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a b s t r a c t

The objectives of this study were to evaluate the growth and survival of the model probiotic strain
Lactobacillus plantarum WCFS1 in co-culture with traditional yoghurt starters and to investigate the
impact of preculturing on their survival and metabolite formation in set-yoghurt. L. plantarum WCFS1
was precultured under sublethal stress conditions (combinations of elevated NaCl and low pH) in a batch
fermentor before inoculation in milk. Adaptive responses of L. plantarum WCFS1 were evaluated by
monitoring bacterial population dynamics, milk acidification and changes in volatile and non-volatile
metabolite profiles of set-yoghurt. The results demonstrated that sublethal preculturing did not signif-
icantly affect survival of L. plantarum WCFS1. On the other hand, incorporation of sublethally precultured
L. plantarum WCFS1 significantly impaired the survival of Lactobacillus delbrueckii subsp. bulgaricus
which consequently reduced the post-acidification of yoghurt during refrigerated storage. A comple-
mentary metabolomics approach using headspace SPME-GC/MS and 1H NMR combined with multivar-
iate statistical analysis revealed substantial impact of sublethally precultured L. plantarum WCFS1 on the
metabolite profiles of set-yoghurt. This study provides insight in the technological implications of non-
dairy model probiotic strain L. plantarum WCFS1, such as its good stability in fermented milk and the
inhibitory effect on post-acidification.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Functional yoghurt variants have been produced by incorpo-
rating bacterial strains called “probiotics” which are defined as live
microorganisms which when administered in adequate amounts
confer a health benefit on the host (FAO/WHO, 2002). Probiotics
have beenwidely employed as adjunct cultures in the production of
fermented dairy products (Vasiljevic and Shah, 2008). Most com-
mercial probiotics incorporated in yoghurt are strains belonging to
the genera Lactobacillus and Bifidobacterium (Lourens-Hattingh and
Viljoen, 2001) of which functional and technological attributes
have been extensively documented (Vasiljevic and Shah, 2008).

Lactobacillus plantarum is a versatile facultative hetero-
fermentative lactic acid bacterium (LAB) present in plant-based
fermented foods as well as meat, fish and dairy products (de
Vries et al., 2006; Siezen et al., 2010). L. plantarum is also encoun-
tered as a natural inhabitant of the human gastrointestinal tract
with identified candidate probiotic genes and potential health-
associated properties (de Vries et al., 2006; Kleerebezem et al.,
2003; Siezen et al., 2012). A variety of L. plantarum strains, e.g.
299v and Lp01, have been commercialized in the probiotic
marketplace (de Vries et al., 2006; Shah, 2007). Advances in
“~omics” technologies were instrumental in making L. plantarum
WCFS1 one of the primary model organisms in LAB research
(Siezen and van Hylckama Vlieg, 2011). The complete genome
sequence of L. plantarum WCFS1, a single colony isolate of
L. plantarum NCIMB 8826 from human saliva, has been published
(Kleerebezem et al., 2003; Siezen et al., 2012). This has provided
insight in the potential probiotic properties including adhesion-
encoding genes as well as several genetic loci involved in the
immunomodulation capacity of this strain (Bron et al., 2012;
Kleerebezem et al., 2003). In addition, functional-genomics
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Table 1
Sublethal stress conditions (combination of elevated salt and low pH) modified in
MRS broth for preculturing of L. plantarum WCFS1 under a well-controlled batch
scale fermentor.

Salt stress Acid stress

Low pH Neutral pH

Low %NaCl 1.5% NaCl e pH 4.5 1.5% NaCl e pH 6.5
High %NaCl 4.5% NaCl e pH 4.5 4.5% NaCl e pH 6.5
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studies have extensively provided new information on how
L. plantarum responds to various environmental stresses from a
molecular perspective (Bron et al., 2012; Ricciardi et al., 2012).
Nevertheless, the information regarding the relation between
metabolomics profiling and technological aspects of applying
L. plantarum strains in a dairy-based environment such as fer-
mented milk is rather limited (de Bok et al., 2011; Georgieva et al.,
2009; Mirlohi et al., 2014; Piras et al., 2013).

