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Proto-cooperation between Streptococcus thermophilus and Lactobacillus delbrueckii subsp. bulgaricus is one of the
key factors that determine the fermentation process and final quality of yoghurt. In this study, the interaction be-
tween different proteolytic strains of S. thermophilus and L. delbrueckii subsp. bulgaricuswas investigated in terms
of microbial growth, acidification and changes in the biochemical composition of milk during set-yoghurt fer-
mentation. A complementary metabolomics approach was applied for global characterization of volatile and
non-volatile polar metabolite profiles of yoghurt associated with proteolytic activity of the individual strains in
the starter cultures. The results demonstrated that only non-proteolytic S. thermophilus (Prt−) strain performed
proto-cooperation with L. delbrueckii subsp. bulgaricus. The proto-cooperation resulted in significant higher pop-
ulations of the two species, faster milk acidification, significant abundance of aroma volatiles and non-volatile
metabolites desirable for a good organoleptic quality of yoghurt. Headspace SPME-GC/MS and 1H NMR resulted
in the identification of 35 volatiles and 43 non-volatile polar metabolites, respectively. Furthermore,multivariate
statistical analysis allows discriminating set-yoghurts fermented by different types of starter cultures according
to their metabolite profiles. Our finding underlines that selection of suitable strain combinations in yoghurt
starters is important for achieving the best technological performance regarding the quality of product.

© 2014 Elsevier B.V. All rights reserved.
1. Introduction

Yoghurt is one of themost popular fermented dairy products and its
consumption is increasing worldwide (Shiby and Mishra, 2013). Ac-
cording to the Codex standard for fermented milks (CODEX, 2003), yo-
ghurt is specifically characterized by the presence of symbiotic cultures
of Streptococcus thermophilus and Lactobacillus delbrueckii subsp.
bulgaricus. During fermentation, these bacteria perform three major
biochemical conversions of milk components: (i) conversion of lactose
into lactic acid (fermentation), (ii) hydrolysis of caseins into peptides
and free amino acids (proteolysis) and (iii) breakdown of milk fat into
free fatty acids (lipolysis) (Smit et al., 2005). These reactions lead to
the production of various metabolites resulting in a decrease of the
pH, formation of a semi-solid texture and a distinctive yoghurt flavor
(Irigoyen et al., 2012). Even though S. thermophilus and L. delbrueckii
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subsp. bulgaricus are able to grow individually in milk, they can have a
symbiotic interaction called “proto-cooperation” in mixed cultures
(Smid and Lacroix, 2013). The interaction is based on the exchange of
several metabolites which provide mutual growth stimulating effects
(Sieuwerts et al., 2008). In summary, S. thermophilus produces pyruvic
acid, formic acid, folic acid, ornithine, long-chain fatty acids and CO2

which stimulate the growth of L. delbrueckii subsp. bulgaricus. Lactic
acid produced by S. thermophilus also reduces the pH of milk to an opti-
mum level for L. delbrueckii subsp. bulgaricus. Consequently, the growth
of L. delbrueckii subsp. bulgaricus supplies peptides, free amino acids and
putrescine that stimulate the growth of S. thermophilus (Sieuwerts et al.,
2008). Recent post-genomic studies in mixed culture of S. thermophilus
and L. delbrueckii subsp. bulgaricus have revealed new insights in phys-
iology and molecular basis of the interaction (Herve-Jimenez et al.,
2009; Oliveira et al., 2012; Pastink et al., 2009; Sieuwerts et al., 2008;
Sieuwerts et al., 2010). Although interaction between the two species
is often positive (proto-cooperation), absence of interaction or even
negative effects can take place depending on the combination of bacte-
rial strains, type and heating process of basemilk and fermentation con-
ditions (Courtin and Rul, 2004).

http://crossmark.crossref.org/dialog/?doi=10.1016/j.ijfoodmicro.2014.02.008&domain=pdf
http://dx.doi.org/10.1016/j.ijfoodmicro.2014.02.008
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Proteolytic systems in lactic acid bacteria rely on the function of bac-
terial cell-envelope proteinases, peptide transport systems and intracel-
lular peptidases (Mayo et al., 2010). Proteolytic activity of one of the
species in the mixed cultures (mostly L. delbrueckii subsp. bulgaricus)
plays an important role in proto-cooperation as mentioned previ-
ously. Traditional yoghurt cultures consist of non-proteolytic (Prt−)
S. thermophilus and high proteolytic L. delbrueckii subsp. bulgaricus
(Walstra et al., 2006). Thus, the former bacteria take advantage from
active proteolytic system of the latter ones to meet their amino acid
requirement. Furthermore, metabolism of amino acids generates volatile
metabolites responsible for the aroma profile of product (Mayo et al.,
2010). The contributions of S. thermophilus and L. delbrueckii subsp.
bulgaricus to aroma volatile formation in fermented milk are well docu-
mented (Imhof and Bosset, 1994; Ott et al., 1997; Routray and Mishra,
2011). However, the expression of proteolytic activity (Prt+) in several
S. thermophilus strains allows them to grow independently inmilk leading
to substantial acidification. This strong impact of proteolytic activity on
acidifying capacity of S. thermophilus has been reported (Courtin et al.,
2002; Dandoy et al., 2011; Galia et al., 2009). Despite extensive publica-
tions on the strain selections,mechanisms of amino acid biosynthesis, ge-
nome sequences and potential application of proteolytic S. thermophilus
strains (Dandoy et al., 2011; Hols et al., 2005; Iyer et al., 2010), the role
of these proteolytic streptococci in mixed culture with L. delbrueckii
subsp. bulgaricus hardy received attention.

