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ABSTRACT

Background. Whole-grain cereals are a vital source of nutrients. However, their bioavailability is often re-
duced by anti-nutritional factors such as phytic acid and by the limited digestibility of cereal proteins. Sour-
dough fermentation is a well-established biotechnological approach to mitigate these issues; however, the
enzymatic traits required for this process are highly strain-specific and often uncorrelated among individual
lactic acid bacteria (LAB) isolates. This study aimed to isolate and characterize LAB from rye sourdough to
identify strains with strong phytase and proteolytic capacities.

Material and methods. A total of 12 LAB isolates were recovered from laboratory-prepared rye sourdough
and screened for extracellular phytase and proteolytic activities. The top-performing isolates were subse-
quently identified via 16S rRNA gene sequencing.

Results. Distinct functional specialization was observed among the isolates. Isolate PP-01 (Pediococcus
pentosaceus) exhibited exceptionally high phytase activity (184.6 U/mg), whereas the strongest proteolytic
activities were recorded for isolates LB-01 (Levilactobacillus brevis) and LP-03 (Lactiplantibacillus planta-
rum), with specific activities of 51.93 U/mg and 42.97 U/mg, respectively.

Conclusion. The lack of association between phytase and proteolytic activities highlights the value of a mul-
ti-strain starter culture for achieving comprehensive nutritional enhancement in rye-based products. Future
work should evaluate the performance of these specialized strains under real-world bread-making conditions
and investigate the genetic basis of their elevated enzymatic efficiency.

Keywords: lactic acid bacteria, sourdough fermentation, phytase activity, carbohydrate fermentation profiles,
rye sourdough, proteolysis

INTRODUCTION

Whole-grain products provide essential nutrients — in-
cluding carbohydrates, plant-based proteins, dietary
fiber, vitamins, minerals, and antioxidants — and are
widely regarded as an important part of a healthy
diet (Allai et al., 2022). However, the complex struc-
ture of cereal proteins, particularly gluten, can make

them difficult to digest (Banu et al., 2024; Dunaevs-
ky et al., 2021). This resistance is largely attributed
to their high content of proline- and glutamine-rich
sequences, which are not efficiently hydrolyzed by
human digestive enzymes (Dunaevsky et al., 2021).
As a result, protein digestibility decreases, limiting
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the bioavailability of essential amino acids (Sa and
House, 2024) and allowing immunogenic peptides
to persist, potentially provoking adverse reactions in
susceptible individuals (Dunaevsky et al., 2021; Gob-
betti et al., 2014). The bioavailability of minerals is
further impaired by antinutritional factors, most nota-
bly phytate (myo-inositol 1,2,3,4,5,6-hexaphosphate).
Phytate strongly chelates essential minerals such as
iron, zinc, calcium, and magnesium, forming insoluble
complexes that reduce intestinal absorption; it also in-
hibits digestive enzymes, including pepsin, a-amylase
(Brouns, 2021; Zyta and Duda, 2025). As the major
storage form of phosphorus in many cereals, legumes,
oilseeds, and plant seeds (Grases et al., 2017; Gupta et
al., 2015), phytic acid primarily occurs as myo-inosi-
tol hexakisphosphate (IP6). This fully phosphorylated
form (IP6) has the highest chelating capacity, whereas
its lower phosphate derivatives (e.g., IP5, IP4) exhibit
substantially reduced mineral-binding activity (Gupta
et al., 2015).

These nutritional challenges are especially pro-
nounced in rye (Secale cereale), a grain valued for its
distinctive flavor and baking performance. Rye typi-
cally contains 0.54%—1.46% phytic acid on a dry-mat-
ter basis, which falls within the broader 1-5% range
reported for most cereals (Gupta et al., 2015; Sakandar
etal., 2019). Addressing both poor protein digestibility
and high phytate content, therefore, requires enzymat-
ic interventions (Reffai and Fechtali, 2025). Proteases
break down complex proteins into smaller peptides
and amino acids, while phytases hydrolyze phytic acid
and release the minerals it binds (Reffai and Fechtali,
2025). Although cereals contain endogenous proteases
and phytases, their natural activity is often insufficient
(Gobbetti et al., 2014), necessitating biotechnological
approaches to enhance their functionality.

Sourdough fermentation — one of the oldest bio-
technological processes — relies on a symbiotic con-
sortium of lactic acid bacteria (LAB) and yeasts
in a mixture of flour and water, creating a dynamic
metabolically active ecosystem (Calvert et al., 2021).
Beyond contributing to leavening, texture, and aroma,
sourdough fermentation improves nutritional qual-
ity through proteolysis and phytate hydrolysis. Pro-
teolytic activity increases protein digestibility, raises
free amino acid concentrations, and releases bioactive
peptides (Génzle, 2014; Giinal-Koéroglu et al., 2025).

