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Abstract: A wheat gluten fermentation process with the inoculation of different microorganisms
under salt-free conditions has the potential to produce varying flavour profiles. As research on the co-
fermentation of yeasts and lactic acid bacteria (LAB) in salt-free wheat gluten fermentation is scarce,
the current work studied the flavour impact on fermented wheat gluten by the co-inoculation of
Latilactobacillus sakei with one yeast (Saccharomyces boulardii or Pichia kluyveri). The results showed that
similar glucose and organic acid levels were detected, but early death of yeasts was observed during
liquid-state fermentation (LSF) in co-fermentations. The concentrations of most free amino acids were
comparable. Volatile compound analysis showed synergistic effects in co-cultured fermentations
on the production of certain compounds such as isoamyl acetate. Principal component analysis
revealed clear differences in volatile profiles between co-fermentation and single-strain fermentation.
Therefore, a fermented sauce produced by co-inoculating LAB and yeast with a new and fruitier
flavour was developed.

Keywords: co-culture; flavour; solid-state fermentation; liquid-state fermentation; lactic acid bacteria;
yeast

1. Introduction

Fermentation as a traditional biopreservation method has been widely used in the
food industry to extend shelf life, and at the same time, impart characteristic flavours to
products [1]. Among the various fermented products, the aroma profiles of beer, wine
and soy sauce have been well characterized, and yeasts play a key role in some signature
aroma production such as fruitiness and floral flavour [2–6]. One of the most important
pathways for fruity and floral aroma generation by yeast is through the Ehrlich pathway
of amino acid metabolism. Branched-chain or aromatic amino acids including leucine,
isoleucine, valine and phenylalanine are transaminated, decarboxylated and reduced to
form flavour active alcohols, and subsequently esters [7,8]. Under different environmental
conditions, the transcription and translation of one of the key enzymes, alcohol acetyl-CoA
transferase, for ester production can be regulated, depending on a number of factors such
as temperature, amount of unsaturated fatty acid and availability of precursors [9,10]. Thus,
the efficiency of the production of flavour-active compounds could be affected by many
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external factors, and it could potentially be improved by the modulation of fermentation
conditions.

Many studies have reported on beneficial interactions between LAB and yeasts in a
variety of food products, such as wine, coffee, dairy products and sourdough, to boost
desirable flavour compounds [11–14], demonstrating the potential of co-culturing non-
halophilic LAB and yeast to generate interesting aroma compounds in a zero-salt or low-salt
environment. However, salt is usually added at high concentrations in many savoury sauce
fermentation processes. To ensure the survival of microbes under high-salt fermentation
conditions, halophilic yeasts and lactic acid bacteria (LAB) are also usually involved in
the spontaneous fermentation of soy sauce. Many studies have explored the possibility
of co-inoculation of yeasts and LAB into soy sauce, with special focus on the effect of
halophilic strains that could survive in the high-salt condition in soy sauce fermentation [5].
The halophilic LAB strain Tetragenococcus halophilus has been paired with Zygosaccharomyces
rouxii, showing enhanced taste and more complex volatile compounds production [15],
higher levels of key volatile compounds such as 4-hydroxy-2,5-dimethyl-3(2H)-furanone
(HDMF) [16] and improved levels of sweet and umami amino acids [17]. Meyerozyma (Pichia)
guilliermondii is sometimes co-inoculated with Z. rouxii, and some key volatile flavour
compounds such as HDMF and 2-methyl-1-propanol were reported to increase [16,18].
However, most of the reported co-cultured fermentations were conducted using halophilic
strains with the presence of salt in soybean-based substrates, and similar research is scarce
on wheat gluten under salt-free conditions using non-halophilic LAB and/or yeasts to
produce a savoury sauce product.

Since the co-inoculation of yeast and LAB is a commonly used method in salt-containing
sauce fermentation, and also given the abundant knowledge of aromatic compound pro-
duction by non-halophilic yeasts under salt-free conditions in the wine industry, we hy-
pothesize that if a bacteriocin-producing LAB could be selected and paired up with a
non-halophilic wine yeast under salt-free conditions, there is a potential of producing a
fermented savoury product with a new flavour direction, which can be differentiated from
traditional soy sauce. In our previous study, we demonstrated that the single-inoculation of
Lactobacillus sakei LTH673, Pichia kluyveri FrootZen or Saccharomyces boulardii NCYC3264 in a
salt-free wheat gluten fermentation process could lead to differentiating flavour profiles [19].
In this study, in order to further modify or intensify flavour production, a similar fermenta-
tion process with a slight modification was carried out. Wheat gluten, the dough-forming
protein in wheat, was still selected as the protein source to carry out salt-free fermentation
based on a patent by Baensch et al. [20] and Lim et al. [21], which involves a short salt-free
fermentation process using LAB. Given the salt-free condition, we investigated the impact
of the co-inoculation of non-halophilic bacteriocingenic Latilactobacillus sakei LTH673 with
Pichia kluyveri FrootZen or Saccharomyces boulardii NCYC 3264 on the flavour compound
profiles of fermented salt-free wheat gluten.

