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Abstract: The techno-functionality of exopolysaccharides (EPS) from Streptococcus thermophilus in
stirred fermented milk is affected by several extrinsic (e.g., base milk composition) and intrinsic
(e.g., amount and properties of EPS) factors. The aim of this study was to use skim milk models to
identify the key factors that influence the physical properties of stirred fermented milk with EPS. For
that, fermentation was carried out with one of three single S. thermophilus strains (intrinsic factors)
at two casein:whey protein ratios of the base milk, two acidification activities of the starters, and
two fermentation temperatures (extrinsic factors). The effects of the factors on the acidification
kinetics, EPS amount, susceptibility to syneresis, and texture properties were then discriminated
by a multivariate ANOVA-simultaneous component analysis. Strains producing ropy EPS mainly
determined the texture properties, whereas the extrinsic factors primarily affected the acidification
kinetics and EPS amount. When capsular EPS were also present, the syneresis was lower; however,
this effect was more pronounced after enrichment of base milk with whey protein. The EPS amount
did not correlate with the texture or syneresis, pointing to the importance of other factors such as the
EPS location (type) and EPS–protein interactions for their functionality in stirred fermented milk.

Keywords: stirred fermented milk; exopolysaccharide; lactic acid bacteria; Streptococcus thermophilus;
ANOVA-simultaneous component analysis (ASCA); rheology; texture

1. Introduction

Set and stirred yogurt as well as fresh cheese are among the most popular dairy
products worldwide. According to Walstra et al. [1], stirred yogurt is a smooth and thick
but still pourable product, with at least 27 g/kg protein and a maximum of 150 g/kg fat [2].
The manufacture of plain stirred yogurt includes acid-induced gelation of homogenized
and heated milk with thermophilic bacteria, traditionally Streptococcus thermophilus and
Lactobacillus delbrueckii ssp. bulgaricus. Subsequently, the gel network is broken by stirring
and straining and cooled before filling into containers [3].

Stirred fermented milks with a low fat content are particularly prone to texture defects
such as low viscosity, susceptibility to “wheying-off” (syneresis), and/or graininess. To
minimize these defects, several extrinsic factors can be altered, especially the base milk
composition (protein content, casein:whey protein ratio), processing (homogenization and
heating parameters, fermentation temperature, post-fermentation treatment) and starter
culture [1]. Another option is adding hydrocolloids such as starch, pectin, or locust bean
gum, which are often added during filling. However, besides some debates on health
issues, consumers strive for products being nearly free from additives [4].

Exopolysaccharides (EPS) produced by thermophilic lactic acid bacteria in situ are
known to thicken and stabilize fermented milk already at low concentration (≤200 mg/kg).
The intrinsic factors for the techno-functionality of these high-molecular heteropolysaccha-
rides arise from their broad diversity concerning monosaccharide composition, linearity
and stiffness of the backbone, complexity of side chains, charge, and location (for recent
reviews, see [5–7]). The EPS are usually liberated into the serum phase but may also
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remain attached to the bacterial cell wall, referred to as free EPS and capsular EPS (cEPS),
respectively. Some strains produce both types, others only free EPS, which may be further
classified by the degree of ropiness they induce in the product.

The impact of EPS on physical properties of stirred fermented milk is still not fully
understood and, among others, linked to the EPS amount, their structural properties, and
interactions with proteins [5,8]. With the onset of bacteria growth, both acidification and
EPS synthesis start concomitantly [9,10], which may induce early interactions between
and with proteins. Several extrinsic factors increased the EPS amount: fermentation at
a lower temperature (39 ◦C versus 45 ◦C for S. thermophilus ST-143; [11]), base milk with
a higher dry matter content [12], or a higher casein:whey protein ratio [9,13]. Intrinsic
factors comprise the mechanism and rate of EPS synthesis and strain-specific responses
to the above-mentioned extrinsic factors [6]. To decouple EPS synthesis and acidifica-
tion, Mende et al. [14] isolated ropy EPS from S. thermophilus ST-143 and added different
amounts to milk prior to chemical acidification. The apparent viscosity of stirred acid skim
milk gels increased, and syneresis decreased with the amount of EPS added. Folkenberg
et al. [15] found moderately positive correlations between EPS amount and viscosity, while
other studies reported no relationship [16,17].

