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Abstract

The growing interest in lactic acid bacteria (LAB) within the baking sector is driven by their
ability to improve both the technological performance and nutritional quality of bakery
products. The purpose of this study was to provide a comprehensive overview of current
knowledge regarding the use of conventional and unconventional LAB in breadmaking,
with particular emphasis on their influence on dough properties, shelf life, sensory charac-
teristics, nutritional value, stress tolerance, and sustainability and their interactions with
unconventional yeast. The available evidence indicates that LAB contributes significantly
to dough development through acidification, proteolytic activity, and exopolysaccharide
production, leading to improvements in viscosity, elasticity, extensibility, water absorption,
and gluten network formation. Their metabolic activity also promotes the production of
organic acids, bacteriocins, and other antimicrobial compounds that help delay microbial
spoilage and extend product shelf life. In addition, LAB fermentation enhances flavor
and aroma complexity while increasing mineral bioavailability, vitamin content, and the
formation of beneficial bioactive compounds. Attention has been given to the capacity of
selected LAB strains to tolerate thermal, osmotic, acidic, and oxidative stress conditions,
highlighting their suitability for industrial applications. Furthermore, combinations of LAB
with unconventional yeast have shown potential for improving nutritional quality, sensory
acceptance, texture, and shelf life and reducing the glycemic impact of bakery products.
Overall, LAB represents a versatile group of microorganisms capable of supporting the
development of innovative, high-quality, and more sustainable bakery products. The syn-
thesis of current research highlights both the opportunities and challenges associated with
their application and emphasizes the need for further studies focused on strain selection,
fermentation optimization, and large-scale implementation.

Keywords: lactic acid bacteria; sourdough fermentation; bakery products; dough rheology;
unconventional yeast

1. Introduction
Lactic acid bacteria (LAB) in dough systems have long been recognized as central

drivers of sourdough fermentation, shaping the texture, flavor, nutritional profile, and
shelf life of bakery products. In recent years, research has expanded beyond traditional
wheat-based sourdoughs to emphasize unconventional LAB and yeast communities, non-
traditional cereal matrices, and novel fermentation strategies that leverage the broader
microbial diversity found in bakery ecosystems. This shift reflects both scientific interest
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and industry demand for more sustainable, controllable, and health-promoting bread tech-
nologies. The contemporary landscape positions “unconventional LAB” in the bakery field
as a focal point for understanding how microbial ecology, taxonomy, and techno-functional
traits intersect to influence dough behavior, end-product quality, and process robustness
under diverse production conditions [1–3].

LAB are a functionally diverse group of Gram-positive acid-tolerant bacteria that
dominate many sourdough ecosystems. They include genera such as Lactobacillus (now
reorganized into multiple genera within the Lactobacillaceae) [4], Leuconostoc, Pediococcus,
and Weissella, among others. In traditional sourdoughs, LAB populations are shaped by
flour microbiota, back-slopping practices, fermentation temperature and time, dough yield,
and the surrounding bakery environment, which together govern species persistence and
community dynamics [3,5]. Contemporary metagenomic and culture-independent stud-
ies have demonstrated that LAB communities in sourdough are remarkably stable at the
species level over extended propagation periods within a bakery, even as the strain-level
composition can fluctuate with time and nutrient inputs [2]. This ecological stability under-
pins reproducible bread quality in artisanal and some industrial contexts and provides a
basis for selecting robust unconventional LAB strains for broader application [2,3].

Recent work has highlighted the potential of non-traditional LAB strains and non-
conventional flours as substrates for sourdough fermentation. For example, studies isolat-
ing LAB from date seed flour, amaranth blends, or gluten-free matrices have demonstrated
that autochthonous or selected LAB can rapidly adapt to new substrates, modulate organic
acid production (lactic and acetic acids), and influence the fermentation quotient (FQ),
thereby affecting dough acidification, rheology, and sensory outcomes [6–9]. Moreover,
multispecies starters combining LAB with non-traditional yeast or Saccharomyces cerevisiae
in novel combinations have shown promise for tailoring volatile profiles, texture, and
antioxidant properties in breads containing unconventional ingredients such as pseudo-
cereals, legumes, or spent-grain-enriched flours [3,6,7,10]. Beyond traditional sourdough,
there is growing interest in using wild or selected LAB strains to improve gluten-free and
reduced-gluten bread systems. Gluten-free sourdoughs often rely on selected LAB with ap-
propriate proteolytic activity and exopolysaccharide (EPS) production to emulate gluten’s
viscoelastic network, while also enhancing the nutritional and sensory attributes. This area
illustrates how unconventional LAB can function as functional bread improvers in matrices,
where gluten is absent or limited, expanding the bakery sector’s product portfolio [9–11].

The expansion toward unconventional LAB and matrixes aligns with sustainability
goals in several ways. First, sourdough and LAB-focused fermentation can improve the
mineral bioavailability, reduce antinutritional factors, and lower the glycemic response
of breads, contributing to the nutritional quality and potential health benefits for con-
sumers [6,12]. Second, the use of locally sourced or by-product-derived flours (e.g., bran,
spent grains, or date seed flour) as fermentation substrates supports circular economy
concepts, reducing waste and broadening feedstock options for bakers [6]. Third, the
ability to tailor fermentation via selected or mixed cultures can enhance process control,
enabling shorter or more predictable fermentation timelines and improving consistency
in industrial settings while preserving the sensory identity of sourdough breads [3,5,6].
LAB activity influences the dough rheology primarily through acidification and proteolysis,
which affects gluten network formation, dough extensibility, and gas retention. The balance
between lactic and acetic acids, often captured by the FQ, is a key determinant of dough
acidity, crumb structure, and bread crumb morphology. Homofermentative LAB tend to
produce lactic acid, contributing to milder sourness, whereas heterofermentative LAB gen-
erate both lactic and acetic acids, which can intensify the tanginess and influence the crust
color and crumb structure. The interplay of LAB metabolism with flour proteolysis also
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shapes free amino acids and peptide profiles, which contribute to the flavor development
and nutritional quality of the bread [1,3,12,13]. Furthermore, LAB-derived metabolites,
including organic acids, esters, and other volatile compounds, contribute to the charac-
teristic aroma of sourdough bread and can be modulated through selection of strains and
substrates [3,14,15]. Notably, many of these LAB-derived metabolites and cell-wall compo-
nents persist in the final product after the producing cells have been inactivated by baking;
such non-viable microbial fractions and metabolites, collectively termed postbiotics, are
increasingly recognized as contributors to the functional and potential health-promoting
value of bread and other baked goods [16].

The bakery industry is increasingly embracing unconventional LAB and non-
traditional substrates to expand product diversity, improve nutritional attributes, and
strengthen process resilience. The introduction of robust well-characterized LAB strains—
in combination with non-Saccharomyces yeast or amaranth/date seed flour matrices—offers
a path toward bread with desirable rheological properties, enhanced flavor complexity,
improved shelf life, and sustainable production. Ongoing research employing culture-
dependent and -independent methods, coupled with systems-level omics analyses, will be
essential to resolve remaining questions about strain–substrate compatibility, ecological
stability, and the scalability of these approaches in commercial bakeries [2,3,6,9,15]. The
main objective of the present review is to synthesize the existing scientific literature and
to outline the current state of research on the application of conventional and unconven-
tional LAB in the baking industry, thereby providing a basis for future work on innovative
fermentation strategies and sustainable bakery technologies. This integrative scope dis-
tinguishes the present review from recent contributions that have addressed lactic acid
bacteria in sourdough from narrower angles, most notably the nutritional quality and
postbiotic potential of sourdough [17,18]. Rather than revisiting a single dimension, the
present work deliberately connects the microbiological, biochemical, technological, and
ecological determinants of LAB performance and, where the evidence allows, emphasizes
mechanisms, strain-level specificity, and current knowledge gaps rather than being a purely
descriptive account.

