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Abstract

Microbial resources are essential for food biotechnology, where they contribute to product quality, process efficiency,
and safety. Their long-term preservation is critical for culture collections (CCs) and microbial biological resource centers
(mBRCs). This study investigates the effects of freeze-drying on five lactic acid bacteria (LAB) strains from the Uni-
more Microbial Culture Collection (UMCC), comparing non-lyophilized and lyophilized cultures under two pre-freezing
protocols: overnight incubation at -20 °C (PF-20) and 2-hour incubation at -80 °C (PF-80). Viability, fermentative per-
formance, metabolite production, and cell integrity were assessed using microbial counts, HPLC profiling, and SEM
imaging, respectively. Lactiplantibacillus plantarum UMCC 2996 maintained over 95% viability and stable fermentative
traits across all conditions. In contrast, Fructilactobacillus sanfranciscensis UMCC 2990 and Leuconostoc citreum UMCC
3011 showed significant viability losses (down to 54.45% and 73.89%, respectively) and altered metabolic profiles, par-
ticularly under PF-80. SEM analysis confirmed structural damage in sensitive strains, with visible cellular debris and
membrane wrinkling. This study provides novel perspectives on the customized assessment of freeze-drying protocols for
sourdough-derived LAB strains with industrial potential, confirming the need for tailored preservation strategies to ensure
the long-term functionality of LAB strains in CCs and mBRCs.

Introduction

Microorganisms are the backbone of fermented foods,
directly influencing factors such as fermentation time, prod-
uct nutrition, taste, and biosafety [1-5]. Among them, lactic
acid bacteria (LAB) are essential to various food processes,
including the fermentation of products such as yogurt,
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cheese, and sourdough, where they enhance flavor, texture,
and shelf life [6]. LAB are Gram-positive bacteria that pri-
marily utilize carbohydrates as their main carbon source [7].
They are typically cocci or rods and exhibit strong toler-
ance to low pH environments. Recently, the family Lacto-
bacillaceae has undergone significant taxonomic revision,
resulting in the reclassification of the genus Lactobacillus
into 25 distinct genera [8, 9]. By producing lactic acid,
LAB acts as natural preservatives -suppressing spoilage and
pathogenic microbes - while also improving sensory quali-
ties and probiotic functionality in fermented foods [10—-18].
Sourdough exemplifies a complex fermentation ecosystem
dominated by LAB and yeasts. Although present in lower
numbers, yeasts thrive in the acidic environment created by
LAB and contribute to dough leavening [19]. Within sour-
dough, strains belonging to the genera Lactiplantibacillus
(L.), Fructilactobacillus (F.), Furfurilactobacillus (Fu),
Pediococcus (P), and Leuconostoc (Le.) are commonly
found. Fructilactobacillus. sanfranciscensis is often the
predominant LAB species, and the resulting diverse micro-
biota influences human health benefits [20] and drives tech-
nological performance, affecting bread’s nutritional value,
sensory profile, shelf life, and overall quality [19, 21, 22].
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Preserving LAB viability, stability, and functional traits
is vital for their industrial application. Culture collections
(CCs) and microbial biological resource centers (mBRCs)
play a central role by storing strains and curating associated
genomic, transcriptomic, proteomic, and metabolomic data
to ensure reproducibility and accessibility [23]. These bio-
logical repositories support research, education, screening
assays, biotechnological development, and patent protection
[24, 25]. To maintain genetic integrity and long-term stabil-
ity, CCs and mBRCs employ multiple ex-situ preservation
strategies, such as sub-culturing, storage under mineral oil
or in sterile soil, immobilization on carriers, silica gel, or
spray-drying, desiccation, vitrification, cryopreservation,
and freeze-drying [26]. International guidelines from the
World Federation for Culture Collections (WFCC) and the
OECD recommend applying at least two complementary
methods per strain [27]. Among these, cryopreservation
and freeze-drying are the most reliable for broad-spectrum,
long-term maintenance [24]. Freeze-drying offers advan-
tages such as room-temperature storage, reduced transporta-
tion costs, and high recovery of viable cells when optimized
with appropriate cryoprotectants and lyophilization condi-
tions. However, strain-specific responses to preservation
require optimization of parameters such as suspension
media, lyoprotectant type and concentration, cell density,
pre-freezing temperature, and cooling rate. These factors
influence survival rates by mitigating ice crystal formation,
osmotic stress, and protein denaturation [28—30]. The use of
lyoprotectants further enhances survival rates by stabilizing
cell structures [31-33]. Rigorous validation of these param-
eters is crucial to ensure reproducibility, purity, identity, and
retention of industrially relevant traits, including fermenta-
tive capacity, antimicrobial activity, and exopolysaccharide
production, over extended storage periods [34].