Studies on fermented milk with EPS subjected to a high energy input during stir-
ring similar to industrial production either investigated the effect of different starters
(e.g., [15,18]) or of only one extrinsic factor. The latter were either backpressure in mem-
brane valve during straining [10], milk enrichment with whey fractions [13], dry matter
of base milk [19], or the fermentation temperature (32 ◦C versus 42 ◦C) [20]. The different
manufacturing conditions in these studies, however, make unambiguous statements diffi-
cult. Additionally, the adjustment of more than one extrinsic factor is required to minimize
texture defects of dairy products. The aim of the current research was, therefore, to examine
three extrinsic factors and three starters to identify key factors that influence the physical
properties of model systems for stirred fermented milk. The following extrinsic factors
were varied: acidification activity of the starters, casein:whey protein ratio of the base
milk, and fermentation temperature (37 ◦C versus 42 ◦C). Multiple-strain cultures are only
of limited value for investigating the effects of EPS [21]; thus, two single S. thermophilus
strains producing different types of EPS and a reference strain were used. The intrinsic and
extrinsic factors were then discriminated by means of multivariate analysis to gain deeper
insight into the key factors for texture enhancement.

2. Materials and Methods
2.1. Materials and Microorganisms

Low-heat skim milk powder and whey protein concentrate powder (GermanProt
8000) were provided by Sachsenmilch Leppersdorf GmbH (Leppersdorf, Germany) and
sweet whey permeate powder by wheyco GmbH (Hamburg, Germany). All chemicals
were obtained from Carl Roth GmbH & Co. KG (Karlsruhe, Germany) and Pronase E (EC
3.4.24.4) from Sigma-Aldrich Chemie GmbH (Steinheim, Germany).

Three S. thermophilus strains were provided by two starter culture producers: ST-1G+
produces non-ropy EPS and cEPS, ST-2E+ ropy EPS and cEPS as classified by Surber et al. [22],
and ST-2F, which is non-texturizing according to the manufacturer. The ‘+’ in the strain
name indicates the ability to produce cEPS. Strains were stored as cryo-cultures at −80 ◦C.
Pre-cultures were prepared by anaerobic incubation of one cryo-bead at 40 ◦C for 48 h
in a semi-defined medium with 200 mM lactose as the carbohydrate source [18]. For the
production of direct starters, an aqueous solution of 120 g/kg whey permeate powder was
inoculated with 10 mL/L pre-culture and aerobically fermented at 42 ◦C under stirring
at 160 rpm and continuous pH recording with a 6-channel pH logger (EA Instruments
Ltd., Wembley, United Kingdom). At pH 4.75, cells were separated from 15 mL aliquots by
centrifugation (19,000× g, 15 min, 6 ◦C) and stored at −80 ◦C until further use. To enhance
acidification activity of the direct starters, the whey permeate solution was additionally
spiked with 10 g/kg tryptone.
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2.2. Experimental Design

Stirred skim milk gels were manufactured from base milk with the natural ratio of
casein:whey protein (C/WP) of 4.0:1 using the three S. thermophilus single strain direct
starters, either with low (fermentation at 37 ◦C) or high acidification activity (fermentation
at 37 ◦C and 42 ◦C). Additional experiments were performed with a C/WP ratio of 1.5:1
with high-activity starters at 37 ◦C.

All stirred gels were made in duplicate, giving a total of 24 batches. For each batch,
textural analyses were carried out in duplicate after 3 d and 14 d storage at 6 ◦C. The
sedimentation behavior was analyzed on day 5, and the particle size and microstructure
were evaluated on day 7.

2.3. Milk Powder Analysis and Base Milk Preparation

The dry matter of the powders was determined by oven drying at 103 ◦C for 4 h,
and the ash content was determined after 4 h incineration at 550 ◦C in a muffle furnace.
Lactose was quantified enzymatically using a Lactose/D-Galactose kit (R-Biopharm AG,
Darmstadt, Germany). The total [23], non-protein- [24] and non-casein nitrogen content [25]
were analyzed using the Kjeldahl method, with a N-to-protein conversion factor of 6.38.
All analyses were carried out in triplicate.

Reconstituted skim milk with a C/WP ratio of 4.0:1 refers to 120 g/kg skim milk
powder in deionized water. Its calculated gross composition is 42 g/kg protein, 61 g/kg
lactose, and 5 g/kg ash. For preparing the base milk with a C/WP ratio of 1.5:1, skim milk,
whey protein concentrate, and lactose were dispersed to obtain 120 g/kg dry matter. The
gross composition of this base milk was as follows: 42 g/kg protein, 63 g/kg lactose, and
6 g/kg ash. Base milks were heated to 90 ◦C for 10 min, cooled to 10 ◦C, and stored at 6 ◦C
until further use.