2. Taxonomic Diversity of Lactic Acid Bacteria and the Genetic Basis of
Their Techno-Functional Traits

Throughout this review, lactic acid bacteria and yeast are designated as either con-
ventional or unconventional. Conventional cultures are those with a long history of
established use in commercial baking and industrial fermentation—typically the baker’s
yeast S. cerevisiae and the well-characterized widely commercialized LAB species that
have traditionally dominated sourdough starters. Unconventional cultures, by contrast,
comprise autochthonous, wild, or newly characterized LAB and non-Saccharomyces yeast
that have not been routinely applied in breadmaking but are increasingly exploited to
broaden techno-functional, nutritional, and sustainability outcomes [17,19]. This distinc-
tion is functional and application-oriented rather than strictly taxonomic: a species such as
Lactiplantibacillus plantarum may be regarded as unconventional in a bakery context when
it is isolated from non-traditional substrates or applied to novel matrices, even though it
is common in other fermented foods. Because many relevant traits are strain-specific, the
conventional or unconventional status of a given culture is best interpreted at the strain
level and in relation to its intended application.

Lactic acid bacteria encompass a broad and phylogenetically heterogeneous group
of genera whose members differ markedly in metabolism, stress physiology, and techno-
functional potential. The genus Lactobacillus, historically dominant in sourdough, was
recently reclassified into 25 genera on the basis of whole-genome phylogeny, so that species
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central to breadmaking are now distributed across taxa such as L. (e.g., Lactiplantibacil-
lus plantarum, formerly Lactobacillus plantarum), Levilactobacillus (Levilactobacillus brevis),
Limosilactobacillus (Limosilactobacillus fermentum), Lacticaseibacillus (Lacticaseibacillus rhamno-
sus), and Fructilactobacillus (Fructilactobacillus sanfranciscensis), alongside genera retained
from earlier classifications such as Leuconostoc, Pediococcus, and Weissella [4]. A primary
functional divide separates obligately homofermentative species, which convert hexoses
almost exclusively into lactic acid, from heterofermentative species such as F. sanfrancis-
censis and L. brevis, which additionally produce acetic acid, ethanol, and carbon dioxide
and thus contribute more strongly to leavening, aroma, and the fermentation quotient.
Comparative-genomic analyses indicate that these metabolic and ecological differences are
underpinned by extensive genome-level variation, including lineage-specific gene gains
and losses affecting carbohydrate utilization, proteolysis, and adaptation to the cereal
matrix [20,21]. Importantly, many technologically relevant properties are strain-dependent
rather than shared by all members of a species, as documented for the sourdough special-
ist F. sanfranciscensis, whose strains differ in acidification, proteolytic activity, and stress
tolerance [22,23].

Several of the traits that make LAB attractive as bread improvers are genetically
encoded and unevenly distributed across taxa. Exopolysaccharide (EPS) formation is a
representative example: homopolysaccharides such as dextrans and levans are synthesized
extracellularly from sucrose by glucansucrase- and fructansucrase-type enzymes encoded
by dedicated genes, whereas heteropolysaccharides are assembled intracellularly under
the control of eps gene clusters [24]. The capacity for abundant in situ EPS synthesis
is particularly pronounced in Weissella and Leuconostoc, as well as in selected strains of
Lactiplantibacillus and Lacticaseibacillus, and this genetic potential can be exploited to emulate
gluten functionality and to improve dough rheology and bread texture [25–27]. Because
the EPS yield and polymer structure depend on both the genetic repertoire of the strain
and the fermentation substrate, strain selection guided by these determinants is central to
reproducible techno-functional outcomes [25].

Bacteriocin production is likewise a genetically determined trait with a taxon-specific
distribution. Bacteriocin biosynthesis typically depends on clustered structural, immunity,
transport, and regulatory genes, and the resulting peptides are commonly grouped into
post-translationally modified lantibiotics (class I, e.g., nisin produced by Lactococcus lactis)
and unmodified heat-stable class II peptides that are widespread among Lactiplantibacillus,
Latilactobacillus, and Pediococcus species [28]. The presence and expression of these gene
clusters govern the antimicrobial spectrum available to a given starter and, in bakery
applications, the extent to which spoilage molds and pathogenic bacteria can be suppressed
to extend shelf life [28,29]. Mapping the distribution of EPS- and bacteriocin-related genes
across genera and species therefore provides a rational basis for assembling starter cultures
with predictable performance in breadmaking.

3. Factors Influenced by Lactic Acid Bacteria During Fermentation
in Baking
3.1. Rheological Properties

The incorporation of LAB in the baking industry notably influences the rheological
properties of dough, including viscosity, elasticity, extensibility, fermentation behavior,
gluten network development, and water absorption (Table 1). These properties are critical
for the quality and performance of baked products (Figure 1).
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Table 1. Rheological attributes of lactic acid bacteria.

Rheological
Attribute LAB Species Benefits Source

Viscosity

Lactiplantibacillus
plantarum

L. plantarum produces EPS, which enhances dough
viscosity by increasing water retention and stable

structure during fermentation.
[24,30]

Leuconostoc
mesenteroides

EPS production leads to a gel-like matrix that entraps
water, thereby stabilizing the dough’s viscoelastic

properties.
[24]

Fructilactobacillus
sanfranciscensis

Generates organic acids during fermentation processes,
altering the rheological characteristics of the dough and

enhancing the viscosity.
[19,31]

Elasticity

Lacticaseibacillus
rhamnosus

Increased lactate production during fermentation
modulates gluten–protein interactions, improving

dough elasticity.
[32]

Pediococcus pentosaceus Production of acetic acid lowers pH, strengthening
gluten network and enhancing elasticity. [31]

Limosilactobacillus
fermentum

Improves elasticity by producing metabolites that
strengthen gluten structures during fermentation. [33]

Extensibility

Weissella cibaria
EPS produced during fermentation allows for greater

gas retention and elongation of gluten structure,
enhancing the extensibility.

[27]

Weissella confusa
Produces dextran-type exopolysaccharides that

enhance gas retention and elongation of the gluten
structure, improving the extensibility.

[27]

F. sanfranciscensis Promotes structural changes in gluten proteins,
increasing the extensibility under mechanical stress. [32]

Fermentative
Behavior

Levilactobacillus brevis
Has a strong capacity to ferment both glucose and
pentoses, leading to quicker rise times and flavor

development.
[20]

Pediococcus pentosaceus Fermentation generates volatile aroma compounds that
enhance the bread flavor and overall quality. [34]

Limosilactobacillus
fermentum

Heterofermentative metabolism produces ethanol,
carbon dioxide and organic acids that enhance the

flavor and contribute to dough fermentation.
[20]

Gluten Network
Development

Lactobacillus acidophilus
Enhances protein interactions via acidity, promoting

stronger gluten formation during mixing and
fermentation.

[20]

Lactiplantibacillus
plantarum

Proteolytic and acidifying activity modifies gluten
proteins, promoting a stronger gluten network during

fermentation.
[30]

Water Absorption

Lacticaseibacillus
paracasei

Produces EPS, which interacts with water, improving
dough hydration and the texture quality. [35]

Weissella viridescens Forms a gel matrix during fermentation, which retains
water and contributes to dough workability. [23]

Leuconostoc citreum Forms a hydrocolloid structure in the dough, which
retains moisture effectively during the baking process. [25]
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Figure 1. Rheological properties of lactic acid bacteria strains in dough systems.

3.1.1. Viscosity

Viscosity refers to the dough’s resistance to flow and deformation, which is signif-
icantly influenced by its composition and fermentation stage. LAB species such as L.
plantarum and L. casei alter the dough structure through the production of organic acids
and exopolysaccharides, which enhance water retention and modify the fluidity of the
dough. Studies have shown that doughs fermented with these LAB exhibit increased
viscosity due to the development of a robust carbohydrate network resulting from the
metabolic activities of the bacteria. This effect, driven by lactic acid fermentation, leads to
the enhanced hydration of gluten proteins, which increases the dough viscosity [35–38].

Specifically, the study demonstrated that L. plantarum significantly improved the
viscosity of wheat dough by enhancing its water-binding capacity, while L. brevis also
had a notable positive effect on dough stability during processing. Conversely, excessive
acidification can negatively impact the sensory qualities and overall volume of the baked
products, highlighting the need for balance in fermentation conditions [30,38].