At the same time, sourdough is highly effective at re-
ducing phytic acid (PA) content in bread via phytate
hydrolysis (Génzle, 2014; Leenhardt et al., 2005). The
key driver of both processes is the production of or-
ganic acids by LAB, which lowers the dough’s pH to
an optimal range of 4.3—4.6 (Alkay et al., 2024). This
acidic environment produces a synergistic effect by
activating both endogenous flour enzymes (proteases
and phytases) and LAB-derived enzymes (Génzle,
2014; Magalhaes et al., 2025). In the case of phytate,
this results in the stepwise breakdown of PA into lower
myo-inositol phosphate esters (IP5-IP1), which form
weaker mineral complexes (Gupta et al., 2015) and
can enable more than 70% phytate degradation (Alkay
et al., 2024; Leenhardt et al., 2005).

The enzymatic capabilities of sourdough LAB are
well-documented for both proteolysis and phytate
degradation. Strains of Lactobacillus plantarum
and Lactobacillus brevis, for example, have demon-
strated significant phytase activity (Karaman, 2018;
Yildirim and Arici, 2019), and these same species are
also recognized for their strong proteolytic potential
(Milanovi¢ et al., 2020). For applications in bread pro-
duction, strains with extracellular enzymatic activity
are particularly valuable, as these enzymes can act di-
rectly on substrates within the dough matrix (Reffai
and Fechtali, 2025).

Despite this, a major challenge is that function-
al traits such as phytase and proteolytic activity are
highly strain-specific (Reffai and Fechtali, 2025).
This biological variability underscores the impor-
tance of prospecting for novel strains in diverse and
underexplored ecological niches. While the micro-
biota of Western sourdoughs — primarily those from
Europe and North America — is relatively well char-
acterized (Landis et al., 2021), sourdough ecosystems
from other regions, particularly North Africa, remain
largely unexplored. In addition, sourdoughs prepared
from local cereal landraces, rather than standard-
ized commercial cultivars, may represent a rich yet
untapped reservoir for LAB with distinctive meta-
bolic traits. Accordingly, this study aimed to: (1)
isolate and presumptively identify LAB from a lab-
oratory-prepared rye sourdough; (2) assess their key
biochemical properties; and (3) evaluate and com-
pare their primary functional enzymatic activities,
namely extracellular proteolytic and phytase activity.
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A comprehensive characterization of these traits can
support the selection of potent starter cultures capa-
ble of enhancing the nutritional quality of rye-based
products by improving both protein digestibility and
mineral bioavailability.

MATERIALS AND METHODS

Rye flour

Rye grains (Secale cereale) were obtained from the
Coopérative Afous des dérivés des Cereales (Timoulilt,
Morocco). The grains originated from local landraces
cultivated using traditional agricultural practices
rather than standardized commercial varieties. In the
laboratory, the grains were cleaned, dried, and milled
into whole-grain rye flour (100% extraction rate) and
stored at 4°C until use. The typical proximate com-
position of whole-grain rye flour, as reported in the
literature (Ikram et al., 2023), is provided in Table 1.

Table 1. Typical composition of whole-grain rye flour (dry
matter basis) (Ikram et al., 2023)

Component (dry matter basis) Approximate range, %

Carbohydrates (starch) 56-70
Total dietary fiber 15-21
Crude protein 8-13
Lipids 2-3
Ash (minerals) ~2

Preparation of rye sourdough

A laboratory rye sourdough was prepared using a three-
stage technique derived from a traditional method (Par-
amithiotis et al., 2005). This multi-stage process was
selected because it allows the initial microbial inocu-
lum to proliferate, stabilize, and establish dominance
within the sourdough ecosystem. For the first stage,
150 g of rye flour was mixed with 225 g of distilled
water, resulting in a dough yield (DY) of 250. The
mixture was fermented at 30°C for 24 hours to initi-
ate microbial growth. In the second stage, 15% (W/w)
of this sourdough (56.25 g) was added to a fresh mix-
ture of 150 g of rye flour and 225 g of distilled water,
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followed by fermentation at 30°C for another 24 hours.
This back-slopping procedure was repeated daily for
three consecutive days, providing three renewal cycles
and maintaining active culture propagation (De Vuyst
et al., 2014; Ercolini et al., 2013). To monitor acidifica-
tion, the pH was measured at the beginning (T0) and
at the end of each 24-hour fermentation cycle over the
72-hour period using a calibrated pH meter (HANNA
Instruments, Italy).

Isolation and Identification of LAB

After three days of fermentation, the ripe sourdough
was sampled for the isolation of lactic acid bacteria
(LAB). One gram of sourdough was homogenized
with 9 mL of sterile saline solution (0.85% NaCl).
Following serial dilution, aliquots were spread onto
de Man, Rogosa, and Sharpe (MRS) agar supplement-
ed with nystatin (0.05 g/L) to inhibit fungal growth.
Plates were incubated under anaerobic conditions at
30°C for 72 hours. From the mixed cultures grown
on MRS agar, 10-15 colonies were selected based on
morphological characteristics (size, shape, and color)
and re-streaked onto fresh MRS agar to obtain pure
cultures. The isolates were then subjected to Gram
staining and catalase testing.