The aim of this study was to assess the effectiveness of
freeze-drying, as second preservation method of five LAB
strains belonging to five different species and all isolated
from sourdough (Table 1). To this purpose cell viability,
morphology and fermentative functionality, were evaluated
before and after freeze-drying, using two different protocols.

The LAB strains are deposited at the Unimore Microbial
Culture Collection (UMCC) and maintained at —80 °C con-
ditions since 2019. These strains were previously studied
for their antibacterial and antifungal activities [35] and their
ability to produce exopolysaccharides [36-38].

We evaluated both non-lyophilized (NL) and lyophi-
lized cultures of each strain under two pre-freezing condi-
tions (=20 °C and —80 °C) (Figure S1). Additionally, we
assessed the impact on metabolite production and consump-
tion, providing insights on how preservation affects strain
performance. SEM analysis was conducted with the aim to
evaluate cell surface integrity. This study provides novel
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perspectives on the customized assessment of freeze-drying
protocols for sourdough-derived LAB strains with industrial
potential.

Materials and Methods
Lactic Acid Bacteria Strains

The five LAB strains tested in this study were Fructilac-
tobacillus sanfranciscensis UMCC 2990, Lactiplantibacil-
lus plantarum UMCC 2996, Furfurilactobacillus rossiae
UMCC 3002, Pediococcus pentosaceus UMCC 3010 and
Leuconostoc citreun UMCC 3011 (Table 1). These strains
were originally isolated from sourdoughs used in traditional
panettone, as described by losca et al. 2020. Cultures are
deposited at the Unimore Microbial Culture Collection
(UMCG,; https://www.umcc.unimore.it) of the University of
Modena and Reggio Emilia, Italy [39] since 2019 and stored
at —80 °C in MRS broth (Oxoid, UK) supplemented with
25% glycerol.

Freeze-Drying Procedure

An active culture of each strain, regularly propagated every
48 h, was initially grown on MRS plates for two days at
30 °C, under anaerobic conditions. The inoculum consisted
of 100uL of the liquid culture; the load was about 107 CFU/
ml. Cultures were then harvested from plates using a ster-
ile cotton swab and resuspended in a lyoprotectant solution
consisting of 10% skim milk (Oxoid, UK) and MRS broth
pH 6.52 (Oxoid, UK), at a 1:1 ratio. Subsequently, 500 puL of
each culture suspension was transferred into glass ampoules
(Vacule®, WHEATON®, DWK Life Sciences, Germany).
To maintain sterility and prevent cross-contamination,
a cotton plug weighing approximately 20 mg was inserted
into each ampoule near the first narrowing. Then, a butane
rubber cap (Wheaton® Stopper) was put on the top, avoid-
ing completely closing the ampoules. Two different pre-
freezing conditions were followed. The first one consisted
of placing the ampoules at 4 °C for 1 h and then at —80 °C
for 2 h (protocol PF-80). For the second protocol (PF-20),
after taking the ampoules at 4 C° for 1 h, they were placed
at —20 °C overnight. Then, they were placed for about 20 h
in a Lio 5P freeze dryer (5 Pa, Milan, Italy) equipped with a
dry scroll vacuum pump (Edwards, Feldkirchen, Germany).
The freeze-drying process was conducted at a default set-
ting of —40 °C and < 0.2 mbar for approximately 20 h. At the
end of the freeze-drying, the mechanical stoppering device
was screwed to fully close the butane rubbers in a vacuum
condition. Finally, each glass ampoule was flame-sealed
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Table 1 Lactic acid bacteria UMCC  Species
strains used in this study (De code

Vero et al. 2021; Tosca et al.