3.1.2. Elasticity

Elasticity is a measure of a dough’s ability to return to its original shape after
deformation—this property is critically important for the dough’s performance during
baking. LAB species such as L. casei and L. brevis influence the elasticity of dough primar-
ily by modifying the gluten network. The fermentation process mediated by these LAB
contributes to the formation of a more cohesive and extensible gluten structure through
proteolytic activity, which enhances dough elasticity [29].

Research indicates that L. casei can significantly decrease dough stickiness while
enhancing its elastic modulus, creating a more stable structure during processing. Moreover,
studies have shown that the extent of acidification achieved by LAB directly correlates with
changes in elasticity; optimal production of lactic acid can improve gluten cross-linking,
enhancing gas retention vital for the final volume of baked products [34]. A balanced
acidification environment results in doughs that are both elastic and resilient, supporting
robust leavening activity during baking [31].

3.1.3. Extensibility

Extensibility reflects the dough’s capacity to stretch without breaking, which is par-
ticularly critical for various types of bread. LAB fermentation significantly influences
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this characteristic through the enhancement of gluten hydration and modification of its
structural integrity. LAB species like L. plantarum and specific strains of L. paracasei produce
organic acids that help to lower the pH and improve the solubility of gluten, leading to a
more extensible dough matrix [37].

Important work demonstrated that doughs fermented with L. paracasei had signifi-
cantly enhanced extensibility due to increased water retention and a more flexible structure
resulting from exopolysaccharide production [38]. This property is crucial for products
like pizza bases and flatbreads, where high extensibility is desired. Moreover, the optimal
extent of acidification provided by LAB contributes to both extensibility and resilience,
ensuring high-quality dough performance during fermentation and baking [39].

3.1.4. Fermentation Behavior

The fermentation performance of dough is markedly affected by the incorporation
of LAB, including L. plantarum and L. brevis. These microorganisms trigger metabolic
pathways that transform flour-derived sugars into lactic acid and additional metabolites,
leading to dough acidification. This decrease in pH is crucial for establishing favorable
conditions for subsequent microbial proliferation and activity, thereby improving the
rheological properties of the dough.

During the initial stages of fermentation, LAB proliferates rapidly, producing lactic
acid, which decreases the pH of the dough. This shift in pH not only creates a more
favorable environment for other beneficial microorganisms but also influences the dough’s
rheological properties. As the pH decreases, the solubility of gluten proteins increases, con-
tributing to an improved gluten network [40,41]. Fermentation also leads to the production
of carbon dioxide, which contributes to leavening and results in a lighter texture in the
final product. The overall metabolic processes utilized by LAB are crucial for promoting
healthy fermentation, enhancing dough stability, and improving the sensory qualities of
baked goods [30,42].

3.1.5. Gluten Network Development

Lactic acid bacteria, especially F. sanfranciscensis and L. plantarum, contribute signif-
icantly to the formation of the gluten network throughout sourdough fermentation. A
primary mechanism underlying their effect is their proteolytic activity, which entails the
degradation of gluten proteins into smaller peptides and free amino acids. This proteolytic
process improves the extensibility and elasticity of the dough.

As LAB ferment the dough, they produce enzymes, including proteases, that hydrolyze
gluten proteins. This hydrolysis creates a network of smaller more functional gluten
peptides that improve the structural properties of the dough and its ability to retain gas
produced during fermentation [30,37]. This modified gluten structure allows for better
gas retention, which is crucial for the dough to rise effectively. Furthermore, the presence
of organic acids produced during fermentation reinforces the gluten matrix, leading to
improved dough strength and stability [28,32]. The result is a well-developed gluten
network that provides a superior texture and volume in baked products.

3.1.6. Water Absorption

The addition of LAB further improves the dough’s capacity to absorb water, a factor
essential for attaining appropriate dough consistency. This effect is attributed to the
fermentation processes driven by LAB, which alter the structural properties of starch and
protein fractions in the flour, thereby facilitating enhanced water retention.

LAB produce EPS during fermentation, which contributes to increased water reten-
tion within the dough. These polysaccharides create a hydrophilic environment that can
capture and retain more water, thereby increasing the overall water absorption capacity
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of the dough. This is especially important for achieving the desired dough viscosity and
extensibility. Studies have indicated that doughs fermented with L. paracasei and L. brevis
exhibited significantly higher water absorption rates compared to those fermented without
LAB [35,41]. Furthermore, lower pH levels resulting from fermentation facilitate the hy-
dration of gluten proteins, enhancing their capacity to absorb water and form a cohesive
dough matrix [32,43].

In the end, the combined action of lactic acid bacteria in promoting water absorption
exerts a substantial impact on dough behavior, resulting in enhanced processing perfor-
mance and a superior final product quality. This underscores the necessity of carefully
selecting suitable LAB strains when designing dough formulations to ensure optimal
hydration and consistency across diverse baking applications.

In conclusion, the production of EPS by LAB strains aids in achieving more desirable
fermentation profiles, allowing for controlled acidification that optimizes the flavor and
texture without compromising the structural integrity of the dough. This balance between
acidity and rheology enhances CO2 retention during fermentation, ultimately leading to
higher volume and improved organoleptic properties in the baked products [24,27]. Hence,
the strategic application of EPS-producing LAB can significantly improve the overall quality
and acceptability of bakery formulations, making them a valuable component in modern
baking practices [26].

3.2. Shelf Life

LAB are essential in extending the shelf life of baked goods through a range of biochem-
ical mechanisms that both enhance dough functionality and suppress spoilage processes.
A thorough understanding of LAB interactions during fermentation (Figure 2) enables
bakers to exploit these effects, resulting in products with prolonged stability and improved
sensory attributes.

Figure 2. Shelf-life compounds and their mechanism of formation by the LAB in doughs.

3.2.1. Organic Acids

The fermentation of dough with unconventional LAB, such as L. plantarum and L.
rhamnosus (here termed unconventional because they are applied to non-traditional bak-
ery substrates and matrices rather than as established commercial baker’s cultures; see
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Section 2), results in the production of lactic acid and acetic acid. These organic acids play
crucial roles in inhibiting the growth of spoilage organisms and pathogens, such as molds
and bacteria, thereby extending the shelf life of bread products [44–47]. The lower pH
caused by these acids creates an environment less favorable for microbial growth, which
helps prevent spoilage and maintains the quality of the bread for a longer duration [44].
Lactic acid, in particular, has been shown to possess strong antimicrobial properties against
a broad spectrum of bacteria and fungi, contributing significantly to the preservation of the
final baked product [27,48,49]. At the molecular level, the antimicrobial action of lactic and
acetic acids is driven mainly by their undissociated forms, which are lipophilic and diffuse
freely across the microbial cell membrane; once inside the near-neutral cytoplasm they
dissociate, releasing protons and anions that acidify the cytoplasm, dissipate the transmem-
brane pH gradient, and interfere with essential metabolic and membrane functions [50].
Because the proportion of undissociated acid increases as the pH of the dough falls, the
acidic weakly buffered microenvironment generated during fermentation markedly en-
hances this activity, and the effect is frequently reinforced through synergy with other LAB
metabolites such as bacteriocins, phenyllactic acid, and diacetyl [51].