For presumptive species-level identification, the
isolates were analyzed using the API 50 CHL system
(bioMérieux, France). Although 16S rRNA sequenc-
ing provides definitive species identification, the API
50 CHL system was employed as a widely used and
effective tool for preliminary characterization of LAB
communities in food systems. This system classifies
isolates based on carbohydrate fermentation profiles,
as described by Pyar and Kok (2019). Briefly, a pure
bacterial colony from MRS agar was suspended in
API Suspension Medium and adjusted to McFarland
standard No. 2. The suspension was then inoculated
into the API 50 CHL strip containing 50 carbohydrate
substrates and overlaid with mineral oil to ensure an-
aerobic conditions. The strips were incubated at 37°C
for 48 hours. After incubation, color changes were
recorded: yellow indicated positive fermentation, pur-
ple indicated a negative reaction, and black confirmed
esculin hydrolysis. The results were interpreted using
the APIweb™ software (BioMérieux, France; version
5.1) to determine LAB species.
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TECHNOLOGICAL CHARACTERIZATION OF LAB

Acidification activity (pH and TTA)

A sterile flour extract (SFE) was prepared according
to Alfonzo et al. (2013) to evaluate the acidification
activity of the LAB isolates. LAB cultures were first
grown in MRS broth at 30°C for 24 hours, centrifuged
(5000 x g, 5 min), and washed twice with sterile dis-
tilled water. The washed cells were inoculated at 1%
(v/v) into 50 mL of SFE and incubated at 30°C for 24
hours. After incubation, pH was measured using a cal-
ibrated pH meter (accuracy £0.01). Before measure-
ments, the meter was calibrated with standard buffer
solutions (pH 4.0 and 7.0). For total titratable acidity
(TTA), cultures were centrifuged (5000 x g, 5 min) to
remove bacterial cells. A 1 mL aliquot of the cell-free
supernatant was mixed with 9 mL of distilled water
(1:9 dilution) and titrated with 0.1 N NaOH to a pH
endpoint of 8.4, following the method of Bottani et
al. (2018). TTA values were expressed as the volume
(mL) of 0.1 N NaOH required to neutralize 10 mL
of supernatant. All measurements were performed in
triplicate, and the mean values were calculated.

Cell viability in flour extract

For inoculum preparation, LAB strains were cultured
in MRS broth supplemented with cycloheximide
(0.1 mg/L) to inhibit yeasts and mold growth. After
24 hours of incubation in SFE (as described in sec-
tion 2.3.1), bacterial counts were determined using the
spread plate method. Aliquots were plated onto MRS
agar and incubated at 30°C for 48 hours. Results were
expressed as colony-forming units (CFU/mL). All
CFU counts were performed in triplicate, and mean
values were calculated.

CO, production from glucose

CO, production from glucose fermentation was evalu-
ated using the Durham tube method. MRS broth sup-
plemented with 3% (w/v) glucose was prepared, and
10 mL aliquots were dispensed into sterile test tubes,
each containing an inverted Durham tube. After au-
toclaving at 121°C for 15 minutes, pure LAB cul-
tures were inoculated into the medium. The tubes
were incubated anaerobically at 30°C for 48 hours.
CO, production was determined by the presence of
a gas bubble trapped in the Durham tube, indicating

a positive result typical of heterofermentative LAB,
whereas the absence of a bubble indicated a negative
result characteristic of homofermentative strains.

Growth at 15°C and 45°C

Temperature tolerance was assessed by inoculating
pure LAB cultures (1% v/v from an overnight culture)
into sterile MRS broth. For each temperature, 10 mL
aliquots of MRS broth were inoculated in triplicate.
One set of tubes was incubated at 15°C and the other
at 45°C for 48 hours. Growth was evaluated by visu-
ally assessing turbidity, with uninoculated tubes serv-
ing as sterile controls. Turbidity greater than that of
the control indicated positive growth (+), whereas the
absence of visible turbidity, or turbidity comparable
to the control, was recorded as no growth (—). These
observations provided insight into the isolates’ eco-
logical adaptation and their potential behavior during
sourdough fermentation and storage.

Enzymatic activity assays

Phytase-positive Lactic Acid Bacteria (LAB)

on solid medium

LAB isolates were cultured in MRS broth at 30°C for
24 hours. Phytase activity was assessed using MRS
agar supplemented with 0.5% sodium phytate (Sigma-
Aldrich, P8810), which served as the substrate for
phytase hydrolysis. LAB cultures were spot-inocu-
lated onto the phytate-supplemented MRS agar plates
and incubated anaerobically at 30°C for 48 hours. Fol-
lowing incubation, plates were flooded with 2% cobalt
chloride (Sigma-Aldrich, 202185) for 5 minutes to
prevent false-positive results caused by medium acidi-
fication, as described by Bae et al. (1999). The solu-
tion was then discarded, and plates were flooded with
a freshly prepared aqueous mixture of 6.25% (W/v)
ammonium molybdate tetrahydrate and 0.42% (w/v)
ammonium metavanadate (Sigma-Aldrich, 398128)
for 5 minutes. Clear zones surrounding the colonies —
indicative of phytate hydrolysis — were measured (di-
ameter in mm).