2022; Iosca et al. 2023a; losca et

Isolation
source®

NCBI 16 S
rRNA
Accession
Number

Industrial traits

al. 2023b) UMCC Fructilactobacillus

2990 sanfranciscensis

UMCC Lactiplantibacillus
2996 plantarum

UMCC  Furfurilactobacil-
3002 lus rossiae

UMCC Pediococcus

#Sourdough type I refers to natu- 3010 pentosaceus

rally fermented mixtures used
in artisanal Panettone produc-
tion, undergoing daily refresh-
ments through back-slopping at
25-35 °C to maintain an active
and stable microflora. Dough
refers to the leavened mixtures
prepared with additional ingre-
dients and collected at specific
fermentation stages, including
the first doughs after 18 h of fer-
mentation and the final doughs
before baking. For gluten-free
sourdough, this refers to acidic
dough prepared with rice flour

UMCC Leuconostoc
3011 citreum

Sourdough
type I

Dough for
Panettone

Dough for
Panettone

Gluten-free Demonstrated anti-mould activity, including
sourdough

Dough for
Panettone

Demonstrated anti-mould activity, including MZ170706.1
complete inhibition of Fusarium gra-
minearum; significant inhibition of Asper-
gillus flavus; antibacterial activity against
Escherichia coli, Campylobacter jejuni,
Salmonella typhimurium, and Listeria mono-
cytogenes; exopolysaccharide production.
Demonstrated anti-mould activity, including
complete inhibition of Fusarium gra-
minearum and Aspergillus niger; signifi-

cant inhibition of Aspergillus flavus; broad
antibacterial activity against Escherichia
coli, Campylobacter jejuni, Salmonella
typhimurium, and Listeria monocytogenes;
exopolysaccharide production; putative anti-
spoilage LAB with high inhibitory activity.
Demonstrated anti-mould activity, including
complete inhibition of Fusarium gra-
minearum and Aspergillus niger; significant
inhibition of Aspergillus flavus; exopolysac-
charide production; good bio-preservation
activity against Aspergillus flavus ITEM 7828
in bakery products; promising candidate for
valorization of food waste and by-products in
a circular economy perspective.

MZ170701.1

MZ170709.1

PX068364
complete inhibition of Fusarium gra-
minearum and Aspergillus niger; moderate
inhibition of Aspergillus flavus; antibacterial
activity against Escherichia coli, Campylo-
bacter jejuni, Salmonella typhimurium, and
Listeria monocytogenes; exopolysaccharide
production; putative anti-spoilage LAB with
high inhibitory activity.

Demonstrated anti-mould activity, including
complete inhibition of Fusarium gra-
minearum and Aspergillus niger; moderate
inhibition of Aspergillus flavus; antibacterial
activity against Escherichia coli, Campylo-
bacter jejuni, Salmonella typhimurium, and
Listeria monocytogenes; exopolysaccharide
production.

PX068363

above the cotton plug using a gas torch to ensure the vac-
uum inside during long-term storage [38].

Microbial Counts and Viability Assessment

To check strain viability, colony counts on MRS agar plates
were performed by using the strain suspension before
freeze-drying (t;), and the ampoules immediately after the
process (t;) or kept at 37 °C for 7 days (t,) to approximately
simulate 10 years of storage at room temperature, according
to previous studies [40—43]. Three ampoules were opened
for each strain at the set time point and the dried culture was
resuspended in 1 mL of MRS broth. Then, decimal serial

dilutions in saline solution (NaCl 0.9%) were made, and
100 pL of appropriate dilutions were plated on MRS agar.
Plates were incubated for 48 h at 30 °C, under anaerobic
conditions. Microbial counts were converted to log colony-
forming units (CFU/mL). To estimate the survival rate (in
%), the following equation was used:

Log,, CFU/mL, after freeze-drying x 100

Log,, CFU/mL, before freeze-drying

Fermentative Trial in MRS with the LAB Cultures

All freeze-dried cultures, stored at 37 °C for 7 days (t,), and
their corresponding non-lyophilized (NL) counterparts were
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inoculated in triplicate into tubes containing 5 mL of MRS
broth. The cultures were initially anaerobically incubated in
a 2,5 L anaerobiosis jar (Oxoid) provided with an Anaero-
GenTM 2,5 L Atmosphere Generation System (Thermo Sci-
entific) at 30 °C overnight. Subsequently, 2% (v/v) of each
pre-culture, adjusted to 0.6 ODy, using a spectrophotometer
(Jasko V-550, Tokyo, Japan), was transferred into new tubes
containing fresh MRS broth. These tubes were then anaero-
bically incubated at 30 °C, and samples were collected at 5,
15, and 25 h after inoculation. Each sample was analyzed
using high-pressure liquid chromatography (HPLC) to
determine the concentration of specific metabolites. Addi-
tionally, at the conclusion of the fermentation period, the pH
of each sample was measured using a pH meter (MicropH
2002, Crison Instrument, Barcelona, Spain).