3.2.2. Bacteriocins and Antimicrobial Peptides

The potential for LAB to reduce mycotoxin levels is another crucial attribute affecting
the shelf life of baked products. Certain LAB strains have been identified to effectively
detoxify mycotoxins produced by mold contamination, such as aflatoxins and ochratoxin
A, thus enhancing food safety [47,48]. The interaction of LAB metabolites with these
mycotoxins can facilitate their degradation, therefore rendering contaminated grains safer
for consumption after fermentation [49]. This aspect not only contributes to the preservation
of baked goods but also serves as a significant public health measure. LAB also produce
bacteriocins—proteinaceous compounds that exhibit antimicrobial activity against a variety
of harmful bacteria. For example, nisin, produced by L. lactis, is a well-studied bacteriocin
known for its effectiveness against Gram-positive pathogens [25,52]. The production of
bacteriocins provides an additional layer of protection against spoilage microorganisms
in baked products, further extending the shelf life. Bacteriocins work through various
mechanisms, including interference with cell membrane integrity and inhibition of cell
wall synthesis in target bacteria. This ability to disrupt key bacterial functions results in a
decreased likelihood of spoilage and microbial contamination in bread [25]. Moreover, the
application of LAB cultures that produce these antimicrobial peptides not only improves the
safety of the product but also enhances its sensory attributes by adding complex flavors [26].
The reduction in aflatoxin contamination attributed to LAB is achieved chiefly by physical
binding rather than enzymatic degradation: aflatoxin B1 is sequestered at the bacterial
cell-wall surface, where teichoic acids and peptidoglycan constitute the principal binding
sites, so that both viable and heat-killed cells can remove the toxin from the matrix [50,53].
With respect to bacteriocins, ready-to-use protective cultures based on bacteriocin- and
organic-acid-producing strains of L. plantarum and P. acidilactici have already been applied
to extend the mold-free shelf life of packaged and clean-label breads, illustrating the
practical translation of these traits [48]. Nevertheless, the antibacterial spectrum of most
LAB bacteriocins is largely restricted to Gram-positive bacteria and their direct efficacy
against spoilage molds is limited, which remains a key knowledge gap; current trends
therefore favor combining bacteriocin producers with antifungal-metabolite producers
within multifunctional starter cultures [48].
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3.2.3. Alcohol and Other Volatile Compounds

Another group of metabolites produced by LAB includes ethanol and diacetyl. Ethanol,
produced as a by-product of fermentation, has been recognized for its preservative effects
due to its ability to inhibit the growth of various pathogenic microorganisms [27,46]. Di-
acetyl, which contributes a buttery flavor to bread, is also produced during the fermentation
process and serves a role in impacting both flavor and shelf stability [46,54]. Additionally,
recent studies have highlighted the roles of phenyl-lactic acid as an antimicrobial agent, fur-
ther emphasizing the potential of LAB to mitigate microbial spoilage in baked goods [55].
Mechanistically, the antimicrobial activity of diacetyl is attributed to its reaction with
arginine-binding proteins, which interferes with arginine utilization and thereby inhibits
susceptible Gram-negative bacteria, yeast, and molds [48]. Phenyllactic acid, in turn, is a
broad-spectrum antifungal compound synthesized by LAB such as L. plantarum through
the transamination of phenylalanine to phenylpyruvic acid and its subsequent reduction;
it is water-soluble, chemically stable, and active against a wide range of spoilage and
mycotoxigenic fungi, and its natural occurrence in fermented foods supports a favorable
food-safety profile as a bio-preservative [48,55].

In summary, the various chemical substances produced by unconventional LAB during
dough fermentation—organic acids, bacteriocins, alcohols, and volatile compounds—play
crucial roles in the preservation of baked goods. By cultivating specific strains of LAB
in the fermentation process, bakers can leverage these antimicrobial properties to create
bread with enhanced shelf life and improved quality, thus meeting consumer demands for
longer-lasting, safe, and flavorful products.

3.3. Sensory Characteristics

LAB are fundamental to the formation of sensory characteristics and flavor profiles
in sourdough products. Their metabolic activity throughout fermentation results in the
generation of a wide range of volatile organic compounds (VOCs), which play a crucial
role in shaping the aroma and taste of the final baked goods (Figure 3).

Figure 3. Sensory and nutritional contributions of LAB during bread fermentation.

For instance, LAB such as L. plantarum and L. casei are known for their ability to
produce organic acids, particularly lactic and acetic acid, which influence both flavor and
antimicrobial properties [56,57]. Furthermore, the synthesis of VOCs, including alcohols,
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aldehydes, and esters, occurs as a result of carbohydrate fermentation by these LAB,
contributing to complex flavor notes in the bread [58,59].

The specific VOCs produced can have distinct sensory implications. For example,
aldehydes can impart fruity or floral notes, while acids can provide sourness contributing
to the characteristic taste of sourdough. A study found that the incorporation of LAB
during sourdough fermentation led to the enhanced production of small organic molecules,
which are essential for flavor development [60,61]. Additionally, the proteolytic activity
of LAB during fermentation breaks down proteins into free amino acids, further leading
to the generation of flavor compounds, as these amino acids are converted into volatile
compounds during baking [62].

The fermentation process also enhances the complexity of flavors through the break-
down of carbohydrates into simpler sugars that can be fermented by yeast present in the
dough. For example, yeast such as S. cerevisiae and LAB synergistically contribute to the
fermentation environment by producing ethanol and other flavor-active compounds [63].
This interaction helps in the production of a diversity of aroma compounds, enriching the
sensory profile of the final baked product.

It is critical to highlight that the flavor-enhancing attributes of LAB are not merely by-
products of fermentation but are actively manipulated through the selection of specific LAB
strains and fermentation processes. For instance, L. brevis has been noted for improving the
sensory profile through its involvement in the synthesis of certain flavor compounds [57],
while strains such as L. casei are recognized for their unique ability to enhance loaf volume
and provide desirable sensory characteristics such as improved aroma and texture [64].

Lastly, the sensory qualities of sourdough breads are further discerned through con-
sumer acceptability studies, which often indicate a preference for sourdough products
enriched with specific LAB strains over those produced with conventional yeast fermen-
tation methods. Studies confirm that breads made with LAB exhibit not only improved
flavor profiles but also a longer shelf life due to the natural preservation mechanisms
sustained by organic acid production and the competitive environment LAB create against
spoilage organisms [56,64]. In conclusion, LAB contributes to the sensory attributes of sour-
dough bread in multifaceted ways, through both direct flavor contributions via metabolic
by-products and indirect influences by interacting with yeast and fermentation conditions.

3.4. Nutritional Properties

The use of non-conventional lactic acid bacteria in the baking sector is increasingly
attracting interest due to their nutritional properties, which contribute to the enhance-
ment of both the health value and overall quality of baked products. Species such as
L. plantarum and L. brevis have been reported to carry out key metabolic functions dur-
ing bread fermentation, leading to significant improvements in nutritional composition
and digestibility.

One of the main nutritional benefits conferred by LAB during sourdough fermentation
involves the hydrolysis of antinutritional factors, such as phytic acid, which can bind
essential minerals and hinder their absorption. Various studies elucidate that strains like L.
plantarum exhibit phytase activity, leading to a reduction in phytic acid and an enhancement
in the bioavailability of zinc, iron, and calcium in the final product [65,66]. This enzymatic
action not only assists in freeing minerals for better absorption but also promotes a more
favorable amino acid profile of the bread through proteolysis [67].

Moreover, the fermentation process catalyzed by LAB is pivotal for the synthesis of
bioactive compounds and vitamins. Sourdough fermentation, particularly utilizing LAB,
has been reported to increase vitamins such as B vitamins and folate in bread [66]. The
acidic environment created by LAB fermentation aids in the stability of these vitamins
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during storage and baking while simultaneously improving the overall sensory qualities of
the bread [68,69].

Additionally, LAB contributes to the production of short-chain fatty acids (SCFAs)
during the fermentation process, which are believed to play a role in gut health by en-
hancing the gut microbiota composition and acting as an energy source for colonic cells.
Research indicates that such SCFAs can potentially lower the risk of metabolic disorders
by modulating inflammatory responses in the gut [67]. The presence of LAB therefore not
only enriches the nutritional profile of bread but also supports long-term health benefits
through its influence on digestive health.

The antimicrobial properties of LAB, stemming from the organic acids they produce
(primarily lactic acid), also inherently extend the shelf life and safety of baked products.
These acids inhibit the growth of spoilage microorganisms and pathogens, thereby re-
ducing the incidence of foodborne illnesses associated with traditional bread-making
methods [70,71].

