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Abstract

Bread is a global dietary staple, but its susceptibility to fungal spoilage causes substantial
food waste, economic losses, and greenhouse gas emissions. Volatile organic compounds
(VOCs) produced by sourdough microorganisms can contribute to the prevention of bread
spoilage; however, the specific VOCs that exert the protective effect in the bread matrix have
not been precisely identified. Our study investigated the antifungal activity of sourdough
lactic acid bacteria (LAB) consortia, both alone and in combination with yeast and acetic
acid bacteria (AAB), as well as the VOC profiles of sourdough and sourdough bread. The
consortium comprising Lactiplantibacillus plantarum 9-5 and Levilactobacillus brevis 9-2 (LAB),
Monosporozyma unispora R3SD1d (yeast), and Acetobacter fabarum WB and Komagataeibacter
rhaeticus Ch2 (AAB) extended the mold-free shelf life of sourdough bread by 8-20 days
after challenge tests. VOC analysis revealed that sourdough bread had significantly higher
concentrations of ethyl esters of hexanoic and octanoic acids with 6.3- to 9.7-fold increase
in peak areas after three days of refrigerated storage, assuming their decisive role in
prevention of fungal spoilage. In conclusion, the use of this consortium is promising to
significantly extend bread shelf life, but also to enrich the bread VOC profile.

Keywords: sourdough; bread spoilage; antifungal activity; volatile compounds; lactic acid
bacteria; acetic acid bacteria; yeast

1. Introduction

Bread is a fundamental cereal-based staple food [1] with global annual bread produc-
tion exceeding 100 million tons, a significant portion of which is wasted [2]. Indeed, a
systematic review and meta-analysis by Allipour-Birgani et al. [3] indicated that global
pooled bread waste has increased in recent years and accounted for 18% of total bread
production. The amount of discarded bread is much higher in developed countries [2,4-6],
especially at the consumer level, to a large extent due to bread’s limited shelf life. Beyond
the loss of edible food, food waste has also significant economic, social, and environmental
consequences [2,7,8].
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Various interconnected factors contribute to bread waste, including overproduction,
consumer behavior [9], and limited shelf life (typically 2-3 days) [10-12]. Regarding bread’s
limited shelf life, the primary causes are staling and fungal spoilage, the latter resulting
from fungal spore germination and the subsequent formation of visible thalli on the bread
surface. Furthermore, the consumption of moldy bread can also impact consumer health,
as certain mold species can produce mycotoxins [13].

The consumer desire for clean-label products has led to the development of comple-
mentary methods for preserving bread including active packaging, modified atmospheric
packaging, and biopreservation [14,15]. Through using sourdough made with selected
lactic acid bacteria (LAB) and/or yeasts [16-18], the bread shelf life can be prolonged by sev-
eral days or weeks, depending on the LAB strains, targeted molds, or other factors [19-22].
Furthermore, the use of yeast and LAB sourdough may provide additional health benefits
to consumers [23-28] and positively affect staling prevention, sensory properties, and bread
texture [29,30]. Thus, microbial sourdoughs based on LAB can improve the quality and
properties of bread in various ways and contribute to increasing consumer preference and
reducing bread waste, not only by preventing microbial spoilage but also for other reasons.

The mechanisms of LAB antifungal action have been extensively studied; however,
the exact role of specific compounds in protecting bread from fungal spoilage is not fully
understood. Various studies on the compounds responsible for sourdough antifungal
activity highlight the involvement of LAB-derived volatile organic compounds (VOCs),
such as short- and medium-chain organic acids, alcohols, and ketones. Additionally,
bioactive peptides are produced from food substrate proteins due to acidification and the
consequent activation of flour enzymes [17,31,32].

Since environmental acidification is a direct consequence of LAB metabolic activity,
researchers have focused heavily on LAB metabolites, particularly a wide range of organic
acids. Among the antifungal organic acids produced by LAB are saturated aliphatic
fatty acids (C1-C6, C10), hydroxyl- and phenyl-substituted acids (e.g., phenyllactic acid),
unsaturated phenyl-substituted acids (such as caffeic and ferulic acids), and benzoic and
polyphenolic (chlorogenic) acids [17]. The most common acids produced by LAB are lactic,
acetic, and hexanoic (caproic) acids [20,33-35]. Phenyllactic acid is also frequently identified
in antifungal LAB strains [34]. The fundamental importance of the undissociated form of
these acids was demonstrated by Debonne et al. [22,36]. Furthermore, several alcohols and
ketones originating from LAB metabolism exhibit strong antifungal activity [37]. However,
their specific contribution to preventing mold growth within the bread-sourdough system
remains unclear.

Concurrently, several researchers have noted the accumulation of antifungal pro-
teinaceous compounds [32-39] alongside increasing acid concentrations in bread and
sourdoughs fermented by LAB. Antifungal peptides comprising 10-53 amino acids, en-
crypted within wheat protein sequences, have been identified during dough fermentation
by L. plantarum 1A7 [40] and in bread residues fermented by L. brevis AM7 [41]. The specific
contribution of individual peptides or cyclic dipeptides [42] to extending bread shelf life
remains unknown. Notably, the contribution of protein fractions to the total antifungal
activity of aqueous sourdough extracts fermented by L. plantarum NRRL B-4496 against P.
corylophilum and P. chrysogenum was found to be only 3.25-9.65% [41]. While the antifungal
activity of individual compounds within active fractions is typically determined in vitro,
these conditions often differ significantly from in situ environments. For instance, despite
the proven in vitro antifungal activity of reuterin, it was found to be ineffective in actual
bread systems [43].

We hypothesize that fungal contamination and subsequent mold spoilage of sour-
dough bread observed after storage periods of 1 to 25 days [17] may indicate a key role of
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VOCs in the overall antifungal effect. If non-volatile compounds such as peptides were the
main contributors of preservation, the bread shelf life would not decline over time, as their
concentrations in the finished loaf likely remains stable during storage. Conversely, the
volatilization of active compounds reduces their concentration in the bread matrix over
time. As a result, their levels eventually fall below the minimum inhibitory concentra-
tion (MIC) threshold. Therefore, it may be important to evaluate the antifungal capacity
alongside VOCs formation during sourdough fermentation and their temporal evolution
subsequent storage.

In addition to LAB, the use of a wider range of starter microorganisms, in particular,
the addition of acetic acid bacteria (AAB), which are common components of spontaneous
sourdoughs [44—46], can further improve the quality, shelf life, and sensorial properties
of bread, which will have an even more pronounced effect on consumer choice and on
reducing bread waste. Some researchers have already noted the contribution of AAB to
improving texture, acidification, changing the profile of volatile compounds, and other
dough parameters [44—49].

In this context, this study aimed ot investigate the antifungal activity of previously
selected LAB, both alone and in combination with yeast and AAB, for sourdough applica-
tions, as well as the VOC profiles of sourdough and sourdough breads after baking and
storage for 3 days.

2. Materials and Methods
2.1. Microorganisms and Media

Two LAB associations, consisting of Lactiplantibacillus plantarum 9-5 and Levilactobacil-
lus brevis 9-2, and L. plantarum 8-5 and L. brevis 8-2, were obtained from the laboratory collec-
tion of the Research and Production Center for Microbiology and Virology (RPCMYV, Almaty,
Kazakhstan). They were isolated from spontaneous sourdoughs after co-cultivation with
bread spoilage molds (by addition of mold fungi during the back-slopping process) [50].
These LAB were routinely grown in de Man, Rogosa and Sharpe (MRS) broth and agar
(TM Media, New Delhi, India) after incubation at 30 °C for 48 h. For antagonistic activity
assays, each association was grown in wheat flour hydrolysate (WFH) medium prepared
according to Ouiddir et al. [51] and incubated for 48 h at 30 °C or in liquid sourdough
prepared as described below.

The yeast Monosporozyma unispora R35D1d, the AAB Acetobacter fabarum WB, pre-
viously isolated from spontaneous wheat sourdough, and Komagataeibacter raeticus Ch2,
previously isolated from kombucha, were also used and were obtained from the laboratory
collection of the RPCMV.

AAB were cultivated in GYC agar medium (g/L: glucose-50.0; yeast extract-10.0;
CaCO3-5.0; agar-20.0; pH 6.8) supplemented with 1 mL of acetic acid and 5 mL of ethanol
after autoclaving at 111 °C for 20 min, while M. unispora was grown on Sabouraud dextrose
agar (TM-Media, India) at 30 °C for 48 h.

The following molds, previously isolated from moldy bread surfaces, were used as
target fungi, i.e., Penicillium decumbens PS, Penicillium crustosum PZ, and Paecilomyces variotii
R2. Molds were cultured on potato dextrose agar (TM-Media, New Delhi, India, g/L:
dextrose-20.0; potato infusion from 200 g to 4.0; agar-15.0; pH 5.6).

Two causative agents of ropy bread spoilage, Bacillus subtilis ATCC 6633 and Bacillus
mojavensis Pr2, were also used to assess LAB antagonistic activity. They were grown on
Meat infusion agar (TM Media, New Delhi, India) for 24 h at 30 °C.

Microorganism cultures were stored on the above-mentioned media on slanted agar
in a refrigerator at 5 °C.
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2.2. Sourdough Preparation

For liquid sourdough, the suspensions from 48 h cultures of starter microorganisms
were prepared using McFarland Turbidity Standard No. 3 (7.5 x 108 CFU/mL for LAB
and K. raeticus Ch2, 1.0 x 10° CFU/mL for A. fabarum WB, and 1.5 x 107 CFU/mL for M.
unispora R35D1d). These were mixed in equal proportions and added to the flour and water
mixture. A liquid sourdough was prepared using 410 g of flour (premium grade, Yashkino,
Russia), 60 g of sucrose, 30 g of NaCl, 460 mL of water, and 40 mL of starter microorganism
mixture [52,53]. The sourdough was incubated at 30 °C for 48 h.

2.3. In Vitro Evaluation of the Antagonistic Activity of LAB Consortia

In vitro antagonistic activity of LAB consortia against fungi and Bacillus spp. was
determined using a well-diffusion assay (spore pour plate method) [52]. For this purpose,
1 x 10° cells or spores of the targeted microorganism suspension were added to 50 mL of
molten cooled to 40 °C nutrient medium. The medium was thoroughly mixed, and 25 mL
was poured into Petri dishes. After solidification, 10 mm-diameter wells were prepared
using a special block cutter. Then, 0.3 mL of fermented WFH medium or liquid sourdough
was added to the wells. The plates were incubated at 30 °C for 72-120 h and 48 h for
molds and Bacillus spp., respectively. Antagonistic activity was expressed as the diameter
of growth inhibition zones of targeted microorganisms (mm).

The pH of the fermented WFH medium and liquid sourdough was also determined
using a C931P pH meter (Consort, Turnhout, Belgium).

2.4. In Situ Antifungal Activity of Sourdough Consortia in Bread
2.4.1. Bread Preparation

To prepare the control bread, the following ingredient ratio was used: flour (premium
grade, Yashkino, Russia), 600 g; sterile tap water, 360 g; commercial salt, 12 g; commercial
sugar, 12 g; and baker’s yeast (Pakmaya, Istanbul, Turkey), 16 g. For the sourdough breads,
the recipe was as follows: 480 g flour, 300 g sourdough prepared as described above and
containing different strain associations (Table 1), 180 g sterile tap water, 12 g salt, 12 g sugar,
and 16 g baker’s yeast. After adding the components, the dough was mixed manually using
sterile gloves for 10 min, then proofed in a ShRT-4-02 proofer (Abat, Cheboksary, Russia) at
30 °C for 90 min. The dough was then poured into 500 g loaf pans, proofed for another 90 min,
and baked in a KRR-4-1/2E convection oven (Abat, Russia) at 200 °C for 40 min.

Table 1. Microorganism associations used for sourdough bread preparation.

Sourdough
Strain
LAB LAB-Y LAB-A LAB-Y-A LAB-K LAB-Y-K LAB-AK LAB-Y-AK

L. plantarum 9-5 + + + + + + + +
L. brevis 9-2 + + + + + + + +

M. unispora R35D1d - + — + — + — +
A. fabarum WB — - + + _ — + "

K. raeticus Ch2 - - - — + + + "

Abbreviations in microorganism associations correspond to the group (LAB for the presence of both L. plantarum
9-5 and L. brevis 9-2; Y for yeast M. unispora R3SD1d) or the AAB genus (A for A. fabarum WB and K for
K. raeticus Ch2).

2.4.2. Mold Challenge Test and Shelf Life Test Under Natural Airborne Fungal Contamination

The susceptibility of bread to mold spoilage and its shelf life were evaluated using
two methods: challenge tests and natural airborne contamination.

For challenge tests, spores of spoilage molds (P. decumbens PS, P. crustosum PZ, and
P. variotii R2) harvested from PDA plates as described previously [53] were enumerated
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using a Goryaev cell counting chamber and diluted to reach 1 x 10* spores/mL. Then,
approximately 25 spores of the tested fungus (2.5 uL) were inoculated at the center of
each bread slice (50 x 50 mm, four slices, from different loaves of one batch, per tested
fungus), and slices were placed in Petri dishes. The Petri dishes were sealed in a container
with water added to the bottom to maintain humidity and incubated at room temperature.
Mold growth was assessed daily, and photographs were taken to assess the time-to visible
growth of each tested fungus. The antifungal activity was expressed in days of bread
storage without visible mold spoilage.

For the natural airborne fungal contamination test, bread slices were exposed to
ambient air for 5 min on each side, packed in plastic bags, and examined daily until visible
signs of mold spoilage were observed.

2.5. Headspace Solid-Phase Microextraction Coupled with Gas Chromatography—Mass Spectrometry

VOCs were determined at different time points. For sourdough LAB associations
in wheat flour hydrolysate medium and liquid sourdough with LAB starter, VOCs were
determined simultaneously with antifungal activity (after 3, 5, and 7 days for the collection
LAB; 48 h otherwise). The control medium was also maintained at 30 °C in a thermostat
along with the experimental samples. Bread samples were taken two hours after baking,
placed in vials, capped, and analyzed on the same day.

VOCs were determined using solid-phase microextraction (SPME) followed by gas
chromatography with mass spectrometric detection (GC-MS) as described previously [54].
A 5 mL of sample (2 g for bread) was placed in a 20 mL screw-cap vial and incubated at
30 °C for 30 min to reach equilibrium. Volatiles in the headspace were adsorbed onto an
SPME fiber coated with a 50/30 pm divinylbenzene/carboxen/polydimethylsiloxane layer
(Supelco, Bellefonte, PA, USA). GC analysis was performed using a 7890 gas chromatograph
coupled to a 5977A MSD mass spectrometer (Agilent, Santa Clara, CA, USA). A DB-
WAXetr column was used for analysis, with helium as the mobile phase. The flow rate
was 1.0 mL/min. The injection volume was 0.5 uL at a split ratio of 10:1. The sample
injection temperature was 250 °C in splitless mode. The oven temperature was programmed
from 40 °C (hold for 5 min) by increasing by 5 °C/min to 240 °C (hold for 5 min). The
analysis time was 45 min. The injector and transfer line temperatures were 250 and 280 °C,
respectively. MS detection was performed at an energy of 1.12 x 10717 J with a mass
scanning range of m/z 34-850 amu.

Instrument control and data processing were performed using Agilent MSD ChemStation
(version 1701EA). Mass spectra were identified using the libraries Wiley 7th edition and NIST 02.

Volatile compounds were expressed in arbitrary units (AU) as the mean and standard
deviation of the peak area, divided by 10°.

Heatmaps were constructed in RStudio (R version 4.2.2) using the pheatmap package.
GenAl (Gemini) was used to write and correct the scripts. To construct the heatmap of
sourdough VOCs, the data were log-transformed (logjg), row scaling was not applied,
and clustering was by rows. To construct a heatmap of bread VOCs, clustering was only
performed within chemical classes of compounds (Supplementary File S1).

2.6. Statistical Analysis

All experiments were conducted in triplicate. At least three replicates were used to
determine zones of inhibition of fungal growth. Results are presented as the mean value
and standard deviation.

Statistical analysis of the results was performed using Welch’s ¢-test, a modification of
Student’s t-test for samples with potentially unequal variances. This method was chosen
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due to its stability to small sample sizes (n = 3). The p-value was reported along with
Cohen’s d (effect size).

Differences with a p-value < 0.05 were considered statistically significant. Calculations
were performed using an online tool (StatsKingdom correlation calculator).

3. Results
3.1. Antagonistic Activity and VOCs of Antifungal LAB in WFH and Wheat Sourdoughs

In the first part of this study, two previously selected LAB associations [50] were tested
for their antagonistic activity against P. decumbens PS, P. crustosum PZ, and P. variotii R2,
as well as B. subtilis ATCC 6633 and B. mojavensis Pr2 after growth in WFH medium for
48 h. After cultivation in WFH medium, these LAB associations did not inhibit P. variotii
R2 and P. crustosum PZ. The L. plantarum 9-5 and L. brevis 9-2 consortium was slightly
but significantly more antagonistic (p = 0.007, Cohen’s d = 7.89) against P. decumbens PS
(inhibition diameter of 19.3 &= 0.4 mm) than the L. plantarum 8-5 and L. brevis 8-2 consortium
(inhibition diameter of 17.0 £+ 0.1 mm) when cultivated in WFH medium. Antibacterial
activity against B. subtilis ATCC 6633 and B. mojavensis Pr2 was also noted with inhibition
zones slightly larger for the L. plantarum 9-5 and L. brevis 9-2 consortium, but insignificant
statistically (Figure 1).

10

Inhibition zone (mm)

P. decumbens PS P varioti R2 B. mojavensis Pr2 B. subtilis ATCC
6633

OWFH; L. plantarum 8-5 and L. brevis 8-2 AWFH; L. plantarum 9-5 and L. brevis 9-2
OSD; L. plantarum 8-5 and L. brevis 8-2  BSD; L. plantarum 9-5 and L. brevis 9-2

Figure 1. Antagonistic activities of L. plantarum and L. brevis consortia in wheat flour hydrolysate
(WFH) and wheat sourdough (SD) against fungal and bacterial bread spoilage agents. The error bars
represent the standard deviation of the mean. * p < 0.05, ** p < 0.01, *** p < 0.0001 (n = 3, Welch’s f-test).

Sourdoughs prepared with both LAB associations exhibited antagonistic activities
against P. decumbens PS and P. variotii R2 but not against P. crustosum PZ. Inhibition zones
for P. variotii R2 measured 16.0-16.5 mm for both consortia. In contrast, inhibition zones
for P. decumbens PS were 1.2 times larger (21.0 £ 2.0 mm, p < 0.05) in the presence of the L.
plantarum 9-5 and L. brevis 9-2 consortium. Both consortia also inhibited the rope disease
agents with inhibition zones of 15.5-16.0 mm for B. subtilis ATCC 6633 and 13.0-14.0 for B.
mojavensis Pr2 (Figure 1).

Antagonistic activity against rope disease agents was 44-45% lower in the sourdoughs
than in WFH medium. In turn, P. variotii R2 was only inhibited by the sourdoughs and was
unaffected when consortia were cultivated in WFH medium.

The heatmap showing VOCs of the studied associations after 48 h of incubation in
WEFH and liquid sourdough is shown in Figure 2.
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Figure 2. Heatmap showing volatile compounds of antifungal LAB consortia in wheat flour hy-
drolysate (WFH) and wheat sourdough (SD) compared to controls. 8_SD and 9_SD are sourdoughs
consisting of L. plantarum 8-5 and L. brevis 8-2 and L. plantarum 9-5 and L. brevis 9-2, respectively.
8_WFH and 9_WFH are 48 h cultures of these consortia in WFH medium. Spontaneous SD is a
mixture of flour and water spontaneously fermented for 48 h at 30 °C.

Twenty-four compounds were identified in the control WFH medium, 15 of which
had retention times ranging from 3.487 to 20.394 min (Table S1). Conversely, 22 out of
the 25 VOCs identified in WFH fermented by sourdough LAB associations had retention
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times above 20 min. From a qualitative point of view, the L. plantarum 9-5 and L. brevis 9-2
consortium produced more VOCs (22 VOCs) as compared to the L. plantarum 8-5 and L.
brevis 8-2 consortium (18 VOCs), while 15 compounds were common between the two asso-
ciations. From these common VOCs, only 2-tridecanol was present in significantly higher
concentration in WFH medium fermented with L. plantarum 9-5 and L. brevis 9-2. Indeed,
the peak area of 2-tridecanol was 1.96 times higher (p = 0.0076, d = 9.25) for the L. plantarum
9-5 and L. brevis 9-2 consortium as compared to the second association. L. plantarum 9-5 and
L. brevis 9-2 also produced several unique compounds, i.e., dodecane, 2-ethyl-hexanoic acid,
tridecane, phenylethyl alcohol, 2,5-dimethyl-3-(2-methylbutyl)pyrazine, and two ketones
(4-phenyl-3-buten-2-one and 2-tridecanone). Ketones were not detected in WFH medium
fermented with L. plantarum 8-5 and L. brevis 8-2 consortium.

The compounds identified in fermented liquid sourdoughs were significantly dif-
ferent from those in WFH medium. Ten out of the 30 identified VOCs were common to
both consortia; however, only two compounds showed significantly different peak areas,
i.e., (E)-2-octen-1-ol (p = 0.04, Cohen’s d = 2.46) and dihydro-5-pentyl-2(3H)-furanone
(p = 0.004, d = 6.36). (E)-2-octen-1-ol was the only shared compound with significantly
higher peak areas in the sourdough made with L. plantarum 9-5 and L. brevis 9-2 consor-
tium, which also displayed more pronounced antifungal activity against P. decumbens
PS. In addition, the following VOCs were unique to this consortium, i.e., 3-hydroxy-2-
methylbenzaldehyde, alcohols including 1-octanol and 4,4,6-trimethyl-cyclohex-2-en-1-ol,
esters including ethyl acetate, ethyl 2-hydroxy-propanoate, and ethyl hexadecanoate, hy-
drocarbons including hexadecane and tricyclopentadeca-3,7-diene [8.4.0.1(11.14)], and the
amide 2-hydroxy-propanamide.

The total peak area for aldehydes was 5.1 times higher (p = 0.007, d = 9.52) in the
sourdough made with L. plantarum 8-5 and L. brevis 8-2 consortium. Conversely, the levels
of alcohols (p = 0.016, d = 5.03) and other compounds (primarily hydrocarbons and nitrogen-
containing substances) (p = 0.0014, d = 5.36) were correspondingly 2.0 and 1.2-fold higher in
the L. plantarum 9-5 and L. brevis 9-2 sourdough. Notably, esters were detected exclusively
in the sourdough fermented with the latter, while one ketone was only found in sourdough
made with the former.

Notably, despite similar trends in antifungal activity across flour-derived media (hy-
drolysate and sourdough), no consistent differences in VOC profiles were observed between
the two substrates. An UpSet plot summarising the shared and unique VOCs for the con-
sortia in WFH and wheat sourdough is presented in Figure 3. These consortia shared only
three compounds across both media, i.e., acetic acid, decanoic acid, and dihydro-5-pentyl-
2(3H)-furanone. While consortia in the hydrolysate shared more compounds than they
possessed individually, only seven common compounds were identified in the sourdoughs,
alongside 18 unique VOCs. These data indicate that the metabolites produced by LAB were
highly dependent on the fermentation substrate.

The heatmap in Figure 2 also confirmed the marked differences between the VOCs
present in maximum quantities in the different flour-derived substrates, including in
LAB-fermented substrates. The control WFH medium exhibited high levels of pyrazines,
aldehydes, and ketones, while the fermented medium revealed a number of compounds
common to both consortia, as well as several individual VOCs. The VOCs with the highest
peaks were predominantly alcohols and acids. The initial flour-water mixture was similar
in composition to a spontaneously fermented sourdough, with significant amounts of
aldehydes and ketones, while fermentation with antifungal LAB sourdoughs resulted in
increased peak areas of alcohols and acids, as well as esters for the L. plantarum 9-5 and
L. brevis 9-2 association. Moreover, the dominant alcohols and acids in the sourdoughs
differed from those that were prevalent in the fermented WFH medium.
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Figure 3. UpSet plot showing common and individual compounds of antifungal LAB associations in
wheat flour hydrolysate medium (WFH) and in sourdough (SD). 8—L. plantarum 8-5 and L. brevis
8-2 consortium, 9—L. plantarum 9-5 and L. brevis 9-2 consortium. Lines connect identical compounds
between samples; individual dots represent unique compounds.

3.2. In Situ Antifungal Activity of Sourdough Consortia in Bread and Sourdough Bread
VOC Analysis

3.2.1. Shelf Life and Susceptibility of Bread to Mold Spoilage

Since the consortium of L. plantarum 9-5 and L. brevis 9-2 exhibited the highest an-
tifungal activity and produced a wider range of volatile compounds, it was selected for
sourdough bread making. In addition, this consortium was complemented or not with
2 AAB strains and one yeast (Table 1).

After bread making, the appearance and cross-section of the bread loaves in sourdough
variants differed visibly from those of the control bread (Figure 4). Indeed, the surfaces
of sourdough breads were less smooth and even than those of the control bread. The
texture was also looser, but less sticky and elastic. However, the crust surface was more
uniform and smooth in the LAB-Y-AK variant, which included all tested microorganisms,
as compared to the other sourdough bread variants.
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Figure 4. Wheat sourdough bread and its shelf life after contamination with P. decumbens PS depend-
ing on the sourdough starter composition. All sourdough breads were prepared with the addition
of commercial yeasts as in the control bread. The red circle shows the beginning of P. decumbens PS
growth, blue circle shows uninoculated mold contamination. LAB—L. plantarum 9-5 and L. brevis 9-2;
Y—M. unispora R3SD1d; A—A. fabarum WB; K—K. raeticus Ch2, d—days.

Concerning mold challenge tests, growth of P. decumbens PS was visible in the control
sample on day four. In the sourdough breads containing only LAB, LAB and yeast, or LAB
and A. fabarum WB, mold growth was observed the following day (Figure 4). When the
sourdough used for bread making included LAB, yeast, and at least one AAB (variants
LAB-Y-A, LAB-Y-K, and LAB-Y-AK), mold growth appeared later than with other microbial
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combinations with time to visible growth ranging from X to 20 days. The best results were
obtained with sourdough containing all microorganisms (LAB-Y-AK) as no mold growth
was observed for 20 days. However, on the 21st day, a thallus from an uninoculated mold
originating from the environment became visible, so further observation of bread shelf life
was stopped.

All sourdough breads were prepared with the addition of commercial yeasts. The red
circle shows the beginning of P. decumbens PS growth; the blue circle highlights uninoculated
mold contamination. LAB—L. plantarum 9-5 and L. brevis 9-2; Y—M. unispora R35D1d;
A—A. fabarum WB; K—K. raeticus Ch2.

Inoculation of bread with P. crustosum PZ yielded similar results. However, the onset of
mold growth was observed earlier. Indeed, P. crustosum PZ became visible on the third day
and to varying degrees on the fourth day for all sourdough breads, with the exception
of LAB-Y-AK and LAB-Y-K sourdough breads (Figure 5). In the sourdough bread made
with LAB-Y-K, fungal growth occurred on the fifth day while for the LAB-Y-AK sourdough
bread, P. crustosum PZ growth was not observed up to day 14. Instead, on this day, bread
spoilage became visible but was associated with the growth of a fungus originating from
the environment.

Figure 5. Shelf life of wheat sourdough bread contaminated with P. crustosum PZ, depending on the
sourdough composition. LAB—L. plantarum 9-5 and L. brevis 9-2; Y—M. unispora R3SD1d; A—A.
fabarum WB; K—K. raeticus Ch2, d—days. All sourdough breads were prepared with the addition of
commercial yeasts as in the control bread. The blue circle shows uninoculated mold contamination.

Thus, during challenge tests with P. decumbens PS and P. crustosum PZ, time-to-visible-
growth was 20 and 14 days, respectively, which was 17 and 12 days longer than in the
control group.

Finally, the sourdough bread shelf life was also examined under natural airborne
contamination conditions. To do so, bread slices were exposed to ambient air for five min
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on each side. The bread shelf life in this experiment was four days for the control, five days
for sourdough breads made with LAB, LAB-Y and LAB-K, six days for LAB-A, LAB-Y-A,
and LAB-AK, seven days for the LAB-Y-K, and eight days for LAB-Y-AK.

3.2.2. VOCs of Sourdough Bread

The VOC profiles of sourdough breads produced with L. plantarum 9-5, L. brevis 9-2,
M. unispora R35D1d, A. fabarum WB, and K. raeticus Ch2 were analyzed and compared
with a control bread on the first day post-baking. GC-MS analysis identified 15 common
compounds; additionally, the control and experimental breads contained 21 and 28 unique
compounds, respectively (Figure 6 and Table S2).

In the sourdough bread, total alcohol peak areas were substantially higher than in the
control, whereas total acid and ester peak areas were lower. However, the diversity of ester
species in the sourdough bread exceeded that of the control. Among the shared compounds,
a statistically significant increase in peak areas (p < 0.05) was observed in the sourdough
variant for ethyl hexanoate (2.5-fold), ethyl octanoate (43%), ethyl decanoate (2.7-fold),
pentadecanoic acid (11.8-fold), 1-hexanol (18%), and two furan derivatives. Conversely,
the control bread exhibited significantly higher levels of benzaldehyde (25%), oleic acid
(10.7-fold), n-hexadecanoic acid (30%), squalene (40%), and tetradecanoic acid (3.3-fold).

Compounds unique to the sourdough bread included aldehydes (hexanal, de-
canal, dodecanal), alcohols (2,3-butanediol, phenylethyl alcohol, 2-hydroxymethyl-2-
methylbicyclo [3.3.1Jnonane, and tetracyclo [4.4.1.1(7,10).0(2,5)]dodec-3-en-11-ol), fatty
acids ((Z)-9-octadecenoic and cis-oleic acids), 14 esters, and five additional compounds.
The specific esters identified were ethyl lactate, isoamyl acetate, 2-phenylethyl acetate,
2,2 4-trimethyl-1,3-pentanediol diisobutyrate, ethyl decanoate, 2-ethyl-3-hydroxyhexyl
2-methylpropanoate, isopropyl myristate, tetradecyl benzoate, 2-(2-chlorophenoxy)ethyl
ethyl succinate, heptyl benzoate, dec-2-yl benzoate, diisobutyl phthalate, dibutyl phtha-
late, and bis(2-ethylhexyl) terephthalate. Other detected substances included tridemorph,
6-methyl-pentadecane, 7-octylidenebicycloheptane, x-bulnesene, and 1,2,3,4,4a,5,8,9,12,12a-
decahydro-1,4-methanobenzocyclodecene.

To account for temporal changes in volatile composition, sourdough breads were also
analyzed after three days of refrigerated storage using a separate batch. Despite the small
sample size (n = 3), high measurement reproducibility was obtained (coefficient of variation
ranging from X to X%). The three-day-old bread contained 1.8 times fewer compounds
(24 VOCs) than the fresh bread (43 VOCs), with the sum of total peak areas decreasing
by 41%. Twelve compounds were still detected after storage, including four alcohols
(isobutyl, isoamyl, 1-hexyl, and phenylethyl), five esters (ethyl hexanoate, octanoate, and
decanoate, heptyl benzoate, and dibutyl phthalate), and three additional compounds (two
furan derivatives and a methanobenzocyclodecene derivative). Welch's t-test confirmed
statistically significant differences (p < 0.05) for all 12 shared components (Figure 7).

Fresh sourdough bread showed a prevalence of 3-methyl-1-butanol and phenylethyl
alcohol, while 2-methyl-1-propanol and 1-hexanol levels were at higher levels in the
samples after storage. Total alcohol peak areas were 1.44-1.47 times higher in fresh bread.
Interestingly, storage triggered a sharp increase in fatty acid ethyl ester concentrations.
Indeed, peak areas for four out of five shared esters increased 1.5-9.7-fold, with their
cumulative area increasing 5.2-fold (from 24.78 £ 0.81 AU to 129.13 & 2.68 AU) and total
ester content increasing by 2.4-fold. The most significant increases were observed for
ethyl hexanoate (9.7-fold) and ethyl octanoate (6.3-fold). The proportion of shared esters
relative to the total ester content rose from 37.7% in fresh bread to 81.8% after storage.
Additionally, stored samples exhibited higher levels of 2-pentylfuran and dihydro-5-pentyl-
2(3H)-furanone, while 1,4-methanobenzocyclodecene levels decreased.

https:/ /doi.org/10.3390/applmicrobiol6080085


https://doi.org/10.3390/applmicrobiol6080085

Appl. Microbiol. 2026, 6, 85 13 of 22
n-Hexadecanoic acid Class
Rentadgcangic acid 5 Acid
cis-Oleic Acid
Tetradecanoic acid Alcohol
cis-9-Octadecenoic Acid Aldehyde
9-Octadecenoic acid (Z)- 15
Oleic Acid Ester
Hexanoic acid Phenol
Pentadecylic acid 1
cis-10-Heptadecenoic acid Other
9,12-Octadecadienoic acid (Z,Z)-
1-Butanol, 3-methyl- 0.5
Phenylethyl Alcohol
1-Propanol, 2-methyl- 0

2,3-Butanediol
1-Hexanol
Tetracyclo[4.4.1.1(7,10).0(2,5)]dodec-3-en-11-ol

Hexanal

Dodecanal

Benzaldehyde

Decanal

Nonanal
5-Hydroxymethylifurfural

Pentadecanal-

Propanoic acid, 2-hydroxy-, ethyl ester
Octanoic acid, ethyl ester
Acetic acid, 2-phenylethyl ester
Hexanoic acid, ethyl ester
Benzoic acid, heptyl ester
Benzoic acid, 2-methylbutyl ester
1,4-Benzenedicarboxylic acid, bis(2-ethylhexyl) ester
Succinic acid, 2-(2-chlorophenoxy)ethyl ethyl ester
Benzoic acid, dec-2-yl ester
Decanoic acid, ethyl ester
1,2-Benzenedicarboxylic acid, bis(2-methylpropyl) ester
2,2 A-Trimethyl-1,3-pentanediol diisobutyrate
Dibutyl phthalate
1-Butanol, 3-methyl-, acetate
Propanoic acid, 2-methyl-, 2-ethyl-3-hydroxyhexyl ester
Isopropyl myristate
Benzoic acid, tetradecyl ester
D-Alanine, N-allyloxycarbonyl-, tridecyl ester
Benzoic acid, hept-2-yl ester
Benzoic acid, pentadecyl ester
Benzoic acid, tridecyl ester
Phthalic acid, diisobutyl ester
Phthalic acid, butyl hex-3-yl ester

Squalene

7-Octylidenebicyclo[4.1.0]heptane
2-Hydroxymethyl-2-methylbrendane

Furan, 2-pentyl-

1,4-Methanobenzocyclodecene, 1,2,3,4,4a,5,8,9,12,12a-decahydro-
Tridemorph

2(3H)-Furanone, dihydro-5-pentyl-

?-Bulnesene

Pentadecane, 6-methyl

Hexane, 1-nitro-

1-Pentanamine

Methyl 4-O-acetyl-2, 3, 6-tri-O-ethyl-?-d-galactopyranoside
Butanamide, N-methyl-4-(methylthio)-2-(2,2-dimethylpropylidene)amino-
2(3H)-Furanone, 5-dodecyldihydro-

Fyrol FR 2

_ 2-Methoxy-4-vinylphenol

e

SSeOM[ [ T[T T T T T TTTTT [ (e [ [T 1 [ ] I

peaig |04juo)
peaig as

Figure 6. Heatmap showing volatile compounds of control and sourdough (SD) wheat bread.
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Figure 7. Total volatile compounds of fresh and three-day-old sourdough bread. DhMBcD-
1,2,3,4,4a,5,8,9,12,12a-decahydro-1,4-methanobenzocyclodecene. * p < 0.01, ** p < 0.001, *** p < 0.0001.

In conclusion, the volatile profile of sourdough bread underwent significant modi-
fications during storage, characterized by a reduction in total alcohols and a substantial
increase in ester levels, particularly ethyl hexanoate and ethyl octanoate.

4. Discussion

In the present study, antagonistic activity against three bread spoilage fungi (P. decum-
bens PS, P. crustosum PZ, and P. variotii R2) was shown to be dependent on the fermentation
substrate. Both LAB consortia inhibited only P. decumbens PS when cultured in WFH
medium, while wheat sourdoughs also suppressed the growth of P. variotii. However, only
the use of the sourdough containing all microorganisms (LAB L. plantarum 9-5 and L. brevis
9-2, yeast M. unispora R3SD1d, AAB A. fabarum WB and K. raeticus Ch2) preserved bread not
only from the three tested molds but also from indoor environmental molds till 14-20 days.

Growth inhibition of various Penicillium spp. by selected LAB has been previously
demonstrated by previous studies [22,31,55]. There are also several reports in the literature
on P. crustosum growth inhibition by sourdough LAB [56,57] or their co-cultures with pro-
pionibacteria [58]. However, little is known about P. decumbens, although it was described
as a bakery product spoiler agent ten years ago [59]. In Wahlstrom et al.’s [60] study, P.
decumbens showed minimal to no inhibition by Latilactobacillus curvatus under conditions
optimal for suppressing other studied molds. Despite a different strain being used in
the present study, our work revealed growth inhibition of this fungus by both studied L.
plantarum and L. brevis consortia in WFH medium and wheat sourdough and in bread using
a complex sourdough consortium consisting of L. plantarum 9-5, L. brevis 9-2, M. unispora
R3SD1d, A. fabarum WB, and K. raeticus Ch2, in which the inhibitory effect was maximal.

According to the literature, the antagonistic activity of LAB is primarily asso-
ciated with the production of organic acids, as well as other metabolites that act
synergistically [22,61,62]. However, specific compounds and doses vary greatly in each
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case, and the precise mechanisms of action and their regulation remains poorly under-
stood [63].

In the present study, we identified a wide range of LAB VOCs with previously demon-
strated antifungal activity, such as medium- and long-chain fatty acids, alcohols, and
ketones [37,64-66]. The greatest number of organic acids was found in the WFH medium.
One of the targeted fungi, P. variotii, is known to be preservative-resistant and capable of
spoiling products with high weak acid content [67]. Resistance to weak acids is probably
the main reason why no antagonism was detected against this fungus when LAB were
cultivated in WFH, as acids are their main metabolic products. Likely, the predominance
of organic acids among LAB metabolites in WFH contributed to the more pronounced
antagonistic activity against ropy bread spoilage agents as compared to that of the liquid
sourdough. In addition to acids, several VOCs, including alcohols and ketones directly
related to the metabolic activity of LAB and with previously demonstrated antifungal
activity, were evidenced in the present study. Alcohols and ketones were among such
compounds. Several of them (2-tridecanone, 2-nonanol, and 2-tridecanol in WFH medium
and 1-octen-3-ol in wheat sourdough) were revealed in the present study and previously
shown to possess high antifungal activity [37,68,69]. However, our data were inconsistent
with the results of De Simone et al. [37], who showed that VOCs such as 2-nonanol and
2-tridecanol were only revealed in fungus-LAB co-cultures.

The VOCs of L. plantarum and L. brevis associations varied significantly according to
the fermentation media. Unlike the WFH medium, wheat sourdoughs contained higher
levels of VOCs beyond acids and alcohols, including esters produced by the L. plantarum
9-5 and L. brevis 9-2 consortium. Meanwhile, the VOCs of bread differed greatly from those
of the sourdough. Interestingly, the most pronounced antifungal effect was observed in
bread. However, the maximum effect was only achieved with a mixed starter consisting of
LAB, yeast, and AAB, while consortia with other microbial compositions only extended
the shelf life of bread by a few days.

Wheat bread made with mixed sourdough was characterized by significantly higher
VOC content, as well as the presence of longer-chain fatty acids, including unsaturated
ones, and a large number of esters. Twelve esters were detected in the control bread,
while 17 esters were present in the sourdough variant. The number of alcohols and their
total peak areas were also higher in sourdough bread than in the control. Although the
total sum of ester peak areas decreased in the sourdough bread compared to the control,
some esters were present in significantly higher quantities. These were primarily the ethyl
esters of hexanoic, octanoic, and decanoic acids. Several studies have shown that ethyl
esters of medium-chain fatty acids display antagonistic activity against various target
fungi [70,71]. Esters are known to be secondary products of yeast metabolism during
alcoholic fermentation. Except for this, the presence of medium-chain fatty acid precursors
from LAB metabolism is a key factor in the formation of the corresponding ethyl esters [72]
using ethanol produced by yeast. The increase in esters may also be associated with an
increased proportion of AAB in complex fermentable substrates [73]. For example, Delgado
et al. [74] indicated the production of 26 volatile compounds by the consortium of AAB
Gluconobacter cerinus and the yeast Hanseniaspora osmophila, of which 65% were esters. So,
the higher alcohol and ester content in the sourdough bread is likely a consequence of the
yeast and AAB metabolic activities.

Several researchers have demonstrated the prolonged prevention of bread spoilage
using mixed starter cultures. For example, bread produced with L. plantarum NRRL B-
14768T, L. brevis ATCC 14869, and yeast Candida famata, had an extended shelf life of up
to 10 days [75]. According to other data, a combination of L. plantarum 1A7 and Wicker-
hamomyces anomalus LCF1695 contributed to the preservation of bread without spoilage
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for up to 28 days [40]. Water/salt-soluble extracts of sourdough fermented by this LAB
and dough fermented by the yeast contained antifungal peptides encrypted into sequences
of Oryza sativa proteins and ethyl acetate with ethanol, respectively. There is also a study
on the properties of steamed bread prepared using various combinations of Saccharomyces
cerevisiae Y5 yeast, L. brevis B1 LAB, and Acetobacter tropicalis A3 AAB [49]. Sourdough
breads with all microorganisms contained more esters, aldehydes, and acids than breads
from other treatment groups, which is consistent with our SPME GC-MS results.

Another interesting result was obtained when we studied bread VOCs after refrig-
erated storage for 3 days. Since various sourdoughs extend bread shelf life by a certain
number of days, but then mold still occurs, it is most likely that an important role in bread
preservation belongs to VOCs, which gradually volatilize during storage. It is known
that commercial bread without the use of sourdough usually goes moldy after three days.
We hypothesized that the main active VOCs should persist in bread for several days and
conducted a comparative analysis of fresh and three-day-old sourdough bread. It was
shown that a significant portion of the volatile compounds had evaporated by this time.
Nevertheless, we detected 12 common VOCs in fresh and three-day-old samples. Compari-
son of the peak areas of common compounds revealed a paradoxical finding. Indeed, while
the overall VOC peak areas decreased, the concentrations of several compounds increased.
The greatest increases in peak areas were observed for ethyl hexanoate and octanoate, by
9.7 and 6.3 times, respectively. The reason for this phenomenon may apparently result
from the ability of starch molecules to incorporate and retain smaller hydrophobic com-
pounds into their secondary structure, forming so-called starch inclusion or starch-guest
complexes [76]. Preheating to 140-160 °C converts amylose to a molecularly dispersed
state, and subsequent cooling results in the formation of linear molecules that form double
helices through hydrogen bonding [77]. Complexes are formed through hydrophobic
interactions between the amylose helix and nonpolar guest molecules [78,79]. Amylose has
been shown to form complexes with a wide range of compounds, such as fatty acids and
their esters, alcohols, and other volatile compounds, which simultaneously delay starch
retrogradation and bread staling [80]. Baking bread followed by cooling promotes the
incorporation of sourdough-produced metabolites into amylose complexes. The release
of esters and alcohols from the formed complexes during bread storage may explain the
observed increase in peak areas of these compounds. Therefore, we can hypothesize that
the incorporation of antifungal compounds, in our case primarily ethyl esters of hexanoic
and octanoic acids, into amylose complexes is the reason for the mold-free shelf life of
sourdough bread.

Wheat flour gluten is also capable of incorporating various compounds, such as pheno-
lic compounds, into its gel structure by forming hydrogen and covalent bonds with carboxyl
and hydroxyl groups [81,82]. For example, FT-IR spectroscopy revealed structural changes
in the gluten network due to the incorporation of phenolic acids (cinnamic and gallic acid
derivatives) [81]. Various biopolymers are widely used for the encapsulation of bioactive
compounds [83,84], for example, essential oils, terpene alcohols, etc. The combination of
wheat gluten with carboxymethyl cellulose was also used to obtain composite nanoparticles
for loading with bioactive substances, in particular curcumin [85]. The use of AAB from
the genus Komagataeibacter in a cellulose-producing consortium can also promote better
retention of various compounds within the cellulose fibers. The cellulose film itself can
also act as a physical barrier, preventing the spread of fungal mycelium. Furthermore, the
production of prebiotic polymers can provide the strain of interest with improved survival
capabilities and competitive advantages over other microorganisms, which gave rise to the
study of composite materials using bacterial cellulose as a scaffold [86-88]. However, the
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contribution of bacterial cellulose to the possible prevention of bread spoilage remains to
be studied.

5. Conclusions

Thus, our study confirmed the synergistic effect of various compounds produced by
LAB and released by them from the substrate on the antifungal activity against different
molds. At the same time, the accumulation of ethyl MCFA, produced in significant quanti-
ties by the sourdough consortium, which included not only LAB but also sourdough yeast
and AAB, could be a key factor in extending bread shelf life. Furthermore, the presence of
AAB A. fabarum WB and K. raeticus Ch2 and yeast M. unispora R3SD1d in the sourdough
was critical for bread shelf life up to 20 days.

The most striking result of our study was that we observed an increase in the content
of different ethyl esters of hexanoic and octanoic acids during 3-day refrigerated storage.
The incorporation of these esters into amylose starch-guest complexes after baking and
cooling of bread, and their gradual release during storage, could be the main mechanism
involved in long-term bread preservation from mold spoilage. Future research could focus
on further investigating and potentially validating this phenomenon. Other VOCs retained
in the polymeric structures of gluten and produced by K. rhaeticus Ch2 cellulose could also
contribute to improved bread shelf life. However, this issue also requires further study.
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