2. Materials and Methods
2.1. Chemicals, Reagents and Microorganisms

L. sakei subsp. sakei LTH673 (“LSK”) was obtained from Nestlé Culture Collection
(Lausanne, Switzerland). P. kluyveri FrootZen (“FZ”) was bought from Chr. Hansen
(Hørsholm, Denmark). S. boulardii NCYC 3264 (“3264SB”) was procured from National
Collection of Yeast Culture (Norwich, UK). Aspergillus oryzae koji seed Ichimurasaki was
purchased from Bio’C (Aichi, Japan). The growth and storage conditions were set as
reported by Chen et al. [19].

2.2. Solid-State Fermentation (SSF)

Wheat gluten obtained from the Nestlé Dongguan factory in China and a 0.84% w/w
acetic acid solution (Mercury Chemicals, Singapore) were mixed together at 186:119 (w/w).
The wetted wheat gluten was rested for 20 min before being cooked at 100 ◦C for 20 min. It
was left at room temperature to cool before the inoculation of strains.
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Two inoculated samples were then prepared: FZCO samples were inoculated with P.
kluyveri FrootZen to reach a final count of approximately 104 CFU/mL and L. sakei LTH673
to reach a final count of approximately 105 CFU/mL based on the calculation of stock count
and total weight of the substrate; 3264CO samples were inoculated with S. boulardii NCYC
3264 to reach a final count of approximately 104 CFU/mL and L. sakei LTH673 to reach a
final count of approximately 105 CFU/mL based on the calculation of stock count and total
weight of the substrate. The inoculated gluten was incubated in a sterile incubation box
with width of 20 mm, length of 20 mm and height of 10 mm for SSF. The temperature of the
system was set to be 30 ◦C from 0 to 24 h, 29 ◦C from 25 to 34 h and 26 ◦C from 35 to 40 h.
Aeration was achieved by pumping 20 L/h filtered compressed air into the system from
the bottom of the system where a tray of water was placed. After 40 h of SSF, the koji was
harvested and stored at −80 ◦C before LSF. The koji was stored for a maximum of 4 weeks.

2.3. Liquid-State Fermentation (LSF)

LSF was conducted after SSF by mixing the koji with sterile milli Q water at 7:13 (w/w)
and incubating it for four days in a bioreactor (Infors HT, Singapore). Temperature was
set to be 30 ◦C on the first day, paired with a build-in pH stat with 32% sodium hydroxide
(Chemical Industries Far East Ltd., Singapore) to maintain the pH above 6.5. From the
second day onwards, pH was allowed to drop with the removal of pH control, and the
temperature was raised to 35 ◦C until the fourth day. The stirring was set to be 400 rpm
throughout the LSF. Daily samples were stored at −80 ◦C before analysis.

2.4. Microbial Enumeration

Samples from SSF were diluted with Milli Q water in the ratio of 1:10 (w/w). The
diluted samples underwent serial dilution by 10 folds with peptone water (Oxoid). Spread
plating on MRS agar with 0.05% (w/w) natamycin (Dupont, Singapore) was used to quantify
LAB. Spread plating on potato dextrose agar (PDA) (Oxoid) with 0.01% (w/w) chloram-
phenicol (Sigma-Aldrich, Singapore) was used to enumerate yeast and fungi. The sterility
of the fermented substrates was checked by ensuring no growth of contaminating species
on plate count agar (PCA) (Oxoid). Incubation of all plates was carried out at 30 ◦C for
1–2 days before the counting of colonies.

2.5. Non-Volatile Compound Analysis

Organic acid analysis was conducted using the method by Lu et al. [22] in triplicates.
The equipment and column used was Shimadzu HPLC apparatus with Supelcogel C-610
column (300 × 7.8 mm, Supelco, Bellefonte, PA, USA), with 0.1% (v/v) sulfuric acid as a
mobile phase at 0.4 mL/min. The detector of photodiode array was set at 210 nm. All
samples from day 0, 1, 2, 3 and 4 of LSF were diluted 10, 100 and 100 times with 0.1% (v/v)
sulfuric acid. The diluted samples were then filtered with PTFE filters (13 mm, 0.22 µm)
before HPLC organic acid analysis.

Glucose content in the samples was analysed using Roche glucose enzymatic assay
kits based on the supplier’s instructions (BioScience Diagnostics Pte Ltd., Singapore).