In summary, the application of lactic acid bacteria in the baking industry not only
improves the nutritional profile of bread and similar baked products but also plays a
substantial role in enhancing their safety and sensory qualities. The diverse effects of LAB
include enzymatic hydrolysis that increases mineral bioavailability, vitamin synthesis, and
the generation of beneficial metabolites, highlighting the significant importance of these
microorganisms in contemporary baking processes.

4. Microbial Viability Under Different Stress Conditions
Sourdough and bakery ecosystems are dominated by LAB and yeast, with LAB

contributing to dough acidification, texture modification, and shelf-life extension, while
yeast provides leavening through CO2 production. The interplay between species and
strains determines how dough responds to processing stresses such as heating, drying, high
salt, and high sugar content [16,21,72,73]. The stress physiology of LAB in dough is central
to understanding which strains retain viability and functional activity after processing steps
such as baking, freezing, or dehydration and which may contribute to postbiotic benefits
or antifungal protection in bakery products [16,18,21,74]. Detailed reviews emphasize
that LAB in sourdough endure and adapt to low pH, high carbohydrate loads, oxygen
limitation, and osmotic challenges, employing robust stress response systems that include
heat shock proteins and osmotolerance mechanisms [16,18,21].

4.1. Temperature Stress Conditions

The viability of lactic acid bacteria under varying temperature stress conditions is
critical in the baking industry, as temperature fluctuations can considerably affect the fer-
mentation process and, consequently, the quality of the bread produced. LAB, specifically
homofermentative strains like L. plantarum and P. pentosaceus, are prevalent in sourdough
fermentation. As the temperature rises, there is a notable increase in the rates of fermenta-
tion; however, excessive heat can lead to thermal stress, resulting in diminished microbial
viability [75]. LAB must navigate thermal stress during bulk fermentation, which generally
occurs at an optimal range of 25 to 37 ◦C. Beyond these limits, for example, exceeding
45 ◦C can drastically reduce the survival rates of LAB, negatively impacting bread charac-
teristics such as dough elasticity and gas retention [75]. Strains such as L. plantarum and F.
sanfranciscensis are noted for their heat tolerance capabilities.

F. sanfranciscensis is specifically adapted to survive and perform effectively in varied
thermal environments during sourdough fermentation. Studies suggest it can endure
processes involving higher temperatures due to its metabolic pathways that facilitate
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survival and activity, often leading to significant flavor enhancements in the baked goods
produced [22].

In high-temperature environments, LAB exhibit various physiological adaptations
to withstand thermal stress, including the production of heat shock proteins and enhanc-
ing membrane stability [59]. Additionally, the synthesis of protective substances like
exopolysaccharides allows LAB to cope with elevated thermal conditions, thus maintaining
their probiotic functions and the fermented dough’s sensory qualities [76]. Moreover, the
genetic adaptability of certain LAB strains enables them to produce heat shock proteins
that assist in surviving heat stress, which may also contribute to better enzyme activity,
crucial for dough fermentation, particularly in the degradation of gluten factors during bak-
ing [77]. This enhances not just the fermentation process but also improves the nutritional
profile and flavor attributes of the baked products, making LAB not just resilient but also
functionally beneficial at higher temperatures [78]. Mechanistically, heat shock proteins
function as molecular chaperones—most notably the GroEL–GroES and DnaK–DnaJ–GrpE
systems, together with small heat shock proteins and ATP-dependent proteases such as
Clp—that prevent the aggregation of denatured proteins, assist the refolding of damaged
polypeptides, and degrade those beyond repair, thereby preserving cellular function during
thermal stress [79]. In LAB, expression of the corresponding genes is controlled mainly by
dedicated transcriptional repressors, such as HrcA and CtsR, whose repression is relieved
as the temperature increases, allowing chaperone synthesis to be rapidly induced. During
baking, the gradual temperature rise of the oven, combined with progressive dehydration
and the acidic dough matrix, provides the sub-lethal conditions that trigger this heat shock
response before lethal temperatures are reached, favoring the survival of well-adapted
strains and the retention of their techno-functional activity [59,79].

It is also important to consider climate and environmental factors, as local humidity
and temperature can interact with LAB functionality. Seasonal variations may influence the
viability of LAB such that conditions that are ideal for dough fermentation in one season
may not be conducive in another. This necessitates bakers to adjust the fermentation times
and temperatures to optimize the performance of LAB in their sourdough starters [80,81].

4.2. Osmotic Stress Conditions

Osmotic stress poses significant challenges to lactic acid bacteria, particularly in
the baking industry, where high sugar concentrations in dough can create inhospitable
environments for microbial viability. LAB, including strains such as Lactobacillus and
Pediococcus, are crucial for fermentation processes in bread-making, but their growth can be
severely affected by osmotic pressures resulting from the addition of sugars or other solutes.

Under conditions of high osmotic stress, LAB experience alterations in cellular osmotic
pressure, primarily leading to cell membrane destabilization and increased permeabil-
ity. This physiological stress triggers protective mechanisms, such as the synthesis of
osmoregulatory solutes like trehalose and other compatible solutes, which help to stabilize
cellular structures and maintain osmotic balance. LAB strains such as L. plantarum and
Pediococcus pentosaceus have been documented to exhibit increased resilience under osmotic
stress conditions, likely due to their enhanced production of these substrates, which confer
cellular protection by stabilizing proteins and maintaining cell turgor [74]. In greater detail,
trehalose can be accumulated either by de novo biosynthesis—through the OtsA–OtsB
pathway, in which trehalose-6-phosphate synthase (OtsA) and trehalose-6-phosphate phos-
phatase (OtsB) convert glucose-6-phosphate and UDP-glucose into trehalose—or by uptake
and interconversion of environmental sugars; its accumulation can be promoted by pro-
viding fermentable sugars and by controlled pre-exposure to mild osmotic stress [79]. In
addition to trehalose, LAB import or synthesize other compatible solutes such as glycine be-
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taine and carnitine via dedicated osmolyte transporters, the genes of which are up-regulated
under hyperosmotic conditions; these solutes counterbalance the external osmotic pressure
and protect enzymes and membranes, thereby reducing the loss of viability during sugar-
or salt-rich dough fermentation [79].

Furthermore, research indicates that osmotic stress can lead to a reduction in the via-
bility of LAB during fermentation processes. Different LAB demonstrate varying tolerance
levels to osmotic pressure; certain strains show reduced survival rates when subjected to
high concentrations of sucrose, while others effectively adapt through the activation of
stress-response genes and metabolic pathways that enhance their survivability [82]. This
adaptation is essential not only for the stability of microbial communities but also for
the overall quality of the bread produced, as it influences the texture and flavor profiles
attributed to LAB fermentation [19].

Interestingly, the selection of specific LAB strains is crucial for optimizing fermen-
tation in baking contexts. Strains like F. sanfranciscensis have been favored in sourdough
fermentation due to their dual ability to withstand osmotic stress and contribute to flavor
development through the production of organic acids. These acids assist in preserving the
microbial environment by lowering the pH and inhibiting the growth of spoilage organisms,
thereby enhancing the shelf life and safety of the final product [74,83].

4.3. Acid Stress Conditions

The fundamental mechanism by which LAB withstands acid stress primarily involves
the regulation of internal pH. LAB such as L. plantarum and L. paracasei have developed
sophisticated systems to maintain their intracellular pH near neutrality despite external
acidic challenges. This is achieved via the action of ATP-dependent efflux pumps that expel
protons (H+) from the cell, thereby re-establishing pH homeostasis [84]. Additionally, some
LAB utilize carboxylate and amino acid decarboxylation pathways to produce metabolites
that further stabilize the intracellular pH during fermentation processes [41]. Research
has demonstrated that supplemental nutrient conditions, such as those provided by the
inclusion of unconventional flours, can also play a significant role in enhancing the acid
tolerance of LAB. For instance, the addition of alternative flours like amaranth has been
shown to improve LAB strains’ resilience under acidic conditions due to their higher
nutritional profiles [7].

During the fermentation of sourdough, LAB metabolize carbohydrates and produce
lactic acid, contributing not only to the acidic environment but also to flavor and texture
improvements in bread [85]. For instance, LAB strains isolated from spontaneous sour-
dough, such as L. paracasei LUHS244, have demonstrated effective acidification properties,
enhancing sourdough quality when subjected to acid stress conditions [83]. Furthermore,
LAB are responsible for producing bioactive compounds that can positively affect both the
sensory and health attributes of bread, such as improved antioxidant properties linked to
fermentation processes [86].

The impact of acid stress extends beyond mere survival; it can influence the metabolic
activities of LAB, leading to the synthesis of flavor compounds, including esters, which
enhance the sensory quality of bread [87]. Specifically, LAB isolated from sourdough
may show variations in esters production under high-acid conditions, indicating a com-
plex interplay between stress and microbial metabolic pathways [87]. Such adaptability
not only underscores the resilience of LAB in bread-making but also emphasizes their
importance in creating products that meet consumer taste preferences specifically in
fermentative environments.

The application of LAB, particularly unconventional strains, in stress-laden environ-
ments enhances both the microbial viability and product quality. For instance, sourdough
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breads produced with robust LAB strains can exhibit a lower postprandial glycemic re-
sponse, likely due to the higher lactic acid concentrations resulting from effective fermenta-
tion processes [88]. This characteristic is highly desirable in today’s health-conscious market,
where consumers increasingly favor products associated with lower glycemic indices.

4.4. Oxidative Stress Conditions

Lactic acid bacteria, widely recognized for their involvement in fermentation pro-
cesses such as baking, are exposed to oxidative stress as a major environmental factor
that can compromise their viability and functional performance. Oxidative stress arises
from an imbalance between the production of reactive oxygen species (ROS) and the an-
tioxidant defense mechanisms available to mitigate their effects. Under these conditions,
LAB must employ various strategies to survive and maintain their metabolic functions.
Numerous species of LAB exhibit the ability to synthesize antioxidant enzymes that play
a crucial role in neutralizing harmful ROS. For instance, L. plantarum has been shown to
induce superoxide dismutase (SOD), catalase, and glutathione peroxidase (GPx), which
catalyze the dismutation of superoxide radicals and detoxification of hydrogen peroxide,
respectively [89,90]. These enzymes are pivotal in preventing oxidative damage to cellular
components, thereby enhancing the survival of LAB under oxidative stress conditions.
Specifically, L. reuteri has demonstrated a strong capability for reducing oxidative damage
during endotoxic shocks, indicating the superior functionality of certain LAB strains in
antioxidant production [90].

Moreover, the ability of LAB to utilize manganese as a cofactor instead of iron is a
notable adaptation. It has been observed that many LAB species accumulate high intra-
cellular concentrations of manganese, which serve as effective scavengers of superoxide
radicals, compensating for the low levels of conventional iron-dependent SOD found in
other bacterial groups [91]. This unique feature allows LAB to thrive in environments where
oxygen is present, a common condition during the fermentation and baking processes. In
addition to the enzymatic defense mechanisms, LAB also produce bioactive metabolites,
such as peptides and exopolysaccharides, that contribute to their antioxidant capacity.
These compounds not only scavenge free radicals but also enhance the growth of beneficial
microbiota by modulating gut health, further exhibiting the multifaceted roles LAB play
under oxidative stress [89]. This is particularly relevant in the context of baking, where
LAB fermentation can improve the nutritional profile of baked goods and extend the shelf
life by enhancing their resistance to spoilage [92].

Although LAB generally possess effective mechanisms to cope with oxidative stress,
some LAB strains, such as L. lactis, have shown limitations under high oxidative conditions
due to their lack of SOD and catalase [93,94]. This suggests a heterogeneous response
among LAB species to oxidative stresses, necessitating careful selection of strains for
optimal performance in baking and related applications. The interplay between LAB and
oxidative stress illustrates the complexity of their roles in food microbiology and highlights
their potential in enhancing the quality and safety of baked products.

5. Alternative Substrates for LAB Fermentation
Lactic acid bacteria are essential in the baking industry, not only as microorganisms

involved in sugar fermentation and dough leavening but also as important contributors to
sustainability across the bread production chain. Their contribution to sustainable practices
is mainly associated with their capacity to improve bread quality, extend shelf life, and
reduce spoilage through the production of metabolic by-products. The fermentation process
carried out by LAB not only contributes to a richer flavor profile and texture, particularly in
sourdoughs, but also supports the bioavailability of minerals and phytochemicals present
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in grains. This aspect underscores a sustainable nutrient profile, as LAB fermentation
tends to decrease substances such as phytic acid, which inhibit mineral absorption [65,95].
Additionally, LAB in sourdough can produce metabolites with potential probiotic effects,
further enhancing the nutritional value of bread and making it more appealing to health-
conscious consumers [33,95].

Another crucial sustainability aspect of LAB in baking is their ability to produce
antimicrobial compounds such as bacteriocins and organic acids. These substances help
inhibit pathogenic bacteria and mold growth, which contributes significantly to extending
the shelf life of bread [82,96]. Research has demonstrated that sourdough fermentation can
significantly reduce the formation of acrylamide, a potential carcinogen typically found in
baked goods, through the synergistic action of LAB fermentation processes [97,98]. This not
only aligns with consumer safety standards but also reduces food waste, defining a more
sustainable approach to bread production. Studies have highlighted that integrating LAB
strains into baking processes confers desirable attributes such as antifungal capabilities,
effectively combating spoilage and maintaining bread quality over time [84,96]. The
metabolic by-products of LAB fermentation, including various organic acids like acetic
acid, contribute to the preservation of bread, making this a sustainable alternative to
synthetic preservatives [96,98]. This natural approach ensures products are free from
artificial additives, catering to the rising market demand for clean-label products.

5.1. Substrates for Lactic Acid Bacteria in Fermentation

The exploration of substrates for lactic acid bacteria (Figure 4) in fermentation pro-
cesses is crucial for developing sustainable practices in the baking industry and beyond.
Different substrates, whether derived from agricultural waste, fruits, grains, or other or-
ganic materials, significantly influence the efficiency and outcome of the fermentation
process. This section will delve deeply into various substrates that can be utilized by LAB,
analyzing their sources characteristics, and benefits they confer.

Figure 4. The exploration of substrates for lactic acid bacteria.

5.2. Cereal-Based Substrates

Cereal grains, such as wheat, barley, oats, and rice, are favorable substrates for LAB
fermentation due to their high carbohydrate content, which is easily fermentable. Studies
indicate that LAB, like L. plantarum, thrive in cereal-based environments, efficiently con-
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verting starches into lactic acid and other metabolites [99,100]. The fermentation of whole
oat flour and other cereal by-products can yield probiotic-rich products with enhanced
digestibility and improved physiochemical characteristics [99].

5.2.1. Fruit and Vegetable By-Products

The use of fruit and vegetable by-products, such as peels, pomace, and pulp, serves
as a dual-purpose substrate—providing nutrients for LAB while simultaneously reducing
waste. For example, the fermentation of apple pomace using LAB has demonstrated the
production of lactic acid and an increase in bioactive compounds, thus enhancing the
nutritional value of the final product [101]. Similarly, various parts of fruits like mangoes or
bananas can be incorporated into fermentative processes, yielding beverages with desirable
probiotic properties [102].

5.2.2. Legumes and Pulses

The protein-rich substrates derived from legumes, such as lentils and chickpeas,
present another viable option for LAB fermentation. These substrates can enhance the
nutritional profile of derived foods by supplementing them with proteins and fibers while
also contributing to the growth and metabolic activity of LAB. The fermentation of such
substrates has been found to increase their prebiotic properties, enhancing beneficial
interactions within the gut microbiome [103,104].

5.2.3. Finger Millet and Other Grains

Finger millet is particularly noteworthy due to its high fiber content and antioxidant
properties. It has been effectively used in the production of probiotic beverages when
inoculated with LAB like L. plantarum and L. curieae [105]. The high levels of starch and
polysaccharides in these grains support robust fermentation processes, leading to improved
texture and palatability.

5.2.4. Sugarcane and Other Agro-Industrial By-Products

Sugarcane bagasse, a fibrous by-product of sugar production, can be effectively utilized
for LAB fermentation. Using this by-product through solid-state fermentation not only
creates value but also minimizes the environmental impact by reducing waste [106]. LAB
can convert the sugars present in sugarcane into beneficial compounds, thus facilitating the
production of biofuels and other eco-friendly products.

5.2.5. Mushroom By-Products

The fermentation of mushroom by-products, particularly spent substrates from mush-
rooms like Pleurotus ostreatus, has garnered interest due to their high nutritional value and
probiotic potential. LAB fermentation of these substrates enhances their digestibility and
the bioavailability of nutrients while also rendering the substrates palatable for various
applications in animal feed [107].

5.2.6. Organic Waste and Residues

The concept of valorizing organic waste, such as restaurant waste or decomposed
organic matter, has gained traction as an innovative approach to sustainable fermentation.
LAB can thrive on this material, converting waste into valuable products like organic acids,
which can subsequently be leveraged in food preservation or as biofertilizers [108].

5.2.7. Dairy By-Products

Although non-dairy options are becoming increasingly important, dairy by-products,
such as whey, remain notable substrates for LAB fermentation. Whey, rich in lactose,
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is readily fermentable by LAB, resulting in the production of various lactic acid-based
products that enhance the flavor profiles of several baked goods [109].

5.2.8. Herbal and Botanical Extracts

The fermentation of herbal and botanical extracts can lead to innovative applications
in the food industry. Substrates derived from plants like hibiscus have shown promising
results, as LAB fermentation can enhance the phenolic profile and impart antioxidant
properties to beverages and baking products [110].

In terms of translating these substrates into bakery applications, several have already
been incorporated into dough systems with measurable benefits. Cereal by-products such
as wheat bran and brewers’ spent grain, once bioprocessed by LAB, can be reincorporated
into wheat sourdoughs and composite breads to increase dietary-fiber, phenolic, and
mineral content while improving crumb softness and delaying staling [76]. Date-seed
flour fermented with selected LAB has been applied as a value-added ingredient in wheat
sourdough, enhancing the antioxidant capacity and shelf life of the resulting bread [6].
Protein-rich legume and pseudocereal flours, together with alternative and ancient cereals,
are increasingly combined with LAB fermentation to formulate high-protein, gluten-free,
or nutritionally enriched breads with acceptable volume and texture [80]. These examples
show that the value of alternative substrates for the baking sector lies not only in valorizing
by-products but in their direct contribution to the nutritional and techno-functional quality
of the final baked product.

Overall, the integration of LAB in the baking industry exemplifies a sustainable model,
capitalizing on natural fermentation processes that enrich the product while minimizing
waste and resource consumption. The ability of LAB to effectively ferment various sub-
strates enables the development of innovative food products that align with sustainability
goals and consumer preferences. By harnessing agricultural by-products, organic wastes,
and alternative plant sources, LAB not only contributes to reducing environmental impacts
but also paves the way for creating nutrient-rich probiotic-enhanced foods. This multi-
faceted approach highlights the vital role of LAB not only as functional microorganisms
but also as critical elements in fostering sustainability within the baking sector.

6. Combination with Unconventional Yeast and Multi-Bacterial Systems
The incorporation of lactic acid bacteria in dough formulations, particularly along-

side unconventional yeast, has been shown to significantly improve the nutritional and
sensory attributes of baked products compared to traditional approaches using conven-
tional yeast (Table 2). As defined above (Section 2), conventional yeast refers principally to
the domesticated baker’s yeast S. cerevisiae, whereas unconventional (non-Saccharomyces)
yeast—including Kluyveromyces, Torulaspora, Wickerhamomyces, Pichia, Zygosaccharomyces,
Brettanomyces, and Candida species—are those less commonly employed in industrial bread-
making but of growing interest for their distinctive metabolic, aromatic, and nutritional
contributions [16]. The various outcomes of these combinations are discussed through a
comparative analysis focused on the specific beneficial effects, the mechanisms at play, and
LAB characteristics where applicable.
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Table 2. Attributes of doughs with LAB and unconventional and conventional yeast compared to
doughs with single conventional yeast.

Attribute LAB + Yeast Combination
(Mixed Culture) Effect Relative to Conventional Yeast-Leavened Bread Ref.

Leavening
capacity

Sourdough
heterofermentative

lactobacilli + Kazachstania
humilis

Pairs leaven dough as effectively as lactobacilli +
Saccharomyces cerevisiae, with higher maltose depletion,

supporting robust dough rise.
[111]

Aroma and
sensory

Defined Lactobacillus +
yeast co-cultures

Modifies the aroma, crumb structure and overall
sensory profile of bread relative to single-culture

leavening.
[112]

Nutritional quality Sourdough LAB + yeast
consortium

Yields a higher proportion of soluble proteins and a
more diverse aroma profile than yeast-only bread;
mineral content mainly driven by wheat variety.

[113]

Mineral
bioavailability

Phytate-degrading LAB +
yeast strains (traditional

sourdough)

Degrades phytate and improves the technological and
nutritional properties of whole-wheat bread, enhancing

mineral availability.
[114]

Shelf life Sourdough LAB +
Saccharomyces

Extends mold-free shelf life (about 10 days vs. 4–5 days
for yeast-leavened bread) through acidification. [115]

Flavor and dough
structure

Pediococcus pentosaceus +
Wickerhamomyces anomalus

Generates volatile aroma compounds, preserves the
gluten network, raises the storage/loss moduli and

increases steamed-bread specific volume.
[116]

FODMAP and
antioxidant

Lacticaseibacillus casei +
Lactiplantibacillus plantarum

(sourdough)

Reduces FODMAP content to below 0.1 g/100 g and
increases polyphenol content and antioxidant activity

of wheat bread.
[117]

Rye sourdough
fermentation

Lactobacillus helveticus +
Kluyveromyces marxianus

Co-fermentation drives rye sourdough acidification and
shapes the aroma and texture of the resulting bread. [118]

LAB–yeast
metabolic
interaction

Lactiplantibacillus plantarum
+ Saccharomyces cerevisiae

Proteomic interactions between the two species reshape
metabolism during co-fermentation, influencing flavor

formation.
[119]

Digestibility and
glycemic response Sourdough LAB + yeast

More digestible than baker’s-yeast bread: faster gastric
emptying, lower postprandial glycaemia and higher

free amino acids.
[120]

6.1. Lactic Acid Bacteria–Yeast Combinations and Multi-Bacterial Systems
6.1.1. Nutritional Enhancement

The interaction of lactic acid bacteria, such as L. plantarum and L. brevis, with uncon-
ventional yeast contributes to the nutritional enhancement of bread products significantly.
This synergy results in the improved bioavailability of minerals and the generation of
bioactive compounds, which could have health benefits, such as dietary fiber production
through the metabolic activities of LAB [121–123]. Compared to conventional yeast like S.
cerevisiae, which primarily ferments sugars without boosting nutrient availability, the LAB–
yeast combination offers a more nutritionally rich product suitable for health-conscious
consumers [16].

6.1.2. Shelf-Life Extension

The ability of LAB to produce substances that can inhibit the growth of spoilage microor-
ganisms is a significant advantage in extending the shelf-life of baked goods [121,122,124].
The antifungal properties of metabolites produced during the fermentation process, par-
ticularly in the presence of unconventional yeast, stand in stark contrast to the modest
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preservation attributes associated with conventional yeast [48]. This ability to extend the
shelf life not only enhances the commercial viability for bakeries but also contributes to
reducing food waste [125].

6.1.3. Flavor Development

The flavor profile of baked goods is markedly improved using LAB in conjunction with
unconventional yeast. While conventional yeast primarily contributes to the basic fermen-
tation flavor, the unique metabolic pathways of LAB lead to the development of a complex
array of flavors [122,126,127]. The production of aromatic compounds during fermentation
plays a crucial role in making sourdough and other baked products more palatable to
consumers, which can drive market preference toward these enriched products [126].