2.4. Production of Stirred Skim Milk Gels

Base milk (1.5 kg) was warmed to fermentation temperature, inoculated with the
direct starter, and fermented aerobically in 2 L containers (diameter = 130 mm) until pH
4.60. The subsequent stirring regime included cooling in ice water to approximately 15 ◦C,
moving a perforated plunger (diameter = 120 mm) 10 times upwards and downwards for
2 × 30 s [19], and stirring with a 3-wing propeller blade (diameter = 90 mm) mounted
on a Eurostar power control-visc stirrer (IKA GmbH & Co. KG, Staufen, Germany) for
3 min at 400 rpm. This is equivalent to an energy input of approximately 76 kJ/m3. From
the pH profiles monitored during fermentation, the following parameters were evaluated:
fermentation time until pH 4.6 (tpH=4.6), maximum acidification rate from the minimum of
the first derivative (vAcidification) and the respective time (tvAcidification).

2.5. Properties of Stirred Skim Milk Gels
2.5.1. Exopolysaccharide Production and Serum Viscosity

The EPS amount was determined as reported by Mende et al. [18] and Surber et al. [22].
Briefly, 5.0 g stirred gel was treated with 0.25 mL of 10 g/L Pronase E at 37 ◦C for ap-
proximately 18 h and heated for enzyme inactivation (10 min at 90 ◦C). After cooling in
ice water and adjusting to 90 g/L trichloroacetic acid, cells and protein were removed by
centrifugation (6 ◦C, 19,000× g, 15 min). EPS in the supernatant was precipitated with
chilled ethanol and, after centrifugation, dissolved in water, dialyzed against deionized
water, and freeze-dried. The EPS amount is expressed as the milligram glucose equivalent
(GE) per kilogram, determined by the phenol-sulfuric acid method [26].

The dynamic viscosity of the serum phase (ηserum) obtained by centrifugation of
the stirred gel was determined by a LOVIS rolling ball viscometer (Anton Paar GmbH,
Ostfildern, Germany) according to Surber et al. [22].
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2.5.2. Analysis of Physical Properties and Microstructure

Stirred gels were equilibrated to 15 ◦C and subjected to hysteresis loop experiments us-
ing a stress-controlled AR-G2 rheometer (TA Instruments, New Castle, DE, USA) equipped
with a recessed bottom concentric cylinder geometry (inner diameter = 28 mm, outer di-
ameter = 30 mm, height = 42 mm). After gently transferring into the cup and lowering
the bob, the samples were equilibrated for 5 min. The shear rate was increased linearly
from 0 to 100/s within 100 s and decreased again to 0/s within another 100 s, and the shear
stress was recorded every second. For estimation of the shear stability of the products, the
hysteresis loop area between the upward and downward curve was integrated and related
to the shear stress at 100/s [27]. A shear rate sweep experiment was performed on a new
specimen by increasing the shear rate in log increments from 0.001/s to 100/s (five points
per decade). After pre-shearing for 110 s at each data point, the torque was recorded for
10 s. The static yield stress and apparent viscosity at a shear rate of 1/s and 100/s were
taken from the curves.

The particle size distribution of stirred gels was analyzed by laser diffraction (Helos
KR with Sucell, Sympatec GmbH, Clausthal-Zellerfeld, Germany; λ = 633 nm). Samples
diluted in distilled water to an optical density of 10–15% were equilibrated for 5 min under
stirring and analyzed in a measuring range of 0.5–175 mm. The 90% percentile of the
distribution (dV,90) was taken as an indicator of the particle size.

The microstructure was visualized by confocal laser scanning microscopy using a
63× objective (HCX PLAPO Lambda blue oil mounted to TCS SP5 MP invers, Leica
Microsystems GmbH, Wetzlar, Germany). For that, 40 µL of an aqueous solution of 1 g/L
Nile blue (Carl Pinnow, Berlin-Schöneberg, Germany) in a four-well chamber slide (Nunc™
Lab-Tek™ II; Thermo Fisher Scientific, Waltham, MA, USA) was layered with approximately
0.5 mL stirred gel. Then, proteins were observed in multiple areas after excitation at 633 nm
(helium-neon laser, emission: 670–737 nm) and representative micrographs were selected.