It is recommended that a probiotic product should contain at
least 106 CFU/g of viable probiotic cells throughout the entire shelf-
life for ensuring their health-promoting effects (Vasiljevic and
Shah, 2008). However, many probiotic strains exhibit a low ca-
pacity to grow in milk during fermentation and are not able to
survive well in fermented milk during refrigerated storage
(Gueimonde et al., 2004). One of the strategies to improve the
viability of probiotics is stress adaptation which can be performed
by pretreating (preculturing) probiotic cells under sublethal stress
conditions prior to exposure to a more harsh environment
(Upadrasta et al., 2011). A previous study by the authors focusing on
two commercial probiotic strains, i.e. Lactobacillus rhamnosus GG
and Bifidobacterium animalis subsp. lactis BB12, demonstrated that
this approach allows probiotic cells to develop adaptive responses
leading to a significant increase in their survival in set-yoghurt
(Settachaimongkon et al., 2015). Furthermore, a complementary
metabolomics approach using headspace SPME-GC/MS and 1H
NMR successfully revealed a substantial impact on the metabolic
activity of yoghurt starters and probiotics demonstrated by
distinctive volatile and non-volatile polar metabolite profiles of the
fermented products (Settachaimongkon et al., 2014a, 2014b, 2015).
This information is technologically relevant since metabolic re-
sponses of stress-adapted probiotics may substantially affect the
biochemical and organoleptic characteristics of the product
(Serrazanetti et al., 2009).

The objectives of this study were to evaluate the growth and
survival of potential probiotic L. plantarum WCFS1 in co-culture
with traditional yoghurt starters and to investigate the impact of
preculturing under sublethal stress conditions (combinations of
elevated NaCl and low pH) on its survival and metabolite formation
in set-yoghurt. Changes in bacterial population dynamics and
extent of milk acidification were monitored during fermentation
and refrigerated storage. Biochemical changes associated with
bacterial metabolism were characterized by a metabolomics
approach using headspace SPME-GC/MS and 1H NMR technique.
Finally, volatile and non-volatile polar metabolite profiles of
yoghurt samples were statistically compared using multivariate
analysis.

2. Materials and methods

2.1. Yoghurt starters and potential probiotic strain

Frozen direct-vat-inoculation pellets of Streptococcus thermo-
philus C44 and Lactobacillus delbrueckii subsp. bulgaricus C49 (CSK
Food Enrichment, Ede, the Netherlands) were transferred to
ambient temperature (20 ± 3 �C) for 15 min before use. A culture of
L. plantarumWCFS1 (LP-WCFS1) obtained from NIZO food research
(Ede, the Netherlands) was propagated in our laboratory and stored
as a 20% (v/v) glycerol stock-culture at �80 �C. Before use, the
frozen LP-WCFS1 culture was re-propagated in MRS broth (1% (v/v)
inoculation) (Merck, Darmstadt, Germany) at 37 �C for 24 h under
anaerobic condition (Anoxomat™-Mart®, Drachten, the
Netherlands). Then, the cells were collected, washed and resus-
pended in milk to obtain a cell density of approximately 108 CFU/g
as described previously (Settachaimongkon et al., 2015). This cul-
ture was defined as control group, i.e. standard precultured LP-
WCFS1.
2.2. Preculturing of L. plantarum WCFS1 under sublethal stress
conditions

2.2.1. Screening for sublethal stress conditions
Suitable sublethal stress conditions, elevated NaCl concentra-

tion and low pH, for LP-WCFS1 were preliminary determined ac-
cording to themethod described by Settachaimongkon et al. (2015).
The concentrations of NaCl which caused 0.5 and 1.0 log reduction
of viable cells compared to those enumerated in unsalted MRS
broth after anaerobic incubation at 37 �C for 24 h (data not shown)
were determined as low and high sublethal NaCl levels, i.e. 1.5% and
4.5% (w/v), respectively. On the other hand, sublethal pH levels
were assigned at 1.0 pH unit above and below the optimum pH for
the growth of LP-WCFS1, i.e. pH 4.5 and 6.5. The combinations of
sublethal NaCl-pH treatments were finally organized as a 2 � 2
between subjects factorial design (Table 1).
2.2.2. Preculturing of L. plantarum WCFS1 in a batch fermentor
Preculturing of LP-WCFS1 was conducted in a 750 mLMultifors-

2 Bacterial System Bioreactor fully operated by IRIS-V.5.3 control
software (Infors HT, Bottmingen, Switzerland). The preculturing
conditions were adjusted and automatically maintained at a
desired pre-set values (37 �C; a combination of elevated NaCl and
low pH) as previously described (Settachaimongkon et al., 2015).
After 24 h (cells in stationary phase monitored by optical density;
data not shown), sublethally precultured LP-WCFS1 cells were
collected, washed and resuspended in milk before use. These steps
were performed to avoid carryover effects of chemicals and nutri-
ents from the preculturing medium which may significantly influ-
ence the metabolomics data derived from 1H NMR analysis
(Settachaimongkon et al., 2015). Sublethally precultured LP-WCFS1
was subsequently inoculated in co-cultures with traditional
yoghurt starters as described previously (Settachaimongkon et al.,
2015). The preculturing was performed in three batches for each
stress combination.
2.3. Set-yoghurt fermentation