The developments inmetabolomics allows discovery of awide range
of metabolites in complex biological systems including food matrices
(Herrero et al., 2012). The application of mass spectrometry (MS) and
nuclear magnetic resonance (NMR) technique have shown to be very
successful in determining a wide range of metabolites related to micro-
bial activity during fermentation, ripening and storage of fermented
dairy products (Consonni and Cagliani, 2008; de Bok et al., 2011;
Erkaya and Sengul, 2011; Harzia et al., 2012; Mozzi et al., 2013; Piras
et al., 2013). However, to our knowledge, a complementary approach
has never been applied to attain information regarding the effects of
proteolytic activity of individual strains of S. thermophilus in mixed cul-
ture with L. delbrueckii subsp. bulgaricus during yoghurt fermentation
on the global metabolite profile of product.

The objective of this studywas therefore to investigate the interaction
between proteolytic and non-proteolytic strains of S. thermophilus in
mixed culturewith L. delbrueckii subsp. bulgaricus during set-yoghurt fer-
mentation. Growth of starter cultures, changes in milk pH and titratable
acidity were monitored. Biochemical changes related to the interaction
between the two species were characterized in terms of volatile and
non-volatile polar metabolite profile of yoghurt using headspace SPME-
GC/MS and 1H NMR technique.

2. Materials and methods

2.1. Milk preparation

The milk was obtained by reconstituting 10% (w/v) Nilac skimmed
milk powder (NIZO, Ede, The Netherlands) in milli-Q water (45 °C) to
obtain final liquid milk at 9.5% dry matter content. The milk was pas-
teurized at 90 °C for 5 min and then was cooled down in a water bath
until the temperature of 42 °C was reached.

2.2. Starter cultures

Frozen direct-vat-inoculation pellets of S. thermophilus Prt+
(ST-Prt+) strain C38, S. thermophilus Prt− (ST-Prt−) strain C44 and
L. delbrueckii subsp. bulgaricus Prt+ (LB) strain C49 were supplied by
CSK Food Enrichment (Ede, The Netherlands). The difference in pro-
teolytic activity between the two S. thermophilus strains refers to the
extracellular protease PrtS targeting milk proteins during yoghurt pro-
duction. The pellets were stored at−45 °C and were placed at ambient
temperature (20 ± 3 °C) for 15 min before use. Inoculation was
performed to obtain an initial viable bacteria level at 106 cfu/g. Five
different types of single strain and mixed cultures: (i) pure ST-Prt+,
(ii) pure ST-Prt−, (iii) pure LB, (iv) mixed ST-Prt+/LB and (v) mixed
ST-Prt−/LB were investigated in this study. The combinations of
S. thermophilus and L. delbrueckii subsp. bulgaricus were inoculated
at the ratio 106:106 cfu/g because in our previous experiments, this
ratio haddemonstrated the best profile (bacterial growth, acidity and tex-
ture) for yoghurt (data not shown).
2.3. Set-yoghurt fermentation

After inoculation, set-yoghurt fermentation was carried out in a
water bath at 42 °C for 4 h. Samples were taken every hour during fer-
mentation for microbiological and chemical analysis. The enumeration
of viable bacteria and determination of pH and titratable acidity were
carried out directly after sampling. For 1H NMR analysis, the samples
were stored at −20 °C until the analysis. The fermentation was per-
formed in three replicates for each type of starter culture.
2.4. Enumeration of viable bacteria

Viable bacteria in set-yoghurt were enumerated using the standard
pour plate technique. Viable counts of S. thermophiluswere determined
on S. thermophilus agar after aerobic incubation at 37 °C for 24 h (Ashraf
and Shah, 2011). Viable counts of L. delbrueckii subsp. bulgaricus were
determined on MRS agar pH 5.70 (Merck, Darmstadt, Germany) after
anaerobic incubation (Anoxomat™-Mart® Microbiology, Drachten,
the Netherlands) at 37 °C for 48 h (Ashraf and Shah, 2011).
2.5. Determination of acidification profile