Metabolites Detection by HPLC Analysis

The LAB cultures collected during the fermentative trial
were centrifuged at 10,000 x g, 4 °C for ten minutes. The
resulting supernatant was diluted and filtered with 0.45
pum PTFE membranes (Sartorius, Gottingen, Germany) in
preparation for analysis. 20 uL of each filtered sample were
injected into a Jasco LC-Net I[I/ADC HPLC apparatus (Jasco
Inc., Japan) equipped with a Jasco PU-2080 Plus pump.
The isocratic elution was carried out using a 300 x 7.8 mm
Aminex® HPX-87 H column (Bio-Rad Laboratories, Italy)
heated at 40 °C with an Eldex CH-150 oven (Eldex Corp.,
USA). The mobile phase was composed of H,SO, 0.005 N
and acetonitrile 5% (v/v) using an operating flow of 0.6 mL/
min [44]. Carbohydrates and ethanol were assayed using
Jasco UV-2070 Plus (Jasco Inc., Japan); organic acids, 1-3
propandiol, and acetoin concentrations were determined
with Jasco RI-2031 Plus detectors (Jasco Inc., Japan). Cali-
bration curves for the standards were generated using Jasco
ChromNav software v. 1.18.03 (Tokyo, Japan), which was
also used for peak integration and adjustment. The detec-
tion limit (LOD) and quantification limit (LOQ) were deter-
mined based on the signal-to-noise ratio, where LOD and
LOQ correspond to analyte amounts with a signal-to-noise
ratio of 3 and 10, respectively [45, 46] (Table S1). All sam-
ples were run in triplicate.

SEM (Scanning Electron Microscopy) Analysis

All NL strains were grown anaerobically at 30 °C overnight
in 5 ml of MRS broth. Cells were collected at the logarith-
mic phase of growth by centrifugation at 10,000 x g for 10
min at 4 °C and washed (three times) with 0.5 mL of ster-
ile 0.1 M phosphate buffer at pH 7.2. Pellets were fixed in
3% glutaraldehyde in phosphate buffer for 2 h, followed by
washing several times in 0.1 M phosphate buffer for 15 min
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intervals. Samples were dehydrated in a series of aqueous
ethanol solutions (25%, 50%, 75%, 95% and 100%) for 5
min each [47, 48]. Lyophilized strains were rehydrated by
adding 2 mL of sterile deionized water in each tube. The
cells were allowed to rehydrate for 10 min at 25 °C with
intermittent shaking [49]. Then, cells were treated using
the same procedure adopted for NL ones. After fixation and
dehydration, samples were mounted on aluminum SEM
stubs and sputter-coated with gold. Samples were examined
at 10 kV at a pressure of 40 Pa with a Scanning Electron
Microscope ESEM Quanta-200 (FEI Company, Oxford
Instruments).

Statistical Analysis

The normality of data was assessed with Shapiro-Wilk Test,
performed with R Studio (version 2024.12.0+467). Sur-
vival rate data after freeze-drying and final pH after 25 h of
fermentation were subjected to a one-way analysis of vari-
ance (ANOVA) followed by Tuckey’s HSD post hoc test.
Data obtained during the fermentative trial were analyzed
using the Student’s T-test. Statistical analysis was carried
out using IBM SPSS Statistics 20 (IBM, Chicago, IL, USA).
Significant differences were considered with p-values <0.05.

Results
Effects of Freeze-Drying on the LAB Strains’ Viability

To evaluate the effectiveness of the preservation methods,
the viability of the LAB strains under study was assessed
before freeze-drying, immediately after the process (t,),
and after 7 days of storage at 37 °C (t,), simulating long-
term storage. Initial bacterial concentrations ranged from
approximately 10° CFU/mL to 10° CFU/mL, depending
on the strain (Table S2). Table 2 shows the differences in
viability after the two pre-freezing protocols. L. plantarum
UMCC 2996 demonstrated the highest resistance, main-
taining its viability after freeze-drying with either protocