction of the observed viscosity (Morris 1984). A similar reduction in viscosity
on increasing shear rate has previously been reported for other EPS-producing strains
grown in skim milk (Yang et al. 1999). Another factor that could contribute to the
high viscosity is the average molecular weight of this EPS, as previous studies have
associated high Mr with high viscosity in skim milk (Petry et al. 2003). However, in
this study, the Mr was found to be similar to molecular weights previously reported for
other strains of L. lactis: e.g. 6.9×105 g.mol−1 for L. lactis subsp. lactis 12 (Pan and
Mei 2010) or 9.56×105 g.mol−1 for L. lactis subsp. cremoris JFR1 (Ayala-Hernández

EPS- EPS+
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Fig. 5 Scanning electron microscopy micrographs of the non-exopolysaccharide-594 producing strain
(left) and the exopolysaccharide-producing strain (right)
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et al. 2008). Nevertheless, a broad peak was observed (data not shown), which
suggests a large distribution of molecular weight; a common characteristic which
has previously been reported for other EPS-producing strains (Gorret et al. 2003).

Similarly, the production yield in RSM was within the range of production yields
previously reported for strains of L. lactis subps. cremoris grown in RSM, such as
204 mg.L−1 for L. lactis subsp. cremoris Ropy352 (Knoshaug et al. 2007), 64–
263 mg.L−1 for several L. lactis strains (Yang et al. 1999). However, a high
production yield is not necessarily correlated with higher viscosity or rheological
properties observed (Petry et al. 2003).

Significant differences in gel strength during fermentation between the EPS+ and
EPS− RSM samples did not become obvious until the pH was below 5 (P<0.001).
However, EPS production (as assessed by visual observation of ropiness) was
detected before pH 5. This suggests that a critical level of EPS production may
have occurred which resulted in a sufficient quantity of EPS in the matrix to affect gel
formation and resulted in enhanced gel strength. Similar results were obtained by
Rimada and Abraham (2006), Hassan et al. (1995) and Girard and Schaffer-Lequart
(2007) who reported that a higher G′ was achieved in skim milk fermentation at a
faster rate in the presence of an EPS-producing strain. Girard and Schaffer-Lequart
(2007) attributed the higher gel strength to the interactions between proteins and a
negatively charged EPS. However, Rimada and Abraham (2006) and Hassan et al.
(2002) attributed the effect to be caused by ‘depletion interactions’. These are thought
to be due to the physical presence of a neutral EPS within the protein matrix, which
causes phase separation. This also triggers an increase in the attractive interactions
between globular proteins, which results in a more rapid rate of aggregation and
larger clusters and consequently, greater gel strength (Tuinier et al. 1999) and, as
discussed before, putative higer viscosity. Similarly, in this study the EPS produced
by L. lactis subsp. cremoris DPC6532 is uncharged (Costa et al. 2011) and hence may
not interact with proteins but remain disolved in the serum phase, leading to a higher
serum viscosity and higher gel strength due to depletion interactions. As more EPS is
produced, the attractive forces between the proteins would be increased (Tuinier et al.
1999), which explains why the differences in G′ became more obvious with time
(greater EPS production and hence greater protein aggregation). However, Hassan et
al. (2002) reported increased gel strength for a capsular EPS but not for a ropy EPS as
a capsular EPS was able to cause more of a seggregative effect on the casein. In the
present study, the EPS produced is both capsular and ropy and was found to increase
gel strength (as determined by G′). Another theory proposed by Hassan (2008)
suggests that the EPS may also act as a ‘filler’ within the growing protein clusters.
The presence of the trapped EPS may effectively increase the size of the clusters and
enhance the gel strength. A combination of both theories could explain the observed
effects in this study.

When observing the bacteria by AFM and SEM (Figs. 4 and 5a), a layer of EPS
can be observed for the EPS+ strain and not for the EPS− strain as expected. However,
the EPS layer appeared to completely cover the cell surface of some of the bacteria
but not for all of them. The fact that some cells are not completely covered suggests
that the EPS is not completely ‘attached’, and correlates with its ropy behaviour and
the rheological properties observed in milk (section 3.2). Also, some mutant cells,
which do not produce an EPS, may be present in the observed colony. However, when
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observed with the DIC method (Fig. 2), in which the bacterial cells were not subjected
to any treatment, the area of casein exclusion from the bacteria caused by the EPS
seemed to be more uniform, suggesting that the EPS was loosely attached to the cell
and may have been partially removed during the drying process (Little et al. 1991).

When the EPS (both purified and native) were observed by AFM, a large number of
aggregates could be observed. However, significant differences in the size of the
aggregates were detected between the purified and the native, with the latter being
bigger in size (Fig. 4). Purified EPS have also been reported to have different effect
when added to a product (Dahi) as opposed to being produced in situ (Behare et al.
2009), indicating that the purification step may have some effect on the properties of
the EPS. However, it is also possible that the gradual production of EPS during
acidification causes the difference in the rheology between products made with added
purified EPS and in situ produced EPS. Doleyres et al. (2005) found similar rheological
effects between yougurts made with added purified EPS and in situ produced EPS.

The sizes of the purified EPS were similar to others previously reported by Wang
et al. (2010) on an isolated EPS (kefiran) produced by a strain of Lactobacillus
plantarum isolated from kefir. They observed similar round structures as well as EPS
aggregates which varied in dimensions, but had a similar maximum height (13 nm) to
the images obtained in this study. The formation of short chains of aggregates by the
EPS in the current study may be due to the neutral charge of this EPS. However, the
structure of the native EPS, shown in Fig. 4, may be due to an indirect effect of the
drying process rather than the native state of this EPS. Camesano and Wilkinson
(2001) observed the EPS xanthan by AFM in a 0.01-M KCl solution. They reported
that as the side chains of xanthan gum are negatively charged individual chains were
repelled thus preventing the formation of aggregates and the observation of long
chains by AFM.

5 Conclusions

The current study provides some relevant intrinsic properties of the EPS produced by
L. lactis subsp. cremoris DPC6532 which can further our understanding of its
behaviour in fermented milk. This EPS, uncharged and of high molecular weight,
ropy-capsular, significantly increased viscosity while also affecting gel formation and
leading to higher G′. During gel formation, this EPS could be causing phase separa-
tion by depletion interactions, leading to the formation of larger casein aggregates and
hence higher gel strength. The higher gel strength along with high glucose content
and high Mr of this EPS, which would stay dissolved in the serum phase, could be the
cause of the observed increased milk viscosity. The high variability of molecular
weights of this EPS could be observed by HPLC analyses and also by AFM, which
revealed an adhesive EPS, semi-attached to the bacterial cells, and often agglomerated in
big clusters branching out from the bacterial cells.
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