2.5.3. Determination of Serum Release

After centrifugation of the stirred gels at 6 ◦C and 1000× g for 10 min, the expelled
serum was removed by a Pasteur pipette, and forced syneresis was calculated as the ratio
of the mass of expelled serum to total gel mass before centrifugation [19].

For time-resolved determination of phase separation, an analytical photocentrifuge
was used (LUMiSizer® LS 610, LUM GmbH, Berlin, Germany). Rectangular polycarbonate
cuvettes (10 × 8 mm2 base area) were filled with ~1.75 mL gel and closed with an in-house
developed plug (length = 54 mm) to prevent movement of the sample. After overnight
storage, cuvettes were centrifuged at 15 ◦C and 1000× g, and a light intensity of 865 nm was
recorded with a charge-coupled device sensor. The sedimentation velocity was calculated
from the transmission profiles with SEPView® 6 (LUM GmbH) from the position of the
phase boundary at 30% transmission in the range of 50–150 s.

2.6. Statistical Data Evaluation

Unless stated otherwise, data are expressed as arithmetic mean ± half deviation range
(n = 2) or arithmetic mean ± standard deviation (n > 2). OriginPro® 2019b (OriginLab Co.,
Northampton, MA, USA) was used to perform dependent t-tests and one-factor ANOVA
with Tukey post hoc tests. To interpret the effects of the extrinsic and intrinsic factors
on the stirred gel properties, an ANOVA-simultaneous component analysis (ASCA) was
performed after auto-scaling to the respective standard deviation and centering with Solo
8.9.1 (Eigenvector Research Inc., Manson, WA, USA) according to the ASCA+ approach by
Thiel et al. [28]. Since missing values reduce the number of observations, measured values
were supplemented with random numbers of a normal distribution that had the same
mean and the same deviation using the approach of Saccenti et al. [29]. The mean value of
the respective parameter–strain combination was used for visualization of the scores. The
significance of the factors and their interaction was assessed by means of permutation tests
with 1000 randomizations.
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3. Results and Discussion
3.1. Acidification Kinetic and EPS Production

Direct starters from whey permeate medium enriched with tryptone exhibited a
higher acidification rate, and less time was needed to reach the maximum acidification rate
(Figure 1). The higher acidification activity can be attributed to the additional availability
of already hydrolyzed nitrogen fractions originating from enriched medium used for direct
starter preparation [30]. Consequently, the fermentation time until pH 4.6 of each of the
individual strains was shorter for starters with high acidification activity. Additionally,
fermentation was also faster at higher temperatures, especially when ST-2E and ST-2F were
used. The overall shortest fermentation time and highest acidification rate were observed
for base milk with a C/WP ratio of 1.5:1. Amatayakul et al. [12] and Nguyen et al. [9]
explained the faster fermentation of base milk with a C/WP ratio of approx. 1:1 with
different EPS producers with the reduced buffering capacity of the milk due to its low
casein content. Post-acidification occurred in all the stirred gels in our study during cold
storage: pH = 4.4 ± 0.08 after 3 d and 4.2 ± 0.07 after 14 d.
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Figure 1. (a) Maximum acidification rate (vAcidification) and (b) fermentation time until pH 4.6 (tpH=4.6)
versus time at vAcidification (tvAcidification) of milk with a C/WP ratio of 4.0:1 after fermentation with
low activity starters at 37 ◦C (white circles). Black circles, similar conditions but fermentation with
high-activity starters. Black squares, fermentation with high-activity starters at 42 ◦C. Grey circles,
fermentation of milk with a C/WP ratio of 1.5:1 with high-activity starters at 37 ◦C.

The highest EPS amount was produced under the following combination of extrinsic
factors: C/WP ratio of 4.0:1, starters with high acidification activity, and fermentation
temperature of 37 ◦C (Figure 2). The EPS amounts were lower in the case of base milk with
a C/WP ratio of 1.5:1 or when the fermentation temperature was set to 42 ◦C. This is in
line with literature data on the effects of the fermentation temperature (30, 37 or 42 ◦C)
during production of set acid gels [31], and lower EPS amounts were also observed at
shorter fermentation times when gels were produced from base milk with a lower C/WP
ratio [9,12]. Consequently, it can be assumed that a retarded lactic acid production due to a
low temperature or a high buffering capacity of the base milk contribute to a higher EPS
amount in the final product. However, ST-2E+ and ST-2F starters with low acidification
activity produced only low EPS amounts at 37 ◦C, indicating poor bacterial growth as EPS
production is generally known to be growth-associated [16].
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Figure 2. (a) EPS amount and (b) dynamic viscosity of serum phase (ηserum) of stirred gels from milk
with a C/WP ratio of 4.0:1 after fermentation with low activity starters at 37 ◦C (white circles). Black
circles, similar conditions but fermentation with high-activity starters. Black squares, fermentation
with high-activity starters at 42 ◦C. Grey circles, fermentation of milk with a C/WP ratio of 1.5:1 with
high-activity starters at 37 ◦C. Symbols are slightly shifted along the x-axis for a better visibility.