For free amino acids analysis, samples were prepared into 10, 100, 1000-time dilutions
using distilled water. The dilutions were then filtered with 0.2 nm PVDF Acrodisc LC13
filters (PALL, Singapore) before analysis. The dilutions were then injected into an LC-
MS system (Agilent Technologies, Santa Clara, and MS from Sciex, Framingham, MA,
USA) paired with a triple quadrupole (QQQ) Mass Spectrometer (MS). Mobile phase was
prepared as follows: Eluent A: acetonitrile: water:acetic acid at 100:900:5 (v/v) ratio; Eluent
B: acetonitrile: water: acetic acid at 900:100:5 (v/v) ratio, and they were run at a flow rate of
0.6 mL/min. The columns included a CC 8/4 Nucleodur 100-3 HILIC pre-column, followed
by EC 250/4 Nucleodur 100-3 HILIC column. The mobile phase gradient, equipment
setting, use and preparation of internal and external standards, and calculation of actual
concentration of free amino acids were all conducted according to the methods reported by
Chen et al. [19]. The ratio of the peak areas of external standards (Sigma-Aldrich, Singapore)
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with the respective internal standards, and the peaks of corresponding internal standards,
were used to establish standard curves for each amino acid. The following formula was
used for the calculation of actual concentration of each amino acid.

Concentration of actual amino acid =
(

Peak area of amino acid in the sample
Peak area of respective internal standard − b) ∗ k

a

where a (the slope of the linear regression), b (intercept of the linear regression) and k
(dilution factor) could be determined from the standard curve.

2.6. Volatile Compound Analysis

Samples from days 0, 1, 2, 3 and 4 of LSF from each inoculation group (FZCO and
3264CO) were analysed for volatile compounds in triplicates by using solid-phase microex-
traction (SPME) and gas chromatography–mass spectrometry (SPME-GC-MS) (Agilent
7890B GC/5977 MSD) (Agilent Technologies, Singapore) with a DB-5MS UI column (30 m ×
0.250 mm × 0.25 µm) (Agilent Technologies). The extraction, equipment setup, temperature
gradient, analysis and identification were all performed according to the method used
in the study by Chen et al. [19]. The identification of the compounds was based on the
matching of the mass spectra in the main EI MS Library with the Agilent Mass Hunter
(version 10.0) quantitative analysis software. The peak area detected for each volatile
compound was used to estimate the quantity of the compound.

2.7. Statistical Analysis

Three biological triplicates were conducted for each inoculation group. When compar-
ing cell count data, independent t-test was used to determine the difference in cell counts
between the two inoculation groups on each day using Minitab 17 at p < 0.05. Outliers
were detected and removed using box plot method on Python 3.

3. Results
3.1. Changes in Microbial Populations

The inoculation dosage of L. sakei in FZCO samples and 3264CO samples was standard-
ized at 105 CFU/mL, while P. kluyveri FrootZen and S. boulardii NCYC3264 inoculum sizes
in FZCO samples and 3264CO samples were 10 times lower than that of L. sakei LTH673.
Cell counts at the end of SSF are shown in Figure 1.
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Figure 1. Initial and final lactic acid bacterial counts in samples of FZCO (P. kluyveri FrootZen and
L. sakei LTH673) and 3264CO (S. boulardii NCYC3264 and L. sakei LTH673) (a), initial and final yeast
counts in samples of FZCO (co-culture of P. kluyveri FrootZen and L. sakei LTH673) and 3264CO
(co-culture of S. boulardii NCYC3264 and L. sakei LTH673) (b) during solid-state fermentation of
wheat gluten. Values in the same graph with different capital letters represent significant differences
(p < 0.05). Results are expressed as the mean ± SD, n = 3.
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Final LAB counts in both co-cultured trials did not differ significantly at the end
of SSF. LAB in both trials grew from approximately 105 to 108 CFU/g and yeast to 108

CFU/g (Figure 1a), suggesting that the inoculation of a yeast at a lower count than LAB
did not impede yeast growth as they grew to comparable counts to the LAB. Both yeasts
grew 4 logs from 104 to approximately 108 CFU/g in both FZCO and 3264CO co-cultured
samples (Figure 1b).

In Figure 2a, fungal count declined rapidly from day 0 to day 2 of LSF. In Figure 2b,
a decreasing trend was also observed for yeast counts in the two co-culture trials. From
Figure 2c, the LAB count followed similar trends in all samples. The increase in LAB count
to more than 9 Log (CFU/mL) from day 0 to 1 in all trials was followed by a slow decline
from day 1 to day 4. The final LAB count was still above 5 Log (CFU/mL) in all trials.
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Figure 2. Changes in A. oryzae count (a), yeast count (b), LAB count (c) and pH (d) over the 4-day
liquid-state fermentation of wheat gluten slurries. Symbols:
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fermentation. The trends of pH changes over LSF were similar in LSK, FZCO and 3264CO
samples.