Production of acid during fermentationwas expressed by changes in
pH and increases in titratable acidity. Yoghurt samples wereweighed to
25.0 g and the pHmeasurementswere performed using a laboratory pH
meter (InoLab pH720, WTW, Weilheim, Germany). The samples were
titrated with 0.1 N NaOH (Merck, Darmstadt, Germany) with continu-
ous magnetic stirring until pH 8.30 was reached. The amount of 0.1 N
NaOH (mL) used to titrate 100 g of yoghurt was referred as Titratable
acidity (TA). The TA value was expressed as % acid equivalent to lactic
acid (% LA) in the sample (ISO/IDF, 2009).
2.6. Analysis of volatile metabolites by headspace SPME-GC/MS

For headspace SPME-GC/MS analysis, a mimic-scenario of set-
yoghurt fermentation was carried out directly in GC vials to avoid loss
of these compounds during sample preparation. The inoculated NILAC
milk was directly divided (3 mL) into a series of five clear headspace
GC vials (10 mL, 46 × 22.5 mm) sealed with 20 mm silicone/PTFE
septa andmagnetic caps (Grace, Albany, OR, USA). The vialswere placed
in awater bath at 42 °C for 4 h. The samples were stored at−20 °C until
the analysis. In order to ensure that the results were comparable with
the yoghurt fermented in Section 2.3, the final pH (4 h) from in-vial fer-
mentation was regularly verified (data not shown). The fermentation
was performed in three replicates for each type of starter culture.
2.6.1. Extraction of volatile compounds by Solid Phase Micro Extraction
(SPME)

Frozen sampleswere thawed and incubated at 60 °C for 1min. After-
ward, volatile compounds in the headspace were extracted at 60 °C for
5minwith a 75 μmCarboxen™–PDMS-SPME fiber (Supelco, Bellefonte,
PA, USA) using TriPlus™ autosampler (Thermo Scientific, Austin, TX,
USA). Milli-Q water was analyzed as blank sample. This method was
based on the method developed by Hettinga et al. (2008).
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Fig. 1. Changes in viable counts during set-yoghurt fermentation with a pure culture of
S. thermophilus Prt+ ( , panel A), pure culture of L. delbrueckii subsp. bulgaricus
( , panel A) and their mixed culture ( , , panel A) compared with pure culture
of S. thermophilus Prt− ( , panel B), pure culture of L. delbrueckii subsp. bulgaricus
( , panel B) and their mixed culture ( , , panel B). Error bars represent standard
deviations based on three independent replicates. Letters (a–c) indicate significant differ-
ences among mean values (p b 0.05) of samples at the end of fermentation (4 h).
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2.6.2. Determination of volatile compounds by gas chromatography
coupled with mass spectrometry (GC/MS)

The SPME fiberwas desorbed for 10min in the GC injection port. The
GC/MS analysis was performed using Trace GC Ultra connected with
DSQ II mass spectrometer (Thermo Scientific, Austin, TX, USA). The
Stabilwax®-DA-Crossband®-Carbowax®-polyethylene-glycol column
with 30 m length, 0.32 mm internal diameter, and 1 μm film thickness
(Restek, Bellefonte, PA, USA) was used. The oven temperature was
maintained at 40 °C for 3 min, then increased at 15 °C/min to 220 °C
and maintained for 1 min. The carrier gas was helium fed with a con-
stant flow rate at 1.5 mL/min. The MS iron source was maintained at
225 °C with full scan. Electron impact mode was at 70 eV with the
mass range 33–250 m/z. This procedure was modified based on
Hettinga et al. (2008). Volatile metabolites were identified using
AMDIS software (NIST, Gaithersburg, MD, USA) referred to NIST/EPA/
NIH database and library provided by Hettinga et al. (2009). Peaks
from column bleed and SPME fiberwere corrected using the blank sam-
ple. Specific retention time and m/z model were used for automated
peak integration in XCalibur software package (Thermo Scientific,
Austin, TX, USA).