Phytase assay in a liquid medium

LAB strains were cultured in MRS broth supplement-
ed with 1% sodium phytate and incubated anaerobi-
cally at 30°C for 24 hours. Cultures were centrifuged
at 10,000 x g for 10 minutes at 4°C, and the resulting

www.food.actapol.net/


https://doi.org/10.17306/J.AFS.001439
http://www.food.actapol.net/

Reffai, Y.M., Fechtali, T. (2026). Biochemical properties, extracellular phytase activity, and proteolytic activity of lactic acid bacteria
isolated from rye sourdough. Acta Sci. Pol. Technol. Aliment., 25(1), 5-18. https://doi.org/10.17306/).AFS.001439

supernatant was filtered through a 0.22 um PES filter
membrane to remove residual cells, yielding the crude
enzyme extract. The total protein concentration of the
crude extract was determined using the Bradford as-
say with bovine serum albumin (BSA) as the stand-
ard. Protein concentration (mg/mL) was recorded for
calculating specific activity. For the phytase activity
assay, 500 uL of crude enzyme extract was mixed with
250 pL of a 0.5% (w/v) potassium phytate solution
prepared in 0.2M acetate buffer (pH 5.5). The reaction
mixture was incubated at 30°C for 45 minutes, then
terminated by adding 100 puL of 10% trichloroacetic
acid (TCA). To quantify the released inorganic phos-
phate, 100 pL of the quenched reaction mixture was
combined with 2.5 mL of a freshly prepared ammoni-
um molybdate solution [2.5% (w/v) in 0.25 M H2SO4]
and 1.0 mL of 1% (w/v) ascorbic acid. After incubat-
ing for 10 minutes at room temperature, absorbance
was measured at 700 nm using a spectrophotometer.
A standard curve with potassium dihydrogen phos-
phate (KH2PO4) was used to quantify released phos-
phate. A heat-inactivated enzyme extract served as the
control for each assay, and its absorbance was sub-
tracted from that of the corresponding sample value.
Phytase activity was expressed as volumetric activity
(U/mL) and specific activity (U/mg of protein). One
unit (U) of phytase activity was defined as the amount
of enzyme that releases 1 pmol of inorganic phosphate
per minute under the assay conditions.

Gluten proteolysis assay
Quantitative proteolytic activity was determined using
the ortho-phthalaldehyde (OPA) spectrophotometric
assay, as described by Freitas et al. (2022), to measure
the release of free amino groups from a gluten sub-
strate. Extracellular enzyme extracts were prepared
as previously described. The reaction was initiated by
mixing 500 pL of the enzyme extract with 500 pL of
a 1% (w/v) gluten suspension prepared in 0.1 M so-
dium phosphate buffer (pH 6.5). Before use, the glu-
ten suspension was stirred on a magnetic stirrer for 15
minutes to ensure homogeneity. The mixture was in-
cubated at 37°C for 2 hours, and the reaction was then
stopped by heating at 100°C for 10 minutes.

After centrifugation, 10 pL of the supernatant
was added to 200 pL of OPA reagent in a 96-well mi-
croplate. Following a 15-minute incubation at room
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temperature protected from light, absorbance was
measured at 340 nm. A standard curve prepared using
L-Leucine was used to determine the concentration of
free amino groups. One unit (U) of proteolytic activ-
ity was defined as the amount of enzyme that releases
1 umol of free amino groups (L-Leucine equivalents)
per minute under the assay conditions. Control sam-
ples included an enzyme blank (heat-inactivated
enzyme mixed with the gluten suspension) and a sub-
strate blank (gluten suspension mixed with buffer in-
stead of enzyme extract). The absorbance values of
both blanks were subtracted from their corresponding
samples.

Molecular identification of selected LAB strains
The identity of the selected LAB strains was confirmed
by DNA sequencing. Genomic DNA was extracted us-
ing the method of Wang et al. (2016) with minor modi-
fications. Briefly, bacterial colonies were lysed using
lysozyme and proteinase K, after which DNA was pu-
rified using CTAB and a chloroform-isoamyl alcohol
extraction. The resulting DNA pellet was washed with
70% ethanol, dried, and resuspended in sterile water.
DNA quality and integrity were assessed by agarose
gel electrophoresis (0.8%).

The bacterial 16S rDNA gene was amplified by
polymerase chain reaction (PCR) using the universal
primers 27f and 1492r. The PCR mixture contained
the extracted DNA, primers, Taq polymerase, and
dNTPs. The thermal cycling program consisted of an
initial denaturation at 95°C for 5 min; 36 cycles of de-
naturation at 95°C for 30 s, 55°C for 45 s, and 72°C
for 90 s; and a final extension at 72°C for 10 min. PCR
products (~1425 bp) were visualized on a 2% agarose
gel, and purified amplicons were submitted for Sanger
sequencing. The resulting sequences were identified
by alignment against the NCBI GenBank database us-
ing the BLAST tool. Subsequent sequence handling
and analysis were performed in R (version 4.4.0) using
the Biostrings package. Species identification was as-
signed to sequences showing >99% identity to a refer-
ence strain in the database.

Statistical analysis

Unless otherwise stated, all experiments were conduct-
ed in three independent biological replicates (n = 3),
and each assay was performed in technical triplicate.
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Data are presented as mean + standard deviation. Data
processing, visualization, and statistical analyses were
carried out in R (version 4.4.0). The tidyverse package
was used for data handling and visualization, and the
base stats package was used for analysis of variance
(ANOVA) followed by Tukey’s post-hoc test.