Reconstituted Nilac skimmed milk (NIZO food research, Ede, the
Netherlands) was prepared according to the method previously
described (Settachaimongkon et al., 2014a). The pasteurized milk
was inoculated with co-cultures of yoghurt starters and different
types of LP-WCFS1, i.e. standard precultured (control) and four
types of sublethally precultured cells. The initial inoculum of the
two yoghurt starter bacteria and LP-WCFS1 were adjusted respec-
tively at 106 CFU/g (ratio 1:1:1). After inoculation, set-yoghurt
fermentation and sample collection were carried out according to
the methods previously described (Settachaimongkon et al.,
2014b). The fermentation was performed in three replicates for
each type of starter combination.
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2.4. Enumeration of viable bacteria

Viable counts of S. thermophilus were determined as previously
described (Settachaimongkon et al., 2014a). Viable counts of
L. delbrueckii subsp. bulgaricus were determined on MRS agar pH
5.7 (Merck, Darmstadt, Germany) after anaerobic incubation
(Anoxomat™-Mart®, Drachten, the Netherlands) at 45 �C for 72 h
(selectivity tested in this study). Viable counts of LP-WCFS1 were
determined on MRS agar pH 5.7 supplemented with 50 mg/L
vancomycin (Merck, Darmstadt, Germany) after anaerobic incuba-
tion at 37 �C for 24 h (modified from Saccaro et al. (2011)).
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2.5. Determination of acidification profile

Production of acid during set-yoghurt fermentation and storage
was expressed by changes in pH and increases in titratable acidity
as described previously (Settachaimongkon et al., 2014a).
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2.6. Analysis of volatile metabolites by headspace SPME-GC/MS

A model scenario of set-yoghurt fermentation was carried out
directly in GC vials (Settachaimongkon et al., 2014a). The fermen-
tation was performed in three replicates for each type of starter
combination. Extraction and determination of volatile compounds
by headspace SPME-GC/MS were performed according to the
method previously described (Settachaimongkon et al., 2014a).
Volatile metabolites were identified using AMDIS software (NIST,
Gaithersburg, MD, USA) referred to NIST/EPA/NIH database and an
in-house library (Hettinga et al., 2009). Specific retention time and
m/z model were used for automated peak integration in XCalibur
software package (Thermo Scientific, Austin, TX, USA).
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2.7. Analysis of non-volatile polar metabolites by 1H NMR
spectroscopy

For 1H NMR analysis, the samples from two replicates were
prepared according to the method previously described
(Settachaimongkon et al., 2014a). NOESY 1D-1H NMR measure-
ments were performed in a 600 MHz NMR spectrometer (Bruker,
Rheinstetten, Germany) operated with similar parameters as
described by Lu et al. (2013). The 1H NMR spectra were baseline-
corrected, phase-corrected, aligned and calibrated based on the
internal standard (TSP) peak. For each spectrum, chemical shift (d)
across the range of 0.00e10.00 ppmwas segmented (binning) with
an interval of 0.02 ppm (Settachaimongkon et al., 2014a). The signal
intensity in each bin was integrated and expressed in arbitrary
units using AMIX software (Bruker, Rheinstetten, Germany).
Metabolite labels were assigned to the bins by means of Chenomx
NMR suite 7.5 library (Chenomx Inc., Alberta, Canada) and from the
list of metabolites identified by Settachaimongkon et al. (2014a).
For unlabeled bins, significant variables were selected based on
one-way ANOVA at 95% confidence level.
5.0
0 1 2 3 4 7 14 21 28
Fermentation                           Storage

(hour) (day)

Fig. 1. Changes in viable counts of S. thermophilus (ST, D; panel A), L. delbrueckii subsp.
bulgaricus (LB, ☐; panel B) and L. plantarum WCFS1 (LP, �; panel C) during set-yoghurt
fermentation (4 h) and refrigerated storage (28 days). Data are labeled according to the
preculturing conditions of LP: standard precultured (control) group ( ; black
markers), LP precultured at 1.5% NaCl-pH 4.5 ( ; white markers), 1.5% NaCl-pH 6.5
( ; black markers), 4.5% NaCl-pH 4.5 ( ; white markers) and 4.5% NaCl-pH 6.5
( ; black markers). Error bars represent standard deviations based on three
replicates.
2.8. Statistical analysis

ANOVA and multiple comparisons by Tukey's test were per-
formed using IBM-SPSS statistics package version 21 (SPSS Inc.,
Chicago, IL, USA). A probability at P < 0.05 was considered statis-
tically significant. Metabolomics data were normalized before
multivariate analysis (Settachaimongkon et al., 2014a). Principal
component analysis was performed using Multi-Experiment
Viewer (MeV) version 4.8 (www.tm4.org/mev/).
3. Results

3.1. Bacterial growth and survival

Viable counts of yoghurt starters and probiotics were enumer-
ated during set-yoghurt fermentation and refrigerated storage
(Fig. 1). Bacterial populations in the samples co-fermented with
sublethally precultured LP-WCFS1 were compared with those
observed in the samples co-fermented with standard precultured
LP-WCFS1 (control group). The main effects of individual stress
factors, i.e. elevated NaCl and low pH, and their interaction were

http://www.tm4.org/mev/


Table 2
ANOVA of themain effects of individual stress factors, i.e. NaCl and pH, and the interaction on the viability of L. delbrueckii subsp. bulgaricus C49, pH and titratable acidity in set-
yoghurts co-fermented with L. plantarum WCFS1 and the precultured cells.