2.7. Analysis of non-volatile polar metabolites by 1H NMR spectroscopy

2.7.1. Sample preparation and 1H NMR analysis
For 1H NMR analysis, the samples from two replicates were ana-

lyzed. Frozen yoghurt samples were thawed at room temperature and
pH was adjusted to 6.0 using 1.0 N NaOH to achieve low variation, i.e.
location and shape of peaks, in the spectra obtained (Mercier et al.,
2011). Residual lipids were removed by dichloromethane extraction.
The samples were diluted 1:2 (w/w) with dichloromethane (Merck,
Darmstadt, Germany), then were mixed and centrifuged (Multifuge
X3R, Thermo Scientific, Austin, TX, USA) at 4100 g for 15 min at 4 °C.
The clear liquid was collected and ultra-centrifuged (Beckman L60
Ultracentrifuge, Boulevard Brea, CA, USA) at 117,500 g for 75 min
at 4 °C to remove the protein fraction. The clear serum was collected
and ultra-filtrated using microcentrifugation (Spectrafuge™ 16 M
Microcentrifuge, Labnet Int. Inc., Woodbridge, NJ, USA) at 13,800 g for
20 min at room temperature through a Pall Nanosep® centrifugal de-
vice with 3 kDa molecular weight cutoff (Pall life science, Ann Arbor,
MI, USA). The filtrate was mixed 1:1 (v/v) with phosphate buffer
pH 6.0 (300 mM KH2PO4, 10% (w/w) D2O and 1 mM 3-(Trimethylsilyl)
propionic-2,2,3,3-d4 acid sodium salt (TSP)) as internal standard. All
chemicals used to prepare the buffer were obtained from Sigma-
Aldrich (Steinheim, Germany). The mixture was stabilized at 4 °C over-
night and then re-centrifuged at 13,800 g for 20 min at room tempera-
ture for final precipitate removal. Finally, 350 μL of the mixture was
transferred into a 4.25 mm NMR tube. NOESY 1D-1H NMR measure-
ments were performed at 300 K in a 600 MHz NMR spectrometer
(Bruker, Rheinstetten, Germany) equipped with a cryogenic probe,
using Bruker sample handler (BACS-60) operated under full automa-
tion, with similar parameters as described by Lu et al. (2013).

2.7.2. 1H NMR spectra processing
The 1H NMR spectra were baseline-corrected, phase-corrected,

aligned and calibrated based on the internal standard (TSP) peak. For
each spectrum, chemical shift (δ) across the range of 0.00–10.00 ppm
was segmented (binning) with an interval of 0.02 ppm (Anderson
et al., 2011). The signal intensity in each bin was integrated and
expressed in arbitrary units using AMIX software (Bruker, Rheinstetten,
Germany). The bins corresponding with the water region (δ = 4.73–
4.99 ppm) and methanol (δ = 3.35–3.37 ppm) were eliminated from
the analysis. Metabolite labels were presumptively assigned to the
bins bymeans of Chenomx NMR suite 7.5 library (Chenomx Inc., Alber-
ta, Canada), Human Metabolome Database version 3.0 (Wishart et al.,
2013) and from literature (Boudonck et al., 2009; Klein et al., 2010; Lu
et al., 2013). For unlabeled bins, significant variables were selected
based on one-way ANOVA at 95% confidence level.

2.8. Statistical analysis

One-way ANOVA with multiple comparisons by Tukey's test were
performed using IBM SPSS statistics package version 19 (SPSS Inc., Chi-
cago, IL, USA). A probability at p b 0.05was considered statistically signif-
icant. Metabolomics data from GC/MS and 1H NMR were normalized by
median-centering and log2-scaling beforemultivariate statistical analysis.
Principle component analysis (PCA) and heat-map visualization com-
bined with Pearson's correlation-based hierarchical cluster analysis
(HCA) were performed using Multi-Experiment Viewer (MeV) version
4.8 (www.tm4.org/mev/).

3. Results and discussion

3.1. Bacterial growth profiles

The growth (increase in biomass) of ST-Prt+ with LB (as pure and
mixed culture) (Fig. 1A) and ST-Prt− with LB (as pure and mixed cul-
ture) (Fig. 1B) were monitored during fermentation. In pure cultures,

http://www.tm4.org/mev/
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Fig. 2.Changes in pH (panel A) and titratable acidity (panel B) during set-yoghurt fermen-
tation by a pure culture of S. thermophilus Prt+ (○, ), pure culture of S. thermophilus pro-
tease Prt− (□, ), pure culture of L. delbrueckii subsp. bulgaricus (Δ, ), mixed culture of
S. thermophilus Prt+ with L. delbrueckii subsp. bulgaricus (●, ) and mixed culture of
S. thermophilus Prt−with L. delbrueckii subsp. bulgaricus (■,■). Error bars represent stan-
dard deviations based on three independent replicates. Letters (a–e) indicate significant
differences among mean values (p b 0.05) of samples at the end of fermentation (4 h).
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the two ST strains grew rapidly during the early part of fermentation
(0–3 h), while LB remained in the lag-period for at least 1 h. This can
be explained by the initial pH of Nilacmilk (6.5±0.1)which ismore fa-
vorable for the growth of ST (Walstra et al., 2006) and their effective ca-
pacity to use nutrients available in milk. These bacteria initially utilize
free amino acids and peptides available inmilk. However, the free nitro-
gen content in milk is very limited, usually not exceeding 100 mg/L de-
pending on the animal breed, milking season, heat-treatment and
storage (Letort and Juillard, 2001), thus only the ST-Prt+ is expected
to be able to continue growing with support of its proteolytic activity.
Even though the LB in this study is a proteolytic strain, its growth was
found to be retarded by a lower optimum pH and higher nutritional re-
quirements (Sieuwerts et al., 2008). At the end of fermentation, the vi-
able counts of pure ST-Prt+ were significantly higher (p b 0.05) than
those of pure ST-Prt- and pure LBwhichwere not significantly different
from each other. The final numbers increased by an average of 1.5 log
cfu/g for pure ST-Prt+ and 1.2 log cfu/g for pure ST-Prt− and for pure
LB. These results demonstrate that the ST-Prt+ strain exhibited a signif-
icant higher capacity to develop individually in milk compared to
ST-Prt− and LB. This observation is in agreement with the work of
Courtin et al. (2002).