The dynamic viscosity of the serum phase showed a stronger dependence on the in-
trinsic factors than the EPS amount, e.g., the viscosity was generally higher for ST-2E+ than
for ST-1G+, indicating the presence of ropy EPS [22]. ST-2F, however, showed a peculiar
behavior. For this strain, enrichment of direct starter medium with tryptone resulted in
the ability of ST-2F to produce ropy EPS. In a recent review [6], EPS synthesis of lactic acid
bacteria was described as being very complex. Several factors such as the substrate and
growth conditions may affect the macromolecular properties of EPS and, therefore, their
techno-functionality in the final product. It was, for instance, observed that the type and
amount of the carbohydrate and nitrogen source as well as fermentation temperature affect
the molecular mass and intrinsic viscosity of some EPS from S. thermophilus [32,33].

3.2. Casein: Whey Protein Ratio and Capsular EPS Affect Phase Separation

Generally, the sedimentation velocity of gel particles was lower in gels produced from
milk with a C/WP ratio of 1.5:1 (Figure 3). After fermentation at 37 ◦C, ST-1G+ triggered
a lower sedimentation velocity as well as lower forced syneresis of gels than ST-2E+ or
ST-2F. A similar trend was observed for forced syneresis after 14 d, with the correlation
of the respective values measured after 3 d and 14 d being significant (r = 0.86; p < 0.001).
Hence, susceptibility to syneresis of stirred gels is lower either when more denatured whey
proteins or when capsular EPS are present.

Remeuf et al. [34] explained reduced syneresis due to a higher fraction of dena-
tured whey proteins with their ability to immobilize more water due to their positive
charge, contributing to a higher degree of cross-linking within the gel network. Sev-
eral authors reported that the presence of cEPS also resulted in gels with reduced forced
syneresis [12,35,36]. This was related to a higher water binding capacity of the cEPS isolates
from a S. thermophilus ST-143 [37]. Hassan et al. [35] observed that cells with a capsule
diameter of ~5 µm contributed more pronouncedly to serum retention than capsules with
~2 µm. Therefore, we hypothesize that the capsules of ST-1G+ are larger, which will be
evaluated in a forthcoming study.
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Figure 3. Forced syneresis after 3 d (n = 12) versus sedimentation velocity (vS) after 5 d (n = 4) of
cold storage of stirred gels from milk with a C/WP ratio of 4.0:1 after fermentation with low activity
starters at 37 ◦C (white circles). Black circles, similar conditions but fermentation with high-activity
starters. Black squares, fermentation with high-activity starters at 42 ◦C. Grey circles, fermentation of
milk with a C/WP ratio of 1.5:1 with high-activity starters at 37 ◦C.

3.3. Particle Size and Microstructure

The volume-weighted particle size distribution in stirred gels appeared as monomodal,
and dV,90 was always lower for gels made with ropy EPS-producer ST-2E+ (Table 1).
This was confirmed by laser scanning microscopy (Figure 4). Generally, pores in the
microstructure showed almost the same size, which can be explained by a high energy
input during shearing [10]. In our study, larger gel particles at a lower C/WP ratio for
ST-1G+ can be attributed to increased aggregation of proteins because of the higher fraction
of denatured whey proteins [34], and being at a fermentation temperature of 42 ◦C induces
faster gel network formation [38].

Table 1. Particle size (dV,90, µm) of stirred gels after 7 d of cold storage (n = 4). Gels were produced
from base milk with casein:whey protein ratio of 4.0:1 or 1.5:1 by inoculation with low- or high-activity
starters and fermentation at a fermentation temperature of 37 ◦C or 42 ◦C 1.