RESULTS AND DISCUSSION

Isolation and presumptive identification

of LAB isolates

The laboratory-prepared sourdough exhibited a dynam-
ic and efficient fermentation process. Over 72 hours of
consecutive back-slopping cycles, progressive acidi-
fication was observed, with the pH decreasing from
an initial 5.96 to a stable 3.7. From this mature sour-
dough, a total of 12 lactic acid bacteria (LAB) isolates
were successfully recovered. Presumptive identifica-
tion revealed a microbial community dominated by
genera previously included in the Lactobacillus genus
complex (8 of 12 isolates; 66.6%), followed by Pedio-
coccus (3 isolates; 25%) and Leuconostoc (1 isolate;
8.3%). The predominance of Lactobacillus-related
species is consistent with their well-documented role
in sourdough ecosystems, where their acid tolerance
and metabolic capabilities support persistence under

low-pH environments (Boreczek et al., 2020). The
minor presence of Leuconostoc is also expected, as
members of this genus typically dominate early fer-
mentation stages before declining as acidity increases
(Weckx et al., 2010). Overall, this microbial succes-
sion reflects the typical establishment of a stable and
competitive sourdough ecosystem (De Vuyst et al.,
2017; Géanzle and Zheng, 2019).

Presumptive species-level identification for all iso-
lates is summarized in Table 2. Most isolates displayed
biochemical profiles corresponding to Lactiplantiba-
cillus plantarum (formerly Lactobacillus plantarum)
and Levilactobacillus brevis (formerly Lactobacillus
brevis), in line with the recent taxonomic reclassifi-
cation of the Lactobacillus genus complex (Zheng et
al., 2020). In total, the isolates were assigned to five
presumptive species, demonstrating the biodiversity
of the sourdough ecosystem. All Pediococcus isolates
exhibited profiles consistent with Pediococcus pen-
tosaceus, while the single Leuconostoc isolate cor-
responded to Leuconostoc mesenteroides. All strains
were confirmed to be Gram-positive and catalase-neg-
ative, characteristic traits of LAB. To further explore
the functional potential of this diverse community,
key technological properties of the isolates were sub-
sequently evaluated.

Table 2. Gram test, catalase test, and presumptive species identification of LAB isolates

Strain code Gram test Catalase test APIS0CHL Identification Identification reliability, %
LP-01 + - Lactobacillus plantarum 99
LP-02 + - Lactobacillus plantarum 99
LP-03 + - Lactobacillus plantarum 98
LP-04 + - Lactobacillus plantarum 99
LB-01 + - Lactobacillus brevis 99.3
LB-02 + - Lactobacillus brevis 98
LB-03 + - Lactobacillus brevis 98
LC-01 + - Lactobacillus curvatus 97
PP-01 + - Pediococcus pentosaceus 98.9
PP-02 + - Pediococcus pentosaceus 98.7
PP-03 + - Pediococcus pentosaceus 98
LM-01 + - Leuconostoc mesenteroides 97

10
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When contextualizing these results, the micro-
bial consortium identified in our Moroccan rye sour-
dough — dominated by Lactiplantibacillus plantarum,
Levilactobacillus brevis, and Pediococcus pentosa-
ceus — shares similarities with previously reported
rye sourdough microbiomes, yet also shows notable
distinctions. Several studies, including Boreczek et al.
(2020) and Weckx et al. (2010), have also identified
L. plantarum and L. brevis as key functional species
in rye fermentations, highlighting their strong adapta-
tion to this substrate. A distinguishing feature of our
results, however, is the absence of Fructilactobacillus
sanfranciscensis (formerly L. sanfranciscensis), a spe-
cies frequently reported as dominant in many tradi-
tional European rye sourdoughs. This difference may
be linked to several factors, such as the specific bio-
chemical properties of local Moroccan rye landraces
or the fermentation parameters used in our laboratory.
For example, our incubation temperature of 30°C fa-
vors the growth of L. plantarum and L. brevis, whereas
F. sanfranciscensis typically thrives at slightly lower
temperatures (20-25°C) ( De Vuyst et al., 2017).

Biochemical properties of isolates

The detailed biochemical characterization of the 12
isolates (Table 3) revealed clear strain-specific differ-
ences that influenced the development of the sourdough
ecosystem. The four isolates presumptively identified
as Lactobacillus plantarum (LP-01 to LP-04) were the
dominant group, producing the lowest pH values and
highest TTA, indicative of strong acidification capacity
and efficient utilization of fermentable substrates. This
behavior is consistent with the well-established com-
petitiveness of L. plantarum, which is attributed to its
broad metabolic flexibility and high tolerance to acidic
conditions (Li et al., 2024). In contrast, the sole isolate
presumptively identified as Leuconostoc mesentero-
ides (LM-01) exhibited the weakest acidification. This
higher final pH reflects a typical early-fermentation
pattern, in which less acid-tolerant, heterofermentative
species initiate activity but are gradually outcompeted
as acidity increases ( De Vuyst et al., 2017). Overall,
the marked decrease in pH and corresponding increase
in TTA driven by Lactobacillus-related and Pediococ-
cus isolates indicate a successful microbial succession