Measured parameter at the end of storage (28 days) Non-precultured LPa (control
group)

Precultured LP Test of significant effects

1.5% NaCl 4.5% NaCl Main effect Interaction

pH 4.5 pH 6.5 pH 4.5 pH 6.5 NaCl pH NaCl*pH

Viable counts of L. delbrueckii subsp. bulgaricus (log
CFU/g)

8.1 ± 0.1bb 7.3 ± 0.2a 8.1 ± 0.1b 7.2 ± 0.2a 7.4 ± 0.2a P < 0.01 P < 0.01 P ¼ 0.01

pH value 4.1 ± 0.1a 4.3 ± 0.1ab 4.1 ± 0.1a 4.3 ± 0.0b 4.3 ± 0.0b P < 0.05 P< 0.05 P> 0.05
Titratable acidity (% lactic acid) 0.98 ± 0.02b 0.83 ± 0.03a 0.94 ± 0.01b 0.77 ± 0.02a 0.84 ± 0.04a P < 0.05 P< 0.05 P> 0.05

a Lactobacillus plantarum WCFS1.
b Letters indicate significant difference (P < 0.05) among mean values within the same row.

3.5

4.0

4.5

5.0

5.5

6.0

6.5

7.0

0 1 2 3 4 7 14 21 28
pH

A

-0.15
0.00
0.15
0.30
0.45
0.60
0.75
0.90
1.05
1.20
1.35

0 1 2 3 4 7 14 21 28

In
cr

ea
se

 in
 T

itr
at

ab
le

 a
ci

di
ty

 
(%

 e
qu

iv
al

en
t l

ac
tic

 a
ci

d)

Fermentation                               Storage 
(hour)                                        (day)

B

Fig. 2. Changes in pH (panel A) and titratable acidity (panel B) during fermentation
(4 h) and refrigerated storage (28 days) in set-yoghurts co-fermented with L. plantarum
WCFS1 (LP) and their stress-adapted cells. Data are labeled according to the pre-
culturing conditions of LP; i.e. standard precultured (control) group ( , -), LP
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determined using two-way ANOVA with 2 � 2 between subjects
factorial design (Table 2).

Growth (increase in viable count during fermentation) and
survival (retention in viable count during refrigerated storage) of
S. thermophilus were not significantly affected by the incorporation
of any of the LP-WCFS1 cultures (Fig. 1A). Their viable counts
increased by 2.2 log units to reach and average value of 8.5 ± 0.1 log
CFU/g at the end of fermentation and remained stable (above 8.0
log CFU/g) towards the end of storage. Also the growth of
L. delbrueckii subsp. bulgaricus during fermentation was not
affected by co-cultivation with sublethally precultured LP-WCFS1
resulting in an average value of 8.1 ± 0.1 log CFU/g at the end of
fermentation. On the other hand, deviations in the survival of
L. delbrueckii subsp. bulgaricus during refrigerated storage were
clearly observed (Fig. 1B). The survival of L. delbrueckii subsp. bul-
garicus was significantly impaired (P < 0.01) by co-cultivation with
LP-WCFS1 precultured at 1.5% NaCl-pH 4.5 and 4.5% NaCl (with
either pH 4.5 or 6.5) resulting in significantly lower average viable
counts (7.2 ± 0.2 log CFU/g) compared to the control group
(8.1 ± 0.1 log CFU/g) at the end of storage. The main effects of NaCl
and pH as well as their interaction accounted on sublethally pre-
cultured LP-WCFS1 cells provided an indirectly adverse effect on
the stability of L. delbrueckii subsp. bulgaricus during storage
(Table 2). Although none of the LP-WCFS1 cultures used in this
study could grow in milk during fermentation, these bacteria
demonstrated very good stability in set-yoghurt during refrigerated
storage (Fig. 1C). The viable counts of standard precultured LP-
WCFS1 and all sublethally precultured cells remained virtually
stable from the beginning of fermentation throughout the entire
duration of storage (ca. 6.2 ± 0.1 log CFU/g).
precultured at 1.5% NaCl-pH 4.5 ( , ☐), 1.5% NaCl-pH 6.5 ( , ), 4.5% NaCl-
pH 4.5 ( , ) and 4.5% NaCl-pH 6.5 ( , ). Error bars represent standard
deviations based on three replicates.
3.2. Acidification profiles