3.2. Changes in Sugar and Organic Acids

Sugar analysis was conducted on all the samples, and glucose was the only sugar
detected in all samples. Glucose was only detected at the beginning of LSF at a level
below 1 mg/mL and was no longer detectable after day 1. Organic acid analysis was
also performed, and lactic acid, acetic acid, quinic acid, oxalic acid and formic acid were
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identified in all the samples. From Figure 3a,b, similar trends can be seen for all the organic
acids. The concentration of lactic acid increased over LSF to more than 40 mg/mL on
day 4. Similarly, the acetic acid level also increased from less than 5 mg/mL to more than
10 mg/mL (Figure 3a,b). Quinic acid, oxalic acid and formic acid remained relatively low
below 10 mg/mL most of the time (Figure 3a,b).
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3.3. Changes in Free Amino Acids during Liquid State

The changes in selected amino acids are presented in Table 1. As seen in Table 1, with
the presence of L. sakei in all trials, the changes in the concentration of glutamic acid were
similar across the different inoculation conditions. Glutamic acid increased from less than
40 mM at the beginning of LSF to more than 100 mM in all trials. Another savoury amino
acid, cysteine, was present at a relatively lower level than glutamic acid. The concentration
of cysteine remained lower than 1.00 mM throughout LSF in both co-culture trials, in the
presence of both L. sakei and one yeast (Table 1). The three branched-chain amino acids
(BCAAs), leucine, isoleucine and valine, exhibited similar increasing trends in all treatment
groups. The final concentrations of the three BCAAs were slightly lower in 3264CO samples
(Table 1). The concentration of serine remained at a relatively low and steady level in both
inoculation groups. In FZCO samples, the level reduced from 8.80 mM on day 0 to 5.04 mM
on day 2 and increased again to 7.12 mM on day 4 (Table 1). While in 3264CO samples,
serine was depleted from 4.08 mM on day 1 and slowly increased to 2.47 mM on day 4
(Table 1). In terms of arginine, the concentration of arginine started from 2.20 to 2.25 mM in
both treatment groups but dropped below 0.15 mM in FZCO samples during LSF, while
it remained at a relatively constant level above 1.5 mM in 3264CO (Table 1). At the same
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time, the ornithine levels in both groups were comparable, showing an increasing trend
over LSF (Table 1).

Table 1. Concentrations of free amino acids in co-cultured wheat gluten slurries during LSF.

Name of Free
Amino Acid

Day 0 Day 1 Day 2 Day 3 Day 4

Concentration * (mM) (mean ± S.D) in FZCO

Alanine 7.13 ± 1.42 34.55 ± 9.78 31.57 ± 2.71 31.65 ± 0.75 33.41 ± 0.86
Arginine 2.25 ± 0.31 0.10 ± 0.03 0.12 ± 0.01 0.13 ± 0.02 0.12 ± 0.00

Aspartic acid 4.91 ± 0.42 7.18 ± 1.56 7.44 ± 1.54 7.95 ± 0.87 9.41 ± 0.54
Cysteine 0.99 ± 0.11 0.22 ± 0.13 0.38 ± 0.02 0.44 ± 0.12 0.59 ± 0.13

Glutamic acid 37.91 ± 6.00 119.13 ± 2.24 152.12 ± 6.17 165.07 ± 13.08 178.75 ± 10.98
Glutamine 3.20 ± 0.57 15.51 ± 3.50 8.18 ± 1.10 5.25 ± 1.33 3.61 ± 2.42

Glycine 6.36 ± 0.60 28.94 ± 8.12 26.38 ± 1.40 26.44 ± 1.04 27.88 ± 0.80
Histidine 1.81 ± 0.32 8.34 ± 1.77 7.20 ± 0.40 6.85 ± 0.15 7.14 ± 0.55
Isoleucine 7.49 ± 1.12 28.23 ± 7.65 25.94 ± 2.87 25.88 ± 1.59 28.36 ± 1.50

Lysine 3.94 ± 0.56 7.08 ± 1.79 6.40 ± 0.48 6.38 ± 0.20 6.99 ± 0.33
Leucine 11.56 ± 3.70 41.79 ± 10.09 37.91 ± 4.67 37.78 ± 2.45 40.78 ± 2.34

Methionine 2.14 ± 0.39 6.56 ± 1.52 6.08 ± 0.36 5.86 ± 0.20 6.36 ± 0.34
Ornithine 0.26 ± 0.07 15.45 ± 3.87 11.77 ± 1.51 10.88 ± 0.30 11.41 ± 1.37

Phenylalanine 6.52 ± 2.47 27.84 ± 7.11 23.71 ± 1.53 22.78 ± 1.58 24.43 ± 0.79
Proline 21.38 ± 5.56 60.66 ± 5.84 57.46 ± 4.65 53.64 ± 6.95 56.03 ± 5.05
Serine 8.80 ± 3.14 6.32 ± 0.83 5.04 ± 0.87 5.25 ± 2.23 7.12 ± 2.63

Threonine 4.31 ± 0.41 18.14 ± 3.44 21.05 ± 8.46 22.05 ± 3.95 22.99 ± 0.64
Tryptophan 0.85 ± 0.16 1.96 ± 1.43 3.10 ± 0.37 3.14 ± 0.28 3.23 ± 0.10

Tyrosine 5.59 ± 1.42 16.54 ± 4.34 12.30 ± 1.28 10.98 ± 0.62 11.12 ± 0.48
Valine 13.76 ± 3.72 28.29 ± 6.79 26.26 ± 2.05 26.24 ± 1.39 28.48 ± 1.01

Concentration (mM) (mean ± S.D) in FZCO

Alanine 4.89 ± 0.66 25.00 ± 1.80 28.57 ± 1.52 33.69 ± 3.01 36.53 ± 6.52
Arginine 2.20 ± 0.54 1.83 ± 0.38 2.15 ± 0.45 1.64 ± 0.08 1.62 ± 0.87

Aspartic acid 4.06 ± 0.30 3.48 ± 0.15 4.87 ± 0.90 5.51 ± 1.26 6.47 ± 1.50
Cysteine 0.47 ± 0.10 0.09 ± 0.01 0.20 ± 0.03 0.42 ± 0.04 0.55 ± 0.11

Glutamic acid 26.50 ± 1.61 117.64 ± 6.85 124.16 ± 10.08 143.32 ± 9.82 149.87 ± 9.27
Glutamine 2.42 ± 0.39 13.29 ± 0.31 12.13 ± 0.14 11.63 ± 0.62 11.89 ± 2.07

Glycine 5.39 ± 1.01 17.99 ± 0.41 20.62 ± 0.76 24.81 ± 2.27 29.19 ± 5.77
Histidine 1.07 ± 0.09 5.85 ± 0.17 6.31 ± 0.46 7.20 ± 0.59 7.62 ± 1.23
Isoleucine 4.23 ± 0.61 14.04 ± 0.95 16.87 ± 1.21 19.91 ± 1.95 21.12 ± 3.72

Lysine 3.37 ± 0.16 4.75 ± 0.08 5.40 ± 0.31 6.38 ± 0.68 7.32 ± 1.29
Leucine 5.76 ± 0.82 19.88 ± 1.43 23.57 ± 1.64 27.78 ± 2.45 30.17 ± 6.05

Methionine 1.36 ± 0.37 4.28 ± 0.30 4.98 ± 0.30 5.59 ± 0.49 5.98 ± 0.98
Ornithine 0.35 ± 0.44 8.18 ± 1.22 9.92 ± 0.68 11.05 ± 0.98 11.29 ± 1.72

Phenylalanine 3.39 ± 0.27 18.73 ± 0.59 20.23 ± 0.64 22.38 ± 1.63 23.57 ± 3.17
Proline 7.83 ± 1.39 63.85 ± 5.33 59.96 ± 4.44 62.57 ± 7.67 66.24 ± 4.46
Serine 4.08 ± 0.30 N.D N.D 1.24 ± 1.06 2.47 ± 1.19

Threonine 4.24 ± 0.49 14.40 ± 0.21 14.39 ± 0.14 14.66 ± 0.21 14.61 ± 0.26
Tryptophan 0.48 ± 0.04 2.70 ± 0.53 3.32 ± 0.20 3.42 ± 0.34 3.59 ± 0.47

Tyrosine 3.40 ± 0.16 12.27 ± 0.63 10.97 ± 0.89 11.17 ± 0.68 12.20 ± 1.59
Valine 7.83 ± 0.97 16.60 ± 1.17 18.95 ± 1.30 22.35 ± 2.20 23.42 ± 3.49

* Concentration of amino acids are displayed as mean ± standard deviation for three independent experiments.
FZCO: changes in amino acid concentration in co-culture of L. sakei LTH673 and P. kluyveri FrootZen; 3264CO:
changes in amino acid concentration in co-culture of L. sakei LTH673 and S. boulardii NCYC3264. N.D: not
detected.

3.4. Changes in Volatile Compounds during Liquid-State Fermentation

The changes in the concentration of detected volatile compounds over LSF are illus-
trated in the heat map in Figure 4a,b. The mathematical summation of peak area of a
particular compound is shown under the LSK+FZ group (monocultures) and 3264+LSK
group (monocultures) [19], to compare against the peak area in the respective co-culture
groups (FZCO and 3264CO).
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From Figure 4a, the peak areas of many carbonyl compounds were higher in co-
cultured samples inoculated with both L. sakei and P. kluyveri than the summation of the
peak area of corresponding compounds in monocultures (results from [19]), including 2,3-
butanedione, 2 and 3-methylbutanal, 2-methyl 2-butenal, hexanal, heptanal, benzaldehyde,
methional, 3-octanone, etc., except for pentanal, 2-octenal and 2-phenyl 2-butanal. The
intensity of most carbonyl compounds increased over the 4-day LSF and peaked on days 3
or 4. In terms of alcohols, ethanol increased over time in FZCO. Volatile alcohols such as 2-
methyl propanol, propanol, 2 and 3-methyl butanol, 2,3-butanediol, hexanol and methionol
were higher in FZCO than the mathematical summation of individual inoculation. For
esters, most esters were higher in peak area in the mathematical summation of single
cultures, except for 2-methyl butyl acetate and isoamyl acetate, which were detected with
the highest peak area among all esters, were higher in FZCO. A decreasing trend was seen
for isoamyl acetate over LSF. Overall, a synergistic effect could be seen for most carbonyl
compounds, alcohols, and some esters such as 2-methyl butyl acetate and isoamyl acetate,
while the rest of the esters were higher in individual inoculations.
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Figure 4. Heat map showing the peak area of volatile compounds on days 0, 1, 2, 3 and 4 during LSF
in FZCO sample (co-cultured with L. sakei LTH673 and P. kluyveri FrootZen), and the mathematical
summation of the peak areas of same volatile compounds in LSK monoculture (L. sakei) [19] and FZ
monoculture (P. kluyveri FrootZen) [19] for easy comparison (a). Heat map showing the peak area
of volatile compounds on days 0, 1, 2, 3 and 4 during LSF in 3264CO samples (co-cultured with L.
sakei LTH673 and S. boulardii NCYC3264), and the mathematical summation of the peak areas of
the same volatile compounds in LSK monoculture (L. sakei) [19] and FZ monoculture (S. boulardii
NCYC3264) [19] for easy comparison (b). Red colour represents the highest peak area in each row for
a single compound, followed by orange, yellow and green from the highest to the lowest intensity.
The colours of the compound names indicate the groups which the volatile compounds belong to.

From Figure 4b, carbonyl compounds including 2,3-butanedione, 2-methyl butanal, 3-
methyl butanal, 2-heptanone, 3-octanone, benzeneacetaldehyde, 2-nonanone and 2-phenyl-
2-butenal were higher in peak area in the mathematical summation of the individual
inoculation of L. sakei and S. boulardii. However, the peak area for pentanal, 2-methyl
2-butenal, heptanal, methional, 2-octenal and 2-nonenal were higher in the co-culture of L.
sakei and S. boulardii. For alcohols, ethanol, 2-methyl propanol, 2-methyl butanol, 3-methyl
butanol, hexanol, 1-octen-3-ol and phenethyl alcohol were lower in co-cultured samples,
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but with higher levels of propanol and higher methional on day 3. Most esters, except for 3-
methylthiopropyl acetate, ethyl heptanoate, ethyl octanoate, ethyl palmitate, ethyl linoeate
and ethyl oleate, were higher in the co-cultured samples with L. sakei and S. boulardii. For
other compounds, the co-cultured sample was higher in dihydro-5-pentyl-2(3H)-furanone
but lower in 2-pentyl furan and 2,6-dimethyl pyrazine.

3.5. Principal Component Analysis of Volatile Compounds in Fermented Wheat Gluten Sauce

PCA was performed based on the peak areas of the volatile compounds identified
in LSK [19], FZCO and 3264CO on day 4 of LSF. Figure 5 shows the score plot of the
differences in volatile compounds in different inoculation conditions. The LSK sample
is in the negative PC1 (58.03%) region while FZCO is located in the positive PC1 region,
which is affected by compounds such as isoamyl acetate and 2-phenethyl alcohol, which
are perceived to be fruity and floral, respectively. At the same time, 3264CO is mostly in
the negative PC2 (30.16%) region, while LSK is located in the positive PC2 region. This
difference is caused by some esters such as 2-phenylethyl acetate, ethyl benzoate and ethyl
palmitate. Most of these esters also contribute to fruity and floral perceptions. In general,
the co-inoculation of LAB and yeast gives rise to very different volatile profiles as compared
to L. sakei single inoculation, mostly in terms of fruity and floral direction.
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Figure 5. PCA score plot of volatile compounds identified in LSK control (gluten fermented with
L. sakei only) [19], FZCO (gluten co-fermented with L. sakei and P. kluyveri) and 3264CO (gluten
co-fermented with L. sakei and S. boulardii). Codes: (1) 2,3-Butanedione; (2) 3-Methyl butanal; (3)
2-Methyl butanal; (4) Pentanal; (5) 2-Methyl 2-butenal; (6) Hexanal; (7) Heptanal; (8) 2-Heptanone;
(9) Methional; (10) Benzaldehyde; (11) Octanone; (12) Benzeneacetaldehyde; (13) 2-Octenal; (14)
4-Nontanone; (15) 2-Nonanone; (16) Nonanal; (17) 2-Phenyl-2-butenal; (18) 2-Nonenal; (19) Ethanol;
(20) 2-Methyl propanol; (21) Propanol; (22) 3-Methyl butanol; (23) 2,3-Butanediol; (24) Hexanol; (25)
Heptanol; (26) 1-Octen-3-ol; (27) 2-Phenethyl alcohol; (28) Methionol; (29) Ethyl acetate; (30) Propyl
acetate; (31) Isobutyl acetate; (32) Ethyl isovalerate; (33) Isoamyl acetate; (34) 2-Methyl butyl acetate;
(35) 3-Methylthiopropyl acetate; (36) Hexyl acetate; (37) Ethyl heptanoate; (38) Ethyl benzoate; (39)
Ethyl octanoate; (40) Ethyl nonanoate; (41) 2-Phenylethyl acetate; (42) Ethyl palmitate; (43) Ethyl
linoleate; (44) Acetic acid; (45) 2-Pentyl furan; (46) 2,6-Dimethyl pyrazine; (47) Dihydro-5-pentyl-
2(3H)-furanone; (48) 2-Methoxy-4-vinylphenol. The arrows indicate the influence of each volatile
compound to the overall difference among the groups.
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4. Discussion

This study focused on the flavour compound profile of wheat gluten undergoing a
40 h SSF followed by a 4-day LSF. The combination of co-culturing a yeast and a LAB was
explored in this salt-free wheat gluten fermentation process, and with cell counts, organic
acids, amino acids and volatile compounds compared.

During SSF, although yeasts were inoculated at a lower count than the LAB, both
strains were able to grow without suppression. One reason could be the spatial fixation
of the microbes in SSF, and the localized microbes are only able to utilize the nutrients
at the point of anchorage. Another reason could be the lack of competition for nutrients
between the yeast and the LAB due to underlying mechanisms that prevent exclusion [23],
as they may utilize different sources of energy to build up the cell mass when co-cultured.
An abundant supply of nutrients such as amino acids in the gluten could be another
explanation. Yeast counts for both P. kluyveri and S. boulardii were slightly lower in single
cultures [19] than that in co-cultured samples (FZCO and 3264CO). This indicates that the
inoculation of L. sakei with FZ yeast or 3264 yeast could potentially improve the growth of
the yeast in SSF. Many studies have shown evidence of the mutual stimulation of growth in
LAB and yeasts in many food products with a stable microbial community [12,24]. In this
case, the yeast might be able to utilize the metabolites from LAB such as acids for enhanced
cell growth [23].

However, when L. sakei and either of the yeasts were co-inoculated at the beginning
of SSF, fungal and yeast counts started to decline during LSF, which was not reported in
the study when single yeast/LAB culture was inoculated [19]. Yeast suppression by LAB
has been reported in some co-cultured LSF studies on soy sauce [25,26]. From the organic
acid analysis, it could be seen that the concentration of acetic acid increased rapidly since
the start of LSF, and the presence of acetic acid at certain concentrations (e.g., 20–200 mM
for 200 min at pH 3 for S. cerevisiae) was shown to trigger programmed cell death in some
yeasts, and the concentration to activate apoptosis varies with different species [27–29].
The acetic acid concentration from day 1 onwards (e.g., approximately 167 mM) was within
the range that may cause apoptosis in some yeasts. Given the pH of the samples on day 2
to day 4, some of the acetic acid molecules were present as an undissociated form, which
could penetrate cell membrane and affect yeast survival more easily than the dissociated
form. Further, the yeasts present in wheat gluten were exposed to the acetic acid for a
longer time than the reported cases. Therefore, it is possible that the decline in yeast and
fungal counts was attributed to the undissociated acetic acid molecules or other anti-yeast
or anti-fungal compounds produced by L. sakei LTH673. More studies need to be conducted
to understand the survival of the selected yeast at the given acetic acid concentration.

In terms of glucose utilization and organic acid profile, a similar trend was observed
in samples co-inoculated by L. sakei and one yeast. In a prior study on single inoculation,
it was shown that P. kluyveri FrootZen and S. boulardii NCYC3264 were poor lactic acid
producers as compared to L. sakei LTH673 when single-cultured [19]. Thus, the increasing
concentrations of lactic acid in both co-culture trials were mostly produced by L. sakei, by
consuming the glucose present in the wheat-gluten. The lactic acid concentrations in both
co-culture trials from day 3 to day 4 were lower than that in LSK samples, possibly due to
competition for glucose and co-metabolism. Lactic acid as the metabolites of L. sakei could
possibly be used by the yeasts as a carbon source, leading to the lower lactic acid content
in the co-culture trials, or the lactic acid fermentation pathway favoured the reaction into
other by products, such as acetic acid and carbon dioxide.