Table 3. Biochemical and technological characteristics of the 12 LAB isolates from rye sourdough

. Final cell density, CO, production Growth
Strain code  pH (Mean £8D)  TTA (Mean +SD) log CFU/mL (Mean £SD)  from glucose 15°C 45°C
LB-01 3.87 £0.03 bed 12.07 £0.04 ¢ 8.29+0.03 b + + -
LB-02 3.83 £0.03 cde 12.08 £0.03 ¢ 8.13 +£0.04 de + + +
LB-03 3.82+0.03 de 12.1 £0.04 ¢ 8.1+0.05¢ + + +
LC-01 391+0.03b 10.77 £0.03 g 7.89 +£0.04 — + —
LM-01 4.12 +0.04 a 10.31 £0.04 h 7.71+£0.04 g + + -
LP-01 3.74 £0.03 f 12.81 £0.04 a 8.3 £0.06 ab — + +
LP-02 3.78 £0.03 ef 12.64 £0.04 b 8.35+0.04 ab - + +
LP-03 3.79 £0.02 ef 12.58 £0.04 b 8.41 £0.04 a - + +
LP-04 3.88 +£0.03 bed 11.95+0.05d 8.24 +0.04 bed — + +
PP-01 3.89 +0.03 bed 11.8 £0.04 ¢ 8.11 £0.04 ¢ — + —
PP-02 3.92+0.02b 11.9 +£0.05 de 8.15+0.03 cde — + +
PP-03 3.89 +£0.02 be 11.58 £0.03 8.25 +0.04 be - + +

Values are expressed as mean + standard deviation (SD) from three independent replicates (n = 3). CO: production from glucose:
(+) indicates production and (—) indicates no production. Growth at 15°C and 45°C: (+) indicates visible growth and (-) indicates

no visible growth.
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towards acid-tolerant LAB, a defining feature of ma-
ture sourdough ecosystems.

Metabolic traits beyond acidification further high-
lighted the functional diversity among isolates. As
obligately heterofermentative LAB, the isolates pre-
sumptively identified as Lactobacillus brevis (LB-01
to LB-03), along with the L. mesenteroides isolate,
were the sole CO: producers. Their production of
COg, lactic acid, and acetate is important not only for
dough leavening but also for flavor formation (Bartk-
iene et al., 2019; El Fechtali et al., 2023). In contrast,
the homofermentative L. plantarum and Pediococcus
pentosaceus groups directed their metabolism primar-
ily toward lactic acid production, resulting in rapid
acidification. The L. plantarum isolates also displayed
wide temperature tolerance, growing at both 15°C and
45°C, underscoring their ecological robustness and
their role in maintaining community stability across
varying fermentation conditions. Finally, the P. pen-
tosaceus isolates contributed additional technological
functionality through their proteolytic activity, which
plays a key role in flavor development during sour-
dough fermentation.

Table 4. Extracellular phytase activity of LAB isolates

Phytase activity

The ability of lactic acid bacteria (LAB) to degrade
phytate is a key functional attribute in sourdough fer-
mentation, as it enhances mineral bioavailability in the
final product (Alkay et al., 2024). Analysis of phytase
activity among the isolated LAB strains revealed sig-
nificant variability (p < 0.05), underscoring the com-
plexity of microbial interactions in rye sourdough
ecosystems (Reffai and Fechtali, 2025). A strong posi-
tive correlation between the qualitative plate assay
(PA) and the quantitative enzymatic assay (EPA) (» =
0.963, p <0.001) further confirms the reliability of PA
as a screening tool (Heydari-Majd et al., 2024).

Based on this screening, quantitative analysis estab-
lished a clear hierarchy of enzymatic efficiency among
the 12 isolates (Table 4, Fig. 1). The isolate PP-01,
presumptively identified as Pediococcus pentosaceus,
emerged as the most potent phytase producer, exhibit-
ing a significantly higher specific activity (184.6 U/
mg) than all other strains. This result stands out when
compared with the literature: two independent stud-
ies conducted under similar assay conditions reported
maximum volumetric activities for P. pentosaceus that

Strain code Presumptive identification

Activity, mm

Volumetric activity, U/mL Specific activity, U/mg

LB-01 Lactobacillus brevis 3.2+0.1de 120+6.6 g 85.7+3.8d
LB-02 Lactobacillus brevis 3.3+0.2 de 145 £6.6 f 131.8+6.7b
LB-03 Lactobacillus brevis 2.8403¢ 85+7.5h 70.8 £4.5 de
LC-01 Lactobacillus curvatus 29+0.2¢ 11049 g 73.3+5.1de
LM-01 Leuconostoc mesenteroides 09+0.1g 35+3.61 43.8£3.1f
LP-01 Lactobacillus plantarum 42+0.2b 210£9.5 cd 116.7 +5.7 be
LP-02 Lactobacillus plantarum 48+03a 280+12.5a 112+4.7 ¢
LP-03 Lactobacillus plantarum 49+0.2a 225 £7.5be 112.5+4 ¢
LP-04 Lactobacillus plantarum 4.1+£03b 170 £10.5 ¢ 1063 +£6.2 ¢
PP-01 Pediococcus pentosaceus 4 +0.1 be 240£7.5D 184.6 £7.7 a
PP-02 Pediococcus pentosaceus 2.1+02f 70+4.6 h 70+4 ¢
PP-03 Pediococcus pentosaceus 3.5+0.3 c¢d 190 £11.5 de 111.8+6.3 ¢