Changes in pHweremonitored during set-yoghurt fermentation
and refrigerated storage (Fig. 2A). Similar pH decrease patterns
were observed during fermentation in all yoghurt samples
regardless of the types of preculturing of the LP-WCFS1 culture,
resulting in an average pH value of 4.5 ± 0.1 at the end of
fermentation. During refrigerated storage, co-fermentation with
standard precultured LP-WCFS1 and LP-WCFS1 precultured at 1.5%
NaCl-pH 6.5 demonstrated similar pH decrease pattern resulting in
a final pH value of 4.1 ± 0.0. On the other hand, deviations in the
reduction of pH were observed in the samples co-fermented with
LP-WCFS1 precultured at 1.5% NaCl-pH 4.5 and 4.5% NaCl (with
either pH 4.5 or 6.5) resulting in an average pH value of 4.3 ± 0.1 at
the end of storage. Although this variation appeared to be small,
statistical tests demonstrated a significant difference (P ¼ 0.02)
compared to the control group. The main effects of NaCl and pH
(without interaction) contributed significantly (P< 0.05) to the final
pH of yoghurt samples (Table 2).
The titratable acidity, expressed as % equivalent lactic acid (w/
w), was subtracted by its initial value in the sample at 0 h (unfer-
mented milk) and presented as titratable acidity produced by
bacterial activity (Fig. 2B). The result did not show significant dif-
ference in titratable acidity among yoghurt samples at the end of
fermentation (0.64 ± 0.04%), with one exception. A lower acid
production during storage was observed in the samples co-
fermented with LP-WCFS1 precultured at 1.5% NaCl-pH 4.5 and
4.5% NaCl (with either pH 4.5 or 6.5). These cultures resulted in a
significant lower titratable acidity (0.81 ± 0.04%) (P ¼ 0.01)
compared to the control group (0.96 ± 0.03%). The two main effects
of NaCl and pH (without interaction) accounted on stress-adapted
LP-WCFS1 cells contributed significantly (P < 0.05) on the differ-
ence in titratable acidity among yoghurt samples at the end of
storage (Table 2). This result is in agreement with the reduction of
pH previously observed.



Standard LP
LP 1.5% NaCl (pH 4.5 & 6.5)

LP 4.5% NaCl (pH 4.5 & 6.5)

Determinant for standard LP /
LP precultured at 4.5% NaCl

Determinant for LP precultured at 1.5% NaCl PC1  Loading

3-Acetyl-2,5-
dimethylfuran

Dimethylsulfide
Acetic acid

1-Methoxy-2-
propanol

2-Ethylhexanol
3-Methyl-2-butenal

2-Methyl-1-butanol

Determinant for LP precultured at 4.5% NaCl

Determinant for standard LP /
LP precultured at 1.5% NaCl

PC2  Loading

3-Acetyl-2,5-
dimethylfuran

Dimethylsulfide
2-Nonanone

2-Undecanal2-Methyl-1-butanol

Nonanoic
acid

1-Octanol

2-Undecanone

Acetic acid
3-Methyl-
3-butanol1-Butanol

2-Butanone

Fig. 3. Overall PCA score plot and PC loadings derived from volatile metabolite profiles of set-yoghurts co-fermented with standard precultured L. plantarum WCFS1 (LP) (C), LP
precultured at 1.5% NaCl-pH 4.5 (>), 1.5% NaCl-pH 6.5 ( ), 4.5% NaCl-pH 4.5 (D) and 4.5% NaCl-pH 6.5 ( ).
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3.3. Volatile metabolite profiles determined by headspace SPME-
GC/MS

Volatile metabolite profiles of set-yoghurts co-fermented with
different types of LP-WCFS1 were evaluated at the end of fermen-
tation (4 h) and every two weeks during storage (14 d and 28 d)
according to the method described in our previous study
(Settachaimongkon et al., 2015). A total of 35 volatile metabolites
consisting of alcohols, carbonyl compounds, organic acids, sulfur
compounds and heterocyclic compound were identified (Table S1).
These compounds were introduced as variables for multivariate
analysis. Principal component analysis (PCA) was performed to
distinguish the volatile metabolite profiles among set-yoghurts co-
fermented with standard precultured LP-WCFS1 and their suble-
thally precultured cells. Samples from three replicates were sta-
tistically treated as individual objects.