In terms of amino acid metabolism, transamination reaction converts BCAAs (valine,
leucine and isoleucine) into flavour-imparting volatile compounds including the corre-
sponding branched-chain alcohols, aldehydes and acids, by enzymes such as amino acid
aminotransferases, pyruvate decarboxylases and alcohol dehydrogenases [30–32]. When
yeasts and LAB were single-inoculated, P. kluyveri FrootZen was shown to be the best
producer for transamination products such as 3-methyl butanal, 3-methyl butanol and
isoamyl acetate [19]. In this study, the final leucine and isoleucine concentrations were
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also lower in the co-culture trials than single inoculation [19], indicating higher rates of
consumption. Moreover, after adding up the respective peak area for 3-methyl butanal,
2-methyl butanal, 3-methyl butanol, 2-methyl butanol and isoamyl acetate in the two single-
inoculated samples, the respective total peak area was much lower than the detected peak
area of each compound in FZCO co-culture trial. Thus, a synergistic effect was revealed
when P. kluyveri was co-inoculated with L. sakei in terms of some of the transamination
products. One hypothesis is that since both L. sakei and P. kluyveri, when inoculated together
with A. oryzae, were capable of the first step of transamination to generate the respective
keto-acids from BCAA transamination reaction [19], a larger pool of aldehydes could then
be generated from leucine and isoleucine to serve as precursors for subsequent reactions. P.
kluyveri can further catalyse the reduction of aldehydes to alcohols and esters at a higher
rate. As a result, a larger reservoir of alcohols led to a higher production of esters such as
isoamyl acetate. Similarly, although the levels of 2 or 3-methyl butanal and 2 or 3-methyl bu-
tanol were lower in samples co-cultured with L. sakei and S. boulardii, the detected isoamyl
acetate level was much higher in the 3264CO co-culture throughout LSF, as compared to
the mathematical summation of peak areas in the two single-cultured samples. This could
be because most of the branched-chain aldehydes and alcohols might have been channelled
to the esterification and/or alcoholysis reaction between isoamyl alcohol and acetyl-CoA,
which contributes to the higher isoamyl acetate level in co-culture trials.

It was noticeable that the production of the important ester isoamyl acetate, which
imparts banana and fruity aroma, was decreasing in the co-cultured samples with L. sakei
and P. kluyveri during LSF. There are three possible reasons for the reduction of isoamyl
acetate in samples co-fermented by L. sakei and P. kluyveri during LSF. The first reason is the
decline in yeast count during LSF. After the main ester-producing yeast died off, further
accumulation of most esters slowed down. The second reason could be the chemical and
enzymatic ester hydrolysis that may have occurred in the presence of acid and enzymes
from autolyzed yeasts [8,33], which would lower the concentration of some esters. The
third reason is that sampling might have also played a role in the loss of some volatile
compounds when the production rate was lower during the later stage of LSF.

Methionine concentration was higher in samples single-cultured with L. sakei on day
4 of LSF [19], as compared to samples co-fermented by L. sakei and yeast possibly due
to a lower consumption rate in single-cultured trials. Methionine can be converted to
methional by the decarboxylation of 4-methylthio-2-oxobutyric acid (KMBA) [34,35]. From
the degradation of methional, a potent flavour compound imparting cooked potato and
savoury aroma, methionol, can be produced via the Ehrlich pathway [35]. During LSF, the
methional and methionol levels seemed to be higher in samples co-fermented by yeast
and L. sakei, as seen in the heat maps in Figure 4a,b. The higher methionine consumption
and higher methionol and methional production in both co-cultured samples indicate a
synergistic effect for the conversion of methionine into methionol and methional when both
LAB and yeast are present. A key reason may be the production of keto-acids, especially
alpha-ketoglutaric acid, by yeasts, and these keto-acids are crucial amino acceptors for LAB
in the transamination of some amino acids including BCAA and methionine [36].

Among the volatile compounds, hexanal is a very potent contributor to a green
flavour. It could be a product from unsaturated lipid oxidation chemically and/or by lipid
oxidase (LOX) [37], given that more than 95% of the lipids present in the wheat gluten are
unsaturated fatty acids. Heptanol is one of the end products of lipid oxidation as well.
The higher peak area of lipid oxidation end products in co-culture trials as compared to
the mathematical summation of the peak area in single-inoculated samples may indicate
microbial interactions between the strains that either favoured the synthesis or slowed
down the breakdown of the end product. Damiani et al. [38] also demonstrated that
oxidative yeast could accelerate the lipid oxidation process in sourdough.
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5. Conclusions

In this study, wheat glutens co-fermented by L. sakei LTH673 and P. kluyveri FrootZen,
as well as by L. sakei LTH673 and S. boulardii NCYC3264, under salt-free conditions were
compared against each other, and with the single-culture which had been previously
studied. The cell count results showed that the yeasts were able to grow during SSF, while
they declined during LSF when co-cultured with L. sakei. The LAB count was not affected
by the presence of yeast. Glucose was depleted and converted to acetic acid and lactic acid
during LSF. BCAAs and methionine concentrations were lower in co-culture trials than
single-culture trials, corresponding to higher production of transamination products such
as 2-methyl butanol, 3-methyl butanol, 2-methyl butanal, 3-methyl butanal, methionol and
methional. Synergistic effects were exhibited in trials co-fermented by yeast and LAB, in
terms of the production of some flavour-impacting aroma compounds, such as isoamyl
acetate. The PCA results also demonstrate that the inoculation of yeasts could change
the overall volatile profile of the fermented wheat gluten. This proves the feasibility of
co-inoculating non-halophilic yeasts with LAB into a salt-free fermentation process to
enhance the production of fruity aroma compounds. The possibility of inoculating a wider
range of non-halophilic yeasts and LAB could also be explored in the future for higher
fruity aroma profiles or other flavour directions.
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