Values are expressed as mean + standard deviation (SD) from three independent replicates (n = 3). For each column, mean values
followed by different letters (a, b, ¢, etc.) differ significantly according to the Tukey’s HSD test at p < 0.05.
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Fig. 1. Boxplot distribution of specific phytase activity (U/mg) of the 12 LAB isolates.
The strains are ordered along the x-axis by median activity. Each box represents the inter-
quartile range (IQR), with the horizontal line indicating the median. Whiskers extend to
1.5 x the IQR, and points represent the three biological replicates. Statistical significance
groupings for these data are presented in Table 4.

were substantially lower than the 240 U/mL measured
for PP-01 (Cizeikiene et al., 2015; Nuobariene et al.,
2015). While this difference highlights the remarkable
capacity of the isolate, its plausibility is reinforced by
recent work from Negm El-Dein et al. (2024), who
documented a volumetric activity of 411 U/mL for an-
other highly active P. pentosaceus strain using the same
unit definition. Following this top-performing isolate,
the four strains presumptively identified as Lactoba-
cillus plantarum (LP-01 to LP-04) also showed con-
sistently high phytase activity, ranging from 106.3 to
116.7 U/mg. Their performance becomes even more
striking when compared with Penidez et al. (2020),
who — using identical specific-activity units — re-
ported a maximum specific activity of only 0.42 U/
mg for their best L. plantarum isolate, underscoring
the profound impact of strain-level diversity on func-
tional outcomes. Strain-specific differences were also
evident within the presumptive P. pentosaceus group,
where PP-01 demonstrated a 2.6-fold higher specific
activity than PP-02, which measured 70 U/mg. Mean-
while, isolates such as the Lactobacillus brevis group
showed moderate phytase activity, and the Leucono-
stoc mesenteroides strain (LM-01) exhibited the low-
est specific activity (43.8 U/mg), consistent with this
genus’s primary functional role in exopolysaccharide
production rather than phytate hydrolysis (Milanovi¢

www.food.actapol.net/

et al., 2020). These results reflect the intrinsic in vitro
phytase potential of the tested LAB isolates, measured
independently of the dough matrix. This differs from
cumulative in situ degradation, which also incorpo-
rates the contribution of endogenous flour enzymes
(Leenhardt et al., 2005). Despite the exceptional en-
zymatic efficiency observed in vitro conditions — par-
ticularly for PP-01 — the strain’s performance within
a complex food matrix may be influenced by addi-
tional ecological and physiological factors. As empha-
sized by Nuobariene et al. (2015), microbial growth
rate, competitiveness, and acidification capacity are
key determinants of effective in situ phytate degrada-
tion. Consequently, assessing the behavior of PP-01
under practical sourdough fermentation conditions
represents an important next step.

Proteolytic activity

Screening for proteolytic activity revealed clear func-
tional diversity among the isolates (Table 5, Fig. 2).
Isolate LP-03 (presumptively L. plantarum) and PP-03
(presumptively P. pentosaceus) showed the highest
volumetric activities, at 81.67 U/mL and 70.0 U/mL,
respectively. However, when enzymatic efficiency was
considered, the highest specific activity was recorded
for LB-01 (presumptively L. brevis) at 51.93 U/mg.
The proteolytic potential of L. plantarum isolates is
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Table 5. Volumetric and specific proteolytic activity of LAB strains

Strain code

Presumptive identification

Volumetric proteolytic activity, U/mL

Specific proteolytic activity, U/mg

LB-01
LB-02
LB-03
LC-01
LM-01
LP-01
LP-02
LP-03
LP-04
PP-01
PP-02
PP-03

L. brevis

L. brevis

L. brevis

L. curvatus
L. mesenteroides

L. plantarum
L. plantarum
L. plantarum
L. plantarum
P. pentosaceus
P. pentosaceus

P. pentosaceus

72.6742.95 b
31.67+1.36 ¢
284+137e
18.33 +1.06 fg
6.17+0.35 h
54.17+1.92 ¢
38.3342.02 d
81.67+2.31a

154098 g
22.67+1.61 f
158409 ¢

70+1.87b

51.9342.1a
28.77 £1.26 ¢
23.67+1.17d
12.23 £0.7 fg
773404 h
30.1+1.11 ¢
15.33 £0.81 ef
42.97 £1.26 b
9.4 +0.62 gh
174123 ¢
158409 ¢
4117 £1.1b

Values are expressed as mean +standard deviation (SD) of three replicates (n = 3). For each column, means followed by different
letters (a, b, c) differ significantly according to Tukey’s HSD test (p < 0.05).