6.1.4. Texture Improvement

The formation of exopolysaccharides by various LAB strains, when paired with uncon-
ventional yeast, enhances dough textural properties [26,128]. This is a notable advancement
compared with conventional yeast-focused fermentation, which does not produce similar
functional polysaccharides. EPS not only improves the dough’s mechanical properties but
also contributes positively to the overall mouthfeel of the baked products, making bread
softer and prolonging its freshness [26,128].

6.1.5. Glycemic Index Reduction

Dramatically lowering the glycemic index of bread is another notable benefit of LAB
combined with unconventional yeast. Sourdough fermentation processes effectively re-
duce starch digestibility, thus lowering the glycemic response compared to breads made
with conventional yeast [121–123]. This characteristic makes the LAB–yeast combination
particularly advantageous for consumers managing blood sugar levels while still enjoying
baked goods [26].

The integration of lactic acid bacteria with unconventional yeast marks a significant
advancement in the baking industry, crucially enhancing the nutritional value, shelf life,
flavor, texture, and overall health benefits of bread products compared to conventional
yeast methods. The combined metabolic activities of these microorganisms create products
that meet consumer demands for healthier and more flavorful baked goods.

Beyond binary LAB–yeast pairings, contemporary bakery biotechnology increasingly
exploits broader microbial consortia that extend the functional repertoire of fermented
cereal matrices. Multi-bacterial systems combining LAB with propionic acid bacteria are
of particular interest: co-fermentation of Propionibacterium freudenreichii with L. brevis in
wheat bran enables the in situ biosynthesis of active vitamin B12, providing a route to
naturally fortified breads while preserving the acidifying and antifungal contributions of
LAB [129]. Inter-kingdom associations between LAB and filamentous fungi have likewise
shown promise; solid-state co-fermentation of wheat bran with Aspergillus niger and L.
plantarum increases the phenolic and alkylresorcinol content, reduces the mycotoxin levels,
and improves the specific volume and texture of whole-wheat bread through enzyme-
driven hydrolysis of the bran matrix [130]. In tempeh-inspired fermentations, Rhizopus
species similarly restructure legume and cereal substrates prior to their incorporation into
bakery products [131]. Such multi-species and inter-kingdom interactions represent an
emerging frontier for sustainable bakery innovation and broaden the scope of microbial
combinations beyond the LAB–yeast systems considered above.

7. Future Perspectives
The incorporation of lactic acid bacteria in the bakery industry represents a significant

opportunity to enhance the nutritional and quality profiles of baked goods. LAB, including
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species such as L. casei, L. rhamnosus, and L. fermentum, have shown capabilities to enhance
fermentation processes, improve functional properties, and provide health benefits in baked
product formulations [82,97,132]. A notable trend is the integration of unconventional and
conventional yeast strains alongside these LAB to aid in developing more complex flavors,
aromas, and nutritional attributes [133]. This includes yeast such as Kazachstania unispora
and S. cerevisiae, which can contribute to the production of beneficial metabolites such as
organic acids and esters that enhance the sensory quality of sourdough and other baked
products [87]. Furthermore, microbial co-culturing could potentially improve the regulation
of the fermentation process, leading to bread with a decreased phytic acid content and
improved nutritional uptake due to the action of phytase and other phytate-degrading
enzymes during fermentation [134,135].

As consumer preferences shift toward more natural and functional foods, the use
of LAB in sourdough technology may prove advantageous. Notably, spontaneous fer-
mentation using local LAB can enhance the organoleptic qualities of bread and improve
its nutritional profile due to beneficial enzymatic activities [136]. Future research could
explore the utilization of autochthonous LAB and yeast from specific geographical regions,
contributing to a unique identity of regional bread products [14,132].

Despite these promising prospects, several challenges must be addressed for the
effective implementation of LAB and unconventional yeast in the baking industry. The
unpredictability of spontaneous fermentation processes poses a significant challenge in
ensuring the consistency and standardization of quality in baked goods [136]. The microbial
diversity present in sourdough can lead to variations in acid production and sensory
characteristics of the final product, which may impact consumer acceptance [137,138].

Another obstacle lies in the regulatory landscape governing food safety and the
approval processes for new microbial strains. The integration of unconventional yeast
and LAB will require thorough safety assessments and validation studies to ensure their
compliance with food safety standards. Furthermore, bakeries must create conditions that
are conducive to maintaining the viability of LAB and yeast cells throughout the dough-
making process, which can be affected by environmental factors such as the temperature,
humidity, and time [139].

The advantages of utilizing LAB in the bakery sector are manifold. LAB fermentation
not only enhances the flavor profile and nutritional quality but also increases the shelf
life of bread by producing natural preservatives such as acetic acid and bacteriocins,
which possess antifungal properties. Furthermore, LAB can reduce the levels of potential
contaminants, such as ochratoxin A, during the bread-making process [140].

Conversely, the incorporation of LAB does present disadvantages related to their
metabolic activities, which can influence dough behavior and fermentation kinetics. Ex-
cessive acid production can lead to over-acidification, negatively impacting the texture
and volume of the final product [81,97]. Additionally, the presence of mixed microbial
populations may complicate bakers’ ability to control the fermentation processes, leading
to inconsistencies in product outcomes [132].

In summary, the future of LAB in the baking industry, particularly with synergistic
applications involving unconventional yeast, holds significant promise. However, address-
ing the associated limitations while leveraging the advantages will be crucial, as this field
continues to evolve.

8. Conclusions
Lactic acid bacteria represent an essential component of modern bakery technologies

due to their multifunctional role in improving dough characteristics, product quality, nutri-
tional value, sensory properties, and shelf life. The current scientific evidence demonstrates
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that both conventional and unconventional LAB strains possess remarkable technological
potential, particularly in sourdough-based systems and alternative fermentation processes.

The metabolic activity of LAB contributes significantly to dough rheology through the
production of organic acids, exopolysaccharides, enzymes, and other bioactive metabolites
that influence elasticity, extensibility, viscosity, hydration capacity, and gas retention. These
mechanisms lead to improved texture, volume, and the overall quality of baked products.
At the same time, LAB plays a major role in flavor and aroma formation by generating
volatile compounds that increase the sensory complexity and consumer acceptability. In-
creasing attention has been directed toward the use of unconventional LAB strains together
with non-traditional substrates such as pseudocereals, legumes, by-products, gluten-free
matrices, and alternative cereal sources. Their adaptability to diverse fermentation environ-
ments highlights their importance in the development of innovative bakery products with
enhanced nutritional and functional properties. In addition, the combination of LAB with
unconventional yeast has demonstrated promising effects on the mineral bioavailability,
antioxidant activity, glycemic index reduction, shelf-life extension, and texture improve-
ment. Moreover, the recent reclassification of the lactobacilli and a clearer understanding
of the genetic determinants of traits such as exopolysaccharide and bacteriocin production,
together with the broadening of fermentation consortia beyond LAB–yeast pairs to include
propionic acid bacteria and filamentous fungi and the recognition of postbiotics, further
expand the technological toolbox for innovative baking.

Another important aspect is the ability of LAB to survive and remain metabolically
active under multiple stress conditions encountered during fermentation and processing,
including temperature fluctuations, osmotic pressure, acidic environments, and oxidative
stress. These adaptive responses confirm the technological robustness of LAB and their
suitability for industrial bakery applications. At the same time, several limitations remain
important challenges for future applications. The variability in spontaneous fermentations,
difficulties in standardizing microbial communities, strain compatibility, and excessive
acidification may influence the consistency and quality of the final products. Further
investigations are therefore necessary to better understand microbial interactions, optimize
fermentation parameters, and improve industrial scalability.

Overall, the growing interest in lactic acid bacteria reflects their strong potential
to support the development of healthier, more sustainable, and higher-quality bakery
products. Bringing together the available information may contribute to increasing scientific
and industrial interest in this topic and encourage future research focused on innovative
fermentation strategies and sustainable bakery technologies.
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