An overall PCA score plot was constructed with a total explained
variance of 61% (n ¼ 45) (Fig. 3). The result demonstrated that
volatile profiles of the samples co-fermented with standard pre-
cultured LP-WCFS1 were completely different from those co-
fermented with (i) LP-WCFS1 precultured at 1.5% NaCl (with
either pH 4.5 or 6.5) along PC1 (33.1% variance) and (ii) LP-WCFS1
precultured at 4.5% NaCl (with either pH 4.5 or 6.5) along PC2
(27.7% variance). The PC-loading indicated which metabolites were
accountable for discrimination. The PC1-loading indicated that
dimethyl sulfide, 3-methyl-2-butenal, acetic acid and 2-ethyl-
hexanol were the key determinant of samples co-fermented with
LP-WCFS1 precultured at 1.5% NaCl while the PC2-loading indicated
that 2-butanone, 1-butanol, 3-methyl-3-butanol, 3-pentanol, acetic
acid, 2-ethyl-hexanol and nonanoic acid were the key determinant
of samples co-fermented with LP-WCFS1 precultured at 4.5% NaCl.
Among the indicative metabolites mentioned, acetic acid (vinegar,
pungent) and 2-butanone (sweet, fruity) are two of the major
compounds responsible for distinctive aroma profile of yoghurt
(Cheng, 2010). These two compounds were detected in significantly
higher abundance in the samples co-fermented with sublethally
precultured LP-WCFS1, especially at 4.5% NaCl (with either pH 4.5
or 6.5) (Fig. 4).

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

For non-volatile polar metabolite profiling, NOESY-1D-1H NMR
spectra of set-yoghurts were processed according to the method
described previously (Settachaimongkon et al., 2014a). A total of 43
metabolites including amino acids, carbohydrates, organic acids,
lipid derivatives, carbonyl compounds, a sulfur compound and a
nucleoside were identified. The quantification was achieved by
summation of signal intensities in all bins corresponding to the
respective metabolite (Park et al., 2013) and expressed in log10
transformed values (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 ANOVAwas performed for selection of the remaining unknowns
(Lamanna et al., 2011). Finally, a total of 266 bins were introduced



Fig. 4. Quantity of acetic acid and 2-butanone present in set-yoghurts co-fermented
with standard precultured L. plantarum WCFS1 (LP) (-), LP precultured at 1.5% NaCl-
pH 4.5 (☐), 1.5% NaCl-pH 6.5 ( ), 4.5% NaCl-pH 4.5 ( ) and 4.5% NaCl-pH 6.5 ( ) at the
end of fermentation (4 h) and the end of storage (28 days). Error bars represent
standard deviations based on three independent replicates. (*) indicates significant
differences among mean values (P < 0.05) of specific compound quantified in samples
at the same time point.
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as variables in the analysis.
An overall PCA score plot was constructed with a total explained

variance of 43% (n ¼ 20) (Fig. 5A). The result demonstrated that
non-volatile polar metabolite profiles of the samples co-fermented
with LP-WCFS1 precultured at 1.5% NaCl (with either pH 4.5 or 6.5)
could be well distinguished from those of LP-WCFS1 precultured at
4.5% NaCl (with either pH 4.5 or 6.5) and standard precultured LP-
WCFS1 along PC1 (30.3% variance). The PC1-loading indicated that
themajority of metabolites contributed to the separation of the two
latter groups. However, a clear distinction between the samples co-
fermented with standard precultured LP-WCFS1 and LP-WCFS1
precultured at 4.5% NaCl (with either pH 4.5 or 6.5) was not
observed. Thus, an additional PCA score plotwas constructedwith a
total variance of 36.2% (n¼ 12) (Fig. 5B). The result revealed that the
samples co-fermented with standard precultured LP-WCFS1 could
be distinguished from those of LP-WCFS1 precultured at 4.5% NaCl
(with either pH 4.5 or 6.5) along PC3 (9.5% variance).
4. Discussion

During yoghurt production, high acidity, shifts in osmotic
pressure stress and application of additives are among the main
environmental factors encountered by probiotics (Mohammadi
et al., 2012). Combinations of these stress factors were employed
during preculturing of LP-WCFS1 in a batch fermentor. Further-
more, it has been reported that stress responses vary depending on
the growth phase of LAB, i.e. cells in stationary phase develop more
general resistance to various types of stresses compared to cells in
the exponential growth phase (Saarela et al., 2004). Therefore, the
preculturing in this study was prolonged for 24 h to obtain stress-
adapted LP-WCFS1 cells, harvested in the stationary phase.