particularly noteworthy, as this species is often regard-
ed as having relatively low activity compared with oth-
er lactobacilli used in dairy fermentations (Kieliszek et

14

Fig. 2. Boxplot distribution of specific proteolytic activity (U/mg) of the 12 LAB isolates
The strains are ordered along the x-axis by median activity. Each box represents the inter-
quartile range (IQR), with the horizontal line indicating the median. Whiskers extend to
1.5 x the IQR, and points represent the three biological replicates. Statistical significance
groupings for these data are presented in Table 5.

al., 2021). The specific activities of our top-performing
isolates (LP-03 at 42.97 U/mg and LB-01 at 51.93 U/
mg) were markedly higher than those reported in other
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studies. For example, Satilmis et al. (2023) observed
specific activities ranging from 10.30-19.90 U/mg
in their L. plantarum isolates. This highlights a pro-
nounced strain-specific trait, which was also evident
within the presumptive L. plantarum group itself, where
LP-03 exhibited markedly higher activity than LP-04,
which showed only 9.4 U/mg. As expected, isolate
LM-01 (presumptively Leuconostoc mesenteroides)
exhibited the lowest activity (6.17 U/mL), consistent
with the known metabolic profile of Leuconostoc spe-
cies, which primarily contribute to flavor formation
and exopolysaccharide synthesis (Rosca et al., 2024).
Another key observation was the apparent functional
specialization among the isolates. The strains with the
highest proteolytic potential (LB-01 for specific activ-
ity and LP-03 for volumetric) differed from those with
the highest phytase activity (PP-01 for specific activ-
ity). This lack of correlation suggests that these distinct
enzymatic traits may be independently regulated, rein-
forcing the importance of screening for multiple func-
tional attributes when selecting starter cultures. The
ability of L. plantarum and L. brevis to hydrolyze flour
proteins is well-documented in sourdough systems,
where their activity contributes to the release of free
amino acids and peptides (Di Renzo et al., 2018; Pra-
sev et al., 2025). Based on these findings, employing
a co-culture that combines strains with complementary
activities (e.g., the top phytase producer PP-01 with the
top protease producer LB-01) may offer a promising
strategy to achieve broader biochemical modifications
than any single strain could accomplish alone.

Molecular identification of selected strains
Based on the comprehensive screening of their techno-
logical properties, four isolates demonstrating superior

phytase (PP-01 and LP-02) and proteolytic (LP-03 and
LB-01) activities were selected for definitive species-
level identification via 16S rRNA gene sequencing.
The sequencing results are presented in Table 6.

The molecular identification confirmed the pre-
sumptive identities obtained using the API 50 CHL
system and assigned the isolates to their updated taxo-
nomic classifications. The two isolates from the Lacto-
bacillus plantarum group were definitively identified
as Lactiplantibacillus plantarum, and the isolate from
the Lactobacillus brevis group was confirmed as Le-
vilactobacillus brevis (Table 6). This strong concord-
ance between the phenotypic (API) and genotypic
(16S rRNA) methods validates the initial screening
approach for these common sourdough species. The
confirmations also reinforce the technological poten-
tial of these selected strains. For example, identify-
ing PP-01 as Pediococcus pentosaceus supports our
observation that this species can include strains with
exceptionally high phytase activity. Likewise, con-
firming LB-01 as Levilactobacillus brevis and LP-03
as Lactiplantibacillus plantarum underscores the ca-
pacity of these species to contribute substantially to
proteolysis in sourdough systems.

CONCLUSION

This study successfully isolated and characterized
a diverse community of lactic acid bacteria (LAB)
from rye sourdough, identifying strains with strong
and specialized enzymatic activities. Phenotypic
screening combined with 16S rRNA gene sequenc-
ing confirmed the species-level identities of top-
performing isolates, reinforcing their relevance as
promising starter culture candidates. A key finding

Table 6. Molecular identification of selected high-performing LAB isolates based on 16S rRNA gene sequence analysis

Isolate ID

Top BLAST Hit (species identification)

GenBank Accession No. Identity, %

Strain LP-02 Lactiplantibacillus plantarum

Strain LP-03 Lactiplantibacillus plantarum

Strain LB-01 Levilactobacillus brevis

Strain PP-01 Pediococcus pentosaceus

KY596004.1 99.86
KU324901C.1 99.36
PQ339672.1 99.93
AF515227.1 99.73

Species identification was determined by aligning the 16S rRNA gene sequence of each isolate with sequences in the NCBI Gen-

Bank database using BLAST.
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was the clear functional specialization among iso-
lates: PP-01 (Pediococcus pentosaceus) emerged as
an exceptionally efficient phytase producer, whereas
LP-03 (Lactiplantibacillus plantarum) and LB-01
(Levilactobacillus brevis) exhibited the highest pro-
teolytic activities. The lack of correlation between
these traits suggests that multi-strain formulations,
rather than single-strain cultures, may offer more
comprehensive biochemical benefits in rye-based
fermentations. Future research should evaluate these
strains under real-world bread-making conditions
and investigate the genetic basis underlying their
high enzymatic efficiency to further advance their
biotechnological potential.
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