In mixed culture with LB, growth of the two ST strains started devi-
ating from each other after 2 h. The viable counts of ST-Prt+ remained
virtually constant towards the end of fermentationwhereas those of ST-
Prt− strongly increased (2–3 h), with an average of 0.9 log cfu/g before
remaining at a stable level. The results suggested that ST-Prt− took ad-
vantage of the proteolytic activity of LBwhereas ST-Prt+did not benefit
from this interaction. At the endof fermentation, the viable counts of ST-
Prt+ in mixed culture were not significantly different (p N 0.05) from
the pure culture. In contrast, the viable counts of ST-Prt− were signifi-
cantly higher (p b 0.05) from those of the pure culture. The final num-
bers of ST-Prt+ and ST-Prt− increased by an average of 1.5 and 2.3
log cfu/g, respectively. The growth of LB in mixed culture with either
ST-Prt+ or ST-Prt− took place during 1–3 h. However, during 3–4 h,
the viable counts of LB were constant in mixed culture with ST-Prt+
while the counts in mixed culture with ST-Prt− still increased. This
could be related to the continuous growth of ST-Prt− which conse-
quently produces acid and lowers the pH to a level which favors for
the growth of LB. Moreover, the LB might be stimulated by several me-
tabolites produced by ST-Prt− as mentioned previously (Sieuwerts
et al., 2008). At the end of fermentation, the viable counts of LB
in pure culture and in mixed culture with ST-Prt+ were not signifi-
cantly different (p N 0.05) whereas its counts were significantly
higher (p b 0.05) in mixed culture with ST-Prt−. The final numbers of
LB in mixed culture with ST-Prt+ and ST-Prt− increased by an average
of 0.9 and 1.9 log cfu/g, respectively. This observation clearly demon-
strates the proto-cooperation between ST-Prt− and LB resulting in signif-
icant higher populations of the two species at the end of fermentation.
This mutual growth stimulation between ST and LB is in agreement
with the results of Courtin and Rul (2004) and Herve-Jimenez et al.
(2009). However, our results contrast with the findings of Courtin et al.
(2002) who mentioned that the proteolytic activity of ST has no signifi-
cant effect either on bacterial growth or final pH of yoghurt in mixed cul-
ture with a proteolytic LB. This might be explained by the differences in
bacterial strains employed leading to their particular proteolytic profiles
and other experimental factors such as type and pre-treatment of base
milk as well as fermentation conditions.

3.2. Acidification profiles

The changes in pH were monitored every hour during fermentation
(Fig. 2A). At the end of fermentation, the pH values of all yoghurts
fermented by different types of starter cultureswere significantly differ-
ent (p b 0.05). Mixed ST-Prt−/LB showed the best capacity to acidify
milk followed by mixed ST-Prt+/LB, pure ST-Prt+, pure ST-Prt− and
pure LB respectively. The two mixed cultures were able to acidify milk
to a pH value below 5.0. However, only mixed ST-Prt−/LB was efficient
in lowering pH to a value below 4.6 atwhich caseins aggregate (Walstra
et al., 2006). Gel formationwas only observed in the samples fermented
with this mixed culture (data not shown). The similar capacity to lower
milk pHby amixed culture of ST and LBhas also been reported by others
(Courtin et al., 2002; Herve-Jimenez et al., 2009; Pinto et al., 2009).