The vigorous growth and good retention of survival of
S. thermophilus C44 and L. delbrueckii subsp. bulgaricus C49 during
set-yoghurt fermentation and refrigerated storage have been dis-
cussed previously (Settachaimongkon et al., 2014b). In co-cultures
with potential probiotic LP-WCFS1, it was interesting to see that
the survival of L. delbrueckii subsp. bulgaricus during refrigerated
storage was significantly impaired by co-culturing with LP-WCFS1
precultured at 1.5% NaCl-pH 4.5 and 4.5% NaCl (with either pH
4.5 or 6.5). On the other hand, there was no adverse effect observed
on the survival of S. thermophilus. A proposed explanation for this is
that sublethal preculturing may trigger the synthesis of certain
compounds in stress-adapted LP-WCFS1 which provide inhibitory
effect on L. delbrueckii subsp. bulgaricus. Many members of LAB are
known to produce peptides or proteins with antimicrobial activity,
i.e. bacteriocins, to improve their competitiveness against closely
related species (Jack et al., 1995). Bacteriocins produced by different
strains of L. plantarum, i.e. plantaricins, have been identified and
characterized (da Silva Sabo et al., 2014; Olasupo, 1996). It has been
documented that environmental factors, e.g. sugar, NaCl, pH and
temperature, play an important role in regulation of bacteriocin
production in L. plantarum (Leal-S�anchez et al., 2002; Olasupo,
1996). Moreover, induction of bacteriocin production by co-
culturing with a range of bacterial strains, including yoghurt
starters, appeared to be a common feature in L. plantarum (Li et al.,
2015; Maldonado-Barrag�an et al., 2013). The LP-WCFS1 genome
provided evidence for the presence of genes (pln genes) encoding
plantaricin synthesis (Kleerebezem et al., 2003; Siezen and van
Hylckama Vlieg, 2011). Although the native state of LP-WCFS1
was found to be a bacteriocin negative strain, Sturme et al. (2007)
reported that its bacteriocin production could be induced. Plan-
taricins produced by LP-WCFS1 showed activity against closely
related species which can be found in the same ecological niches
(Sturme et al., 2007). The adverse effect of stress-adapted LP-
WCFS1 on the survival of L. delbrueckii subsp. bulgaricus found in
this study is an interesting observation, possibly explained by
induced plantaricins production but requiring further investigation
to deliver direct evidence for the involvement of this bacteriocin.

Regarding the effect of sublethal preculturing on growth and
survival of LP-WCFS1, there was no significant difference observed
among the standard precultured LP-WCFS1 and the sublethally
precultured cells. None of preculturing conditions applied in this
study could enhance the growth of LP-WCFS1 during set-yoghurt
fermentation. The limited capacity of L. plantarum to grow in milk
is explained by its weak proteolytic activity (Georgieva et al., 2009).
This observation corresponds with our previous study on
L. rhamnosus GG and B. animalis subsp. lactic BB12 in which we also
did not manage to find a suitable preculturing condition for suc-
cessful growth improvement of probiotics in milk
(Settachaimongkon et al., 2015). However, unlike L. rhamnosus GG
and B. animalis subsp. lactic BB12, all cultures of LP-WCFS1
exhibited extremely good survival in set-yoghurt. Their pop-
ulations remained virtually stable from the starting point of
fermentation throughout the entire duration of storage. This
observation is in agreement with the work of Mirlohi et al. (2014)
who found that survival of L. plantarum A7 in yoghurt was irrele-
vant to milk acidification. High survival of various strains of
L. plantarum in fermented milk has also been reported (Georgieva
et al., 2009; Maragkoudakis et al., 2006; Mirlohi et al., 2014).
Furthermore, the genome sequence of LP-WCFS1 provided insight
on how this LAB strain may have adapted to growth in diverse
environmental niches such as fermented foods, plants, and the
human gastrointestinal tract (Kleerebezem et al., 2003). Indeed, it
should be mentioned that the final viable counts of LP-WCFS1 and
the sublethally precultured cells in this study remained above the
minimum recommended level (6.0 log CFU/g) to ensure their po-
tential health-promoting effects (Shiby and Mishra, 2013). This
information makes LP-WCFS1 a good candidate probiotic strain for
yoghurt production.

A significantly higher pH and lower titratable acidity were
observed at the end of storage in the samples co-fermented with
LP-WCFS1 precultured at 1.5% NaCl-pH 4.5 and LP-WCFS1 precul-
tured at 4.5% NaCl (with either pH 4.5 or 6.5). Although the varia-
tion in final pH appeared to be small, yoghurt samples could be
categorized into different product segments: (i) mild (pH28d > 4.30)
for those co-fermentedwith LP-WCFS1 precultured at 1.5% NaCl-pH
4.5 and 4.5% NaCl (with either pH 4.5 or 6.5) and (ii) semi-mild
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Fig. 5. Overall PCA score plot and PC loading derived from non-volatile polar metabolite profiles of set-yoghurts co-fermented with standard precultured (control) L. plantarum
WCFS1 (LP) (C), LP precultured at 1.5% NaCl-pH 4.5 (>), 1.5% NaCl-pH 6.5 ( ), 4.5% NaCl-pH 4.5 (D) and 4.5% NaCl-pH 6.5 ( ). Overall comparison among the groups of LP (panel A)
and comparison between standard precultured LP and LP precultured at 4.5% NaCl (panel B) are respectively presented.
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(4.00 < pH28d < 4.25) for those co-fermented with standard pre-
cultured LP-WCFS1 and LP-WCFS1 precultured at 1.5% NaCl-pH 6.5
according to the information provided by yoghurt starters supplier
(CSK, 2013). The reduction of pH and accumulation of organic acids
during refrigerated storage of fermented milk are defined as “post-
acidification” which is mainly attributed to the ongoing metabolic
activity of L. delbrueckii subsp. bulgaricus (Shah, 2000).With respect
to this, the significantly lower post-acidification observed in set-
yoghurts co-fermented with sublethally precultured LP-WCFS1
could be associated with the decrease in viable counts of
L. delbrueckii subsp. bulgaricus as discussed previously.