Casein: Whey Protein Ratio
(Acidification Activity of Direct Starter)

Temperature [◦C] Strain 4.0:1 (Low) 4.0:1 (High) 1.5:1 (High)

37 ST-1G+ 34 c ± 1.4 29 d ± 3.2 42 b ± 4.5
ST-2E+ 23 e ± 1.0 24 e ± 1.3 22 e ± 1.3
ST-2F 33 c ± 3.6 24 e ± 0.6 23 e ± 1.1

42 ST-1G+ 50 a ± 4.4
ST-2E+ 33 c,d ± 0.8
ST-2F 37 c ± 2.2

1 Arithmetic mean ± standard deviation. Means with different letters are significantly different (p < 0.05).
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Figure 4. Confocal laser scanning micrographs of the protein phase of stirred gels after 7 d of cold
storage. Gels were produced from base milk with casein:whey protein ratio of 4.0:1 or 1.5:1 by
inoculation with direct starters of high acidification activity and fermentation at 37 ◦C. Proteins
appear in white, serum in black. Scale bar, 50 µm.

3.4. Casein: Whey Protein Ratio and Ropy EPS Affect Shear Viscosity

In the beginning of the experiments, the apparent viscosity decreased at almost con-
stant shear stress (shear rate < 0.5/s) then remained constant while the shear stress in-
creased, and finally decreased again when shear rate exceeded approx. 5/s (Figure 5).
The region relatively constant shear stress can be considered as static yield stress [27].
Both static yield stress (calculated from data points at a shear rate of 0.08–0.19/s) and the
apparent viscosity at a shear rate of 1/s were higher in case of a C/WP ratio of 1.5:1 or
when non-ropy EPS were present. Similar effects were found for stirred gels from milk
treated by high pressure homogenization at 600 MPa and were attributed to more intense
interactions between caseins and denatured whey proteins [39]. This correlates with our
findings concerning enhanced protein interactions in gels from milk with a C/WP ratio of
1.5:1. Non-ropy EPS and cEPS are also reported to induce protein interactions, probably
due to reducing the distances between gel particles [10] and by immobilizing more water
compared to ropy EPS [37]. In contrast, the steric hindrance of ropy EPS impaired these
interactions [9,40]. Hence, our observation of a lower yield stress and viscosity at 1/s for
gels with ropy EPS is consistent with literature results.

Above 30/s, the effect of ropy EPS on the apparent shear viscosity became more
obvious. A positive correlation between apparent viscosity at high shear rates and ropiness
was frequently also observed by other authors [10,18,41]. In our study, the apparent
viscosity at 100/s correlated well with the serum viscosity (r = 0.90; p < 0.001), whereas
this was not the case for the apparent viscosity at 1/s (r = −0.10; p > 0.1). As cells and
proteins were separated by centrifugation, the relatively high shear rates in the capillary
of the rolling ball viscosimeter (~400/s at an angle of 70◦) may contribute to more intense
interactions between ropy EPS in the serum. In stirred gels, shear-induced rearrangements
may not only reduce particle size but may also separate ropy EPS from the proteins [10].
Consequently, shearing of gels facilitates more intense interactions between ropy EPS, thus
resulting in a higher product viscosity.
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Figure 5. Apparent shear viscosity (ηA) versus shear stress (τ) (n = 6) of stirred gels produced with
ST-1G+ (white), ST-2E+ (grey) or ST-2F (black) after 3 d of cold storage. The arrow indicates shear rate
increase, dotted lines refer to static yield stress of the respective samples. Gels were produced from
base milk with casein:whey protein ratio of 4.0:1 or 1.5:1 by inoculation with low- or high-activity
starters, fermentation temperature was 37 ◦C or 42 ◦C.

During cold storage, the yield stress and apparent viscosity increased significantly
(p < 0.05) from day 3 to day 14. The slope of the regression functions is in the range of
1.1–1.3, indicating an average increase in the respective analytical values of 10–30% due to
rebodying of the gel structure.

3.5. Ropy EPS Are Relevant for Shear Stability

The time-dependent shear stability of stirred gels to shear was investigated by hys-
teresis loop experiments following other studies, for instance [10,19,27]. The upward flow
curves showed a sharp increase in shear stress with shear rate, followed by a nearly linear
increase (Figure 6). With ropy EPS, the increase was slightly exponential and the final shear
stress at 100/s was significantly higher (27–35 Pa) than with non-ropy EPS (15–22 Pa). The
respective viscosity correlated significantly with the apparent viscosity at 100/s from the
logarithmic flow curves (p < 0.01, slope: 0.85).

For all samples, the shear stress measured in the downward curve was lower, indi-
cating significant time-dependent effects. The area between the two curves can be taken
as an indicator of structural degradation caused by a defined shear regime [15,27]. In
our study, this area was larger for gels made with ropy EPS (Table 2), confirming studies
of other authors [13,18,41]. Both higher shear stress and a higher hysteresis area caused
by ropy EPS indicate that the more structure is present, the more is destroyed. The hys-
teresis area was therefore scaled to the shear stress at 100/s, which was proposed as a
measure of the degree of structural breakdown [27]. Gels from milk with a C/WP ratio
of 1.5:1 had a significantly higher degree of structural breakdown (12.7 ± 1.02/s) than
from C/WP = 4.0:1 (10.1 ± 1.14/s; p < 0.05), indicating lower shear stability. We found
a negative correlation between the degree of shear-induced structural breakdown and
fermentation time (r = −0.70; p < 0.05). Robinson et al. [38] also stated that gel networks
are less connected after faster fermentation.
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Figure 6. Shear stress (τ) versus shear rate (
.
γ) (n = 1) of stirred gels produced with ST-1G+ (white),

ST-2E+ (grey) or ST-2F (black) after 3 d of cold storage. Gels were produced from base milk with ca-
sein:whey protein ratio of 4.0:1 or 1.5:1 by inoculation with low- or high-activity starters, fermentation
temperature was 37 ◦C or 42 ◦C. Arrows indicate direction of measurement.

Table 2. Hysteresis area (Pa/s) of stirred gel after 3 d of cold storage (n = 4). Gels were produced from
base milk with casein:whey protein ratio of 4.0:1 or 1.5:1 by inoculation with low- or high-activity
starters and fermentation at a fermentation temperature of 37 ◦C or 42 ◦C 1.

Casein: Whey Protein Ratio
(Acidification Activity of Direct Starter)

Temperature [◦C] Strain 4.0:1 (Low) 4.0:1 (High) 1.5:1 (High)

37 ST-1G+ 126 g ± 11.7 164 e,f,g ± 23.9 199 d,e,f ± 11.2
ST-2E+ 204 d,e,f ± 20.1 206 d,e ± 15.4 389 a ± 51.7
ST-2F 137 f,g ± 9.3 237 c,d ± 11.8 303 b,c ± 47.7

42 ST-1G+ 206 d,e ± 18.7
ST-2E+ 217 d,e ± 17.6
ST-2F 344 a,b ± 43.3

1 Arithmetic mean ± standard deviation. Means with different letters are significantly different (p < 0.05).

In the case of gels from milk with a C/WP ratio of 4.0:1, the degree of structural
breakdown was marginally lower when ropy EPS (9.7 ± 0.67/s) instead of non-ropy EPS
were present (10.7 ± 1.33/s). It can therefore be concluded that ropy EPS highly contribute
to structure (higher shear stress at 100/s), which is only partly destroyed after shearing
(higher hysteresis area), and a higher shear stability. During cold storage, the measure for
the structural breakdown increased significantly from day 3 to day 14 (p < 0.05; slope: 1.2).

3.6. ASCA+ to Distinguish between Effects of Extrinsic and Intrinsic Factors on Stirred Gels

The relationship between controlled factors and the respective responses (e.g., EPS
amount, texture properties) was explored by multivariate data analysis. Methods such
as principal component analysis (PCA) search for linear combinations of responses that
result in the highest amount of variance explained by all factors [42]. In our PCA, only
59% of the total variance was described by the first two components. However, to meet
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the Kaiser criterium (Eigenvalues > 1), components 1 to 4, explaining 85% of the variance,
were necessary.

To distinguish between the effects caused by several factors, Smilde et al. [43] intro-
duced a combination of ANOVA and PCA, the ASCA. For this analysis, the data are split
into factors and interaction matrices by ANOVA, which are then fitted separately to an
independent PCA model [44]. The following ANOVA model was used to study the effects
of extrinsic (a) and intrinsic factors (b) on acidification kinetics, EPS amount, syneresis, and
texture properties:

xab= µ+ αa+βb + (αβ)ab+εab (1)

where µ is the overall mean of the response (x), αa and βb are the means related to the
extrinsic or intrinsic factors, respectively, and (αβ)ab is their interaction. The variation not
described by factors and interaction is taken into account in the residual term (εab) [44].

Permutation tests revealed more pronounced effects attributable to extrinsic (48.3%)
than to intrinsic factors and their interaction (23.2% and 21.4%, respectively), which all had
a significant impact (p = 0.001). Figure 7a shows the scores for the extrinsic factors, which
clearly separate based on acidification activity and the C/WP ratio. Larger associated
loadings (Figure 7b) refer to those scores that are more strongly explained by components
1 and 2. When considering loadings with ≥ |0.25| per component, the extrinsic factors
mainly influenced acidification kinetics, EPS amount, syneresis, and the degree of structural
breakdown. Other texture properties such as the particle size, apparent viscosity at 100/s,
and serum viscosity had loadings ≥ |0.25| for intrinsic factors (Figure 7d). In the respective
score plot (Figure 7c), the S. thermophilus strains were separated by component 1 specifically
into ropy or non-ropy EPS producers. In the direction of loadings for yield stress were
scores for stirred gels with ST-1G+ after fermentation at 42 ◦C or when using starters with
low acidification activity of ST-2F. The loadings for apparent viscosity at 1/s after 3 d were
<0.25 for both factors and were therefore included in the interaction (Figure 7e,f). However,
interpretation of the interaction is not intuitive as this submodel is based on the deviation
of the main effects [42,44]. Unlike PCA, the number of components is different for each
factor; therefore, interaction scores are not suitable for assessing similarity based on the
distance between points [42]. Consequently, a discrimination can only be made within
each factor. In our study, differences within the extrinsic and intrinsic factors were mainly
observed for the C/WP ratio and ST-1G+, respectively.

The ASCA+ analysis clearly showed that the effect size of extrinsic factors is more than
twice as high as the effect size of the intrinsic factors or their interaction. While extrinsic
factors mainly affected the acidification, EPS amount, and syneresis, the ropy EPS largely
determined the texture properties. cEPS were able to reduce syneresis, with this effect
being more pronounced after enrichment of base milk with whey proteins. As there was
no strong relationship with texture properties, the EPS amount alone cannot exclusively
serve to explain the techno-functionality of the EPS in the gels (see also [13,18]). This
means that other factors such as the EPS location and interactions are more relevant for the
development of structure and texture.
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Figure 7. Averaged scores (dimensionless) of the (a) extrinsic and (c) intrinsic factors as well as their
(e) interaction of ASCA+ analysis (for explanation of circles and squares see caption of Figure 1).
Variance of component is indicated as percentage in square brackets. Loadings (b,d,f); dimensionless)
that were ≥ |0.25| (indicated by dashed line) in one component are labeled with: Syn, forced
syneresis; DSB, degree of structural breakdown and see text as well as figure captions (black triangles).
The information in round brackets indicates the cold storage period in days. All other loadings are
displayed as grey triangles. Please note different x- and y-axis scaling in charts.
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Figure 8 shows a schematic representation of microstructure of stirred gels as affected
by EPS type. Non-ropy EPS are most likely located in the pores, whereas ropy EPS were
assumed to interact with gel particles [10,15]. We found a higher serum viscosity with
ropy EPS and concluded that these EPS were also freely present in the serum. Thus, ropy
EPS can accumulate, which was already observed by microscopic visualization of EPS in
stirred gels [10]. The shear-induced rearrangements result in more intense interactions
between ropy EPS rather than between protein and EPS, which can impair protein–protein
interactions (smaller gel particles, lower yield stress) and could provoke ropiness.
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Figure 8. Schematic representation of the microstructure of stirred gels: casein associated with
denatured whey protein (black, open), ropy or non-ropy EPS (grey) and cells (black, closed) with
capsular EPS (dark gray border) in the serum (white).

4. Conclusions

The ASCA+ analysis revealed a more than twice as high effect size of extrinsic factors
compared to the effect size of intrinsic factors or its interaction. From the loading plots,
however, it is obvious that ropy EPS mainly determine texture properties, while manufac-
turing parameters primarily affect acidification kinetics and the EPS amount. Capsular
EPS reduced the syneresis, but the enrichment of base milk with whey protein was more
efficient. The EPS amount was higher in case of base milk with a higher casein:whey protein
ratio or when the fermentation temperature was lower; however, the EPS amount did not
correlate with texture properties. This indicates that factors such as the water-binding
capacity of capsular EPS may be important to reduce the syneresis, and specific struc-
tural properties of ropy EPS are very likely to improve the texture of fermented milk via
enhanced EPS–protein interactions, which will both be discussed in a forthcoming study.
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