Titratable acidity was expressed as % acid equivalent to lactic acid
(Fig. 2B). In pure cultures, ST-Prt+ showed the best capacity to produce
acid with an amount that is two-times higher than ST-Prt− and four-
times higher than LB at the end of fermentation. In mixed culture, ST-
Prt+ did not show good interaction with LB. The amount of acid pro-
duced by mixed ST-Prt+/LB (0.50%) was slightly higher than the sum
of acid produced by pure ST-Prt+ and pure LB together (0.41%). This re-
sult can be associatedwith the populations of ST-Prt+ and LBwhich are
not significantly different in pure culture and mixed culture. On the
other hand, the amount of acid produced by mixed ST-Prt−/LB
(0.64%) was almost three-times higher than the sum of acid produced
by pure ST-Prt− and pure LB together (0.22%). This observation is in ac-
cordance with the proto-cooperation observed on the growth of ST-
Prt− and LB in mixed culture. Obviously, the significant higher popula-
tions of the two species are expected to lead to higher acid production.

3.3. Volatile metabolite profiles determined by headspace SPME-GC/MS

In this study, a total of 35 compounds consisting of alcohols, carbon-
yl compounds, organic acids, sulfur compounds and heterocyclic com-
pound were identified in Nilac milk and set-yoghurts (Table S1). This
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list is comparable to the volatiles identified in yoghurt using headspace
SPME-GC/MS in other studies (Condurso et al., 2008; Erkaya and Sengul,
2011). The 35 compounds were introduced as variables for multivariate
analysis. If necessary, missing valueswere replaced by themedian of re-
spective variables.

An overall PCA score plot was constructed with a total variance of
73.4% (Fig. 3A). The samples fermented with mixed ST-Prt−/LB were
clearly separated from Nilac milk and from the samples fermented
with pure LB along PC1 (51.9% variance) while the distinction among
the samples fermented with pure ST-Prt+, pure ST-Prt− and mixed
ST-Prt+/LBwas not clearly visible. PC1 loading indicated that acetalde-
hyde, diacetyl, acetoin, acetic acid and butyric acidmainly accounted for
the separation of mixed ST-Prt−/LB from Nilac milk and other yoghurt
samples.

Heat-map visualization combined with HCA (Fig. 4) demonstrated
that acetaldehyde, dimethyl sulfide, 2-butanone, diacetyl, 2,3-
pentanedione, acetoin, 3-pentanol, 2-hydroxy-3-pentanone, acetic
acid, butyric acid and hexanoic acid were present in high relative abun-
dance (shown in red) in the samples fermented with mixed ST-Prt−/
LB. These compounds are desirable for a good organoleptic quality of yo-
ghurt. The dendrogram showed that Nilac milk and different yoghurt
samples could be well grouped according to their volatile metabolite
profiles. Unlike PCA, the samples fermented with pure ST-Prt+, pure
ST-Prt− and mixed ST-Prt+/LB could be clearly assigned into different
clusters.

In terms of technological relevance, all major yoghurt aroma vola-
tiles (Cheng, 2010); i.e. acetaldehyde (fresh, green, pungent), diacetyl
(buttery, creamy), acetoin (buttery), 2-butanone (sweet, fruity), 2,3-
pentanedione (buttery, vanilla-like) and acetic acid (vinegar, pungent)
were detectable in our study. The contributions of ST and LB to aroma
volatile formation in fermented milk are well documented (Beshkova
et al., 1998; Cheng, 2010; Tamime and Robinson, 2007; Walstra et al.,
2006). In pure cultures, the total numbers of volatiles identified were
A

Pure ST-Prt -

Mixed ST-Prt - / LB

Pure ST-Prt +

Pure LB

Nilac

Mixed ST-Prt + / LB

Mixed ST-Prt - / LB

Mixed ST-Prt + / LB

Nilac
Pure LB

Pure ST-Prt -

Pure ST-Prt +

B

Fig. 3. PCA score plots and loadings of PC1 derived from volatile metabolite profiles (panel A
fermented by a pure culture of S. thermophilus Prt+ (○),pure culture of S. thermophilus pr
S. thermophilus Prt+ with L. delbrueckii subsp. bulgaricus (●) and mixed culture of S. thermoph
almost equal in the samples fermented with pure ST-Prt+ (n = 20)
and ST-Prt− (n = 19) but higher compared to those in the samples
fermented with pure LB (n = 16) (Table S1). Acetaldehyde is the
most important compound contributing to typical yoghurt aroma
which can be derived from amino acid catabolism (Cheng, 2010). In
case of ST, threonine is converted into acetaldehyde by the activity of
threonine aldolase (Iyer et al., 2010). The two pure ST cultures showed
high capacity of acetaldehyde productionwithout difference depending
on their proteolytic activity. Indeed, the proteolytic activity of ST strains
was expected to have an impact on the concentrations of various vola-
tiles derived from amino acid catabolism; e.g. 1-methoxy-2-propanol
(Val), 2-methyl-1-butanol (Ile/Leu), 3-methyl-3-butanol (Leu), benzal-
dehyde (Trp/Phe), 3-methyl-2-butenal (Ile/Leu), 2,3-pentanedione
(Ile), 3-methyl-butanoic acid (Leu), 2-methyl-propanoic acid (Val),
acetic acid (Thr) and sulfur compounds (Cys/Met) (Ardö, 2006; Smit
et al., 2005). However, the two pure ST cultures only showed significant
differences between each other in concentration of 2-methyl-1-butanol
and 3-methyl-3-butanol. Possibly, the formation of these compounds
by the two pure ST cultures initially relies on the utilization of free
amino acids available in milk. Thus, the impact of different proteolytic
activity between the two ST strainswas not observed. Inmixed cultures,
although the total numbers of identified volatiles increased, relatively
low numbers were found in the samples fermented with mixed ST-
Prt+/LB (n = 25) compared to mixed ST-Prt−/LB (n = 32)
(Table S1). It was apparent that mixed ST-Prt+/LB did not show a sig-
nificant capacity to increase the concentration of major yoghurt aroma
volatiles compared to their pure cultures. On the other hand, all major
aroma volatiles were detected in significant higher abundance in the
samples fermented with mixed ST-Prt−/LB (Fig. 4). Furthermore, 3-
methyl-2-butanol, 3-octanone, 3-acetyl-2,5-dimethyl-furan, 3-methyl-
butanoic acid, 2-methyl-propanoic acid and pentanoic acid were exclu-
sively detected in the samples fermented with this mixed culture. As
previously mentioned, these compounds are derived from amino acid
Abundant in Nilac milk

Abundant in mixed 
ST-Prt- / LB

Loading PC1

Diacetyl

Acetoin

Acetic acid
Butyric acid

Acetaldehyde
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fermentation
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Glucose / Galactose
Lactate

Galactose    Glucose

Lactose    Citrate

Unknown 

Amino acids 
Amino 
acids 

Amino 
acids 

Glucose 

Lactate 

Lactate

) and non-volatile polar metabolite profiles (panel B) of Nilac milk (X) and set-yoghurt
otease Prt− (□), pure culture of L. delbrueckii subsp. bulgaricus (Δ),mixed culture of
ilus Prt−with L. delbrueckii subsp. bulgaricus (■).
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Fig. 4.Heat-map and hierarchical clustering of volatile metabolite profiles fromNilacmilk
and set-yoghurts fermented by different types of starter cultures. Dendrogram represents
sample clusters based on Pearson's correlation coefficient with average linkage. Each
square in the heat-map expresses normalized volatile content respected to the color
range. The red color indicates higher content of the corresponding compound.
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catabolism. Because the proteolytic activity of ST-Prt− is low, the for-
mation of these compounds relies on proteolytic activity of LB in the
mixed culture. Our results demonstrated that interaction between
these two strains generated a favorable yoghurt volatile profile resulting
in highest numbers of compounds identifiedwith significant abundance
of key-aroma compounds desirable for a good organoleptic quality of
yoghurt. This finding confirms the proto-cooperation between ST-
Prt− and LB as previously observed for bacterial growth and acidifica-
tion profile.

3.4. Non-volatile polar metabolite profiles determined by 1H NMR

In this study, a total of 43 metabolites including amino acids, carbo-
hydrates, organic acids, lipid derivatives, carbonyl compounds, a sulfur
compound and a nucleoside were presumptively identified (Fig. S1).
The quantification was performed by summation of signal intensities
in all bins corresponding to the target metabolite (Park et al., 2013).
The integrated intensities were finally expressed in log10 transformed
(arbitrary unit) (Table S2). For multivariate analysis, it should be
noted that the 43 identified metabolites accounted for labeling of 149
bins. A complementary data filtering by one-way ANOVA was per-
formed for selection of the remaining unknowns (Lamanna et al.,
2011). Finally, a total of 165 bins were introduced as variables for the
analysis.

An overall PCA score plot was constructed with a total variance of
73.6% (Fig. 3B). All yoghurt samples could be distinguished according
to different types of starter cultures along PC1 (58.6% variance). A com-
plete distinction was observed between Nilac milk and yoghurts
fermented with mixed cultures. The distinction between the samples
fermented with pure ST-Prt− and pure LB was small but they could
still be separated. Loading of PC1 indicated that lactose, citrate and un-
known bins contributed to the separation of Nilac milk from fermented
milk samples. The samples fermented with mixed cultures were clearly
determined by lactate, glucose, galactose andmost of themetabolites in
aliphatic and aromatic region including organic acids and free amino
acids. These compounds are well known as major products derived
from milk fermentation (Tamime and Robinson, 2007; Zourari et al.,
1992). Thus, the loading plot provides a good indication for metabolic
activity of mixed cultures of ST and LB during set-yoghurt fermentation.

Heat-map visualization combined with HCA (Fig. 5) demonstrated
that the majority of metabolites were present in high abundance
(shown in red), with exceptions for citrate and lactose, in the samples
fermented with mixed ST-Prt-/LB. Free amino acids were present in
high relative abundance, especially in the samples fermented with
pure ST-Prt+ and mixed ST-Prt-/LB. Interestingly, these protein-
breakdown products were less present when ST-Prt+ was inoculated
in mixed culture with LB, although they are both proteolytic strains.
The dendrogram showed that metabolite profiles of the samples
fermented with pure LB and pure ST-Prt− were less different from
Nilac milk, i.e. closely clustered together. This suggests lower metabolic
activity of these two cultures during fermentation. Anothermain cluster
consisted of the samples fermented with pure ST-Prt+which was well
separated frommixed ST-Prt+/LB and mixed ST-Prt−/LB. It can be ob-
served that Nilac milk and yoghurt samples are clearly grouped into dif-
ferent clusters according to their non-volatile polar metabolite profiles.
This observation corresponds with the results obtained from PCA.

Changes in lactose, galactose and lactic acid concentrations in milk
directly indicate the primary metabolic activity of ST and LB during yo-
ghurt fermentation (Tamime and Robinson, 2007) (Table S2). In pure
cultures, a significant decrease in lactose was only observed in the sam-
ples fermentedwith pure ST-Prt+. The concentration of lactatewas sig-
nificantly increased in the samples fermented with pure ST-Prt+
followed by pure ST-Prt− and pure LB respectively. This observation
agrees with the acidification profiles. In mixed cultures, the concentra-
tion of lactose and citrate significantly decreasedwhile those of glucose,
galactose and lactate were significantly increased. Moreover, dynamic
changes in several organic acids, e.g. acetate, benzoate, citrate, formate,
isobutyrate, orotate and succinate, were also revealed by 1H NMR. It
should be mentioned that these organic acids also contribute partially
to the titratable acidy of yoghurt. The results demonstrate that mixed
ST-Prt−/LB shows a higher capacity to generate these compounds com-
pared to mixed ST-Prt+/LB.

The influence of proteolytic activity was characterized by an overall
increase in free amino acid concentrations (proteolytic profile)
(Table S2). In pure cultures, significant increases in N-acetyl amino
acids, phenylalanine and valine were observed in the samples
fermented with pure ST-Prt+ whereas most of free amino acids were
significantly decreased in the samples fermented with pure ST-Prt−
and pure LB. This result demonstrates the impact of different proteolytic
activity between the two ST strains. Interestingly, the proteolytic profile
of samples fermented with mixed ST-Prt+/LB was not significantly dif-
ferent from those observed in pure cultures, although both strains have
an extracellular proteolytic activity. On the other hand, the proteolytic
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profile of samples fermented with mixed ST-Prt−/LB was evidently in-
creased. The concentrations of all free amino acidswere significantly in-
creased with an exception for tyrosine. The proto-cooperation between
ST-Prt− and LB provides not only growth stimulatory effect on the two
species but also exclusively stimulates the proteolytic activity of LB in
mixed culture. This assumption is supported by the work of Sieuwerts
et al. (2010) who reported a considerably higher expression of the pro-
teolytic gene (prtB-LBUL-1105) responsible for the extracellular protease
activity of LB in mixed culture.

In summary, the samples fermented with mixed ST-Prt−/LB dem-
onstrated a significant higher level of non-volatile flavor compounds
(Table S2), i.e. lactate, pyruvate, formate, succinate and free amino
acids (as precursors for yoghurt aroma formation) for a good
organoleptic quality of yoghurt (Cheng, 2010). These results confirm
the proto-cooperation between ST-Prt− and LB as observed previously
for bacterial growth, acidification and formation of aroma volatile
compounds.

4. Conclusions

The present study demonstrated that selection of suitable strain com-
binations between S. thermophilus and L. delbrueckii subsp. bulgaricus in
yoghurt starters is important for achieving the best technological perfor-
mance regarding the quality of product. Although S. thermophilus Prt+
showed the best capacity to grow individually in milk, it did not interact
well in mixed culture with L. delbrueckii subsp. bulgaricus. On the other
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hand, proto-cooperation between S. thermophilus Prt− and L. delbrueckii
subsp. bulgaricuswas evidently observed. The proto-cooperation resulted
in significant higher populations of the two species, more efficient milk
acidification, significant abundance of aroma volatiles and non-volatile
metabolites desirable for a good organoleptic quality of yoghurt. A com-
plementary metabolomics approach using headspace SPME-GC/MS and
1H NMR resulted in the identification of 35 volatiles and 43 non-volatile
polarmetabolites, respectively. Furthermore, multivariate statistical anal-
ysis allows discriminating set-yoghurts fermented by different types of
starter cultures according to their metabolite profiles.
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