Adaptive stress responses in LAB are associated with the
modification of various physiological features (Van de Guchte et al.,
2002). The development of cellular protective mechanisms in lac-
tobacilli induced by acid and osmotic stress have been discussed in
our previous study (Settachaimongkon et al., 2015). In short, acid
stress induces physiological adaptation known as acid tolerance
response (ATR) for the induction of pH homeostasis, whereas os-
motic stress results in the accumulation of compatible solutes and
activation of membrane associated proteins for maintaining turgor
pressure of the cell (Serrazanetti et al., 2009; Van de Guchte et al.,
2002). Recently, genes encoding different stress-related proteins
have been identified in the genome of L. plantarum WCFS1
(Kleerebezem et al., 2003). Adaptation to stress induces alterations
in the metabolic activity of bacterial cells leading to substantial
changes in their technological and functional performances
(Serrazanetti et al., 2009; Siragusa et al., 2014). As a result, a broader
variety of metabolites can be formed which may considerably in-
fluence the biochemical characteristics of the fermented product
(Serrazanetti et al., 2009). PCA patterns observed in this study
confirm the impact of incorporation of sublethally precultured LP-
WCFS1 on the metabolome of yoghurt. Relating to the adverse ef-
fect on the survival of L. delbrueckii subsp. bulgaricus and significant
decrease in post-acidification mentioned previously, a distinction
between metabolite profiles of the samples co-fermented with LP-
WCFS1 precultured at 1.5% NaCl-pH 4.5 and pH 6.5 was expected.
However, PCA results revealed that volatile and non-volatile
metabolite profiles of the samples co-fermented with these two
cultures were relatively close to each other. This observation sug-
gests that only the effect of NaCl accounted on stress-adapted LP-
WCFS1 cells predominantly contributes to the distinctive metab-
olome of set-yoghurt.

The effect of traditional yoghurt starters and various
L. plantarum strains on production of volatile aroma compounds
and non-volatile metabolites in fermented milk has been docu-
mented (Cheng, 2010; de Bok et al., 2011; Randazzo et al., 2007;
Routray and Mishra, 2011). Regarding the influence of sublethal
preculturing, a higher production of acetic acid and higher alcohols
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derived from catabolism of pyruvate and various amino acids was
reported to be associated with the ATR in lactobacilli (Serrazanetti
et al., 2009). Loading plots derived from PCA indicated that
dimethyl sulfide, 3-methyl-2-butenal, acetic acid, 2-ethyl-hexanol,
2-butanone, 1-butanol, 3-methyl-3-butanol and nonanoic acid
were the major metabolites contributing to discriminate volatile
profiles of the samples co-fermented with sublethally precultured
LP-WCFS1. Besides this, lactobacilli have systems for accumulating
compatible solutes, i.e. glycine-betaine, carnitine, proline and
glutamate, for maintaining turgor pressure of the cell against os-
motic stress (Van de Guchte et al., 2002). According to the quan-
tification of non-volatile metabolites (Table S2), a lower
concentration of pyruvate and proline were clearly observed in the
samples co-fermented with sublethally precultured LP-WCFS1.
Taking into account the adverse effect on post-acidification, varia-
tions in these aroma volatile, especially acetic acid and 2-butanone,
as well as non-volatile metabolites may considerably influence the
organoleptic quality of product. Furthermore, it is possible that the
metabolic activity of LP-WCFS1 and its sublethally precultured cells
may result in an undesirable sensory profile of yoghurt, since this
potential probiotic strain was originally isolated from a non-dairy
environment (Kleerebezem et al., 2003). Therefore, a research
focusing on sensory evaluation of yoghurt with trained panelists is
essentially required.

5. Conclusions

This study provides relevant information on the technological
implications of the use of untreated and sublethally precultured LP-
WCFS1. Although LP-WCFS1 showed poor capacity to grow in milk,
its viable counts remained stable in set-yoghurt throughout the
entire duration of refrigerated storage. The presence of standard LP-
WCFS1 did not influence the growth and survival of yoghurt
starters as well as acidification profile of product. This finding
makes LP-WCFS1 a good probiotic candidate for yoghurt manu-
facture. Interestingly, incorporation of LP-WCFS1 precultured at
1.5% NaCl-pH 4.5 and 4.5% NaCl (with either pH 4.5 or 6.5) signif-
icantly impaired the survival of L. delbrueckii subsp. bulgaricus
during refrigerated storage. This consequently provided a signifi-
cant reduction of post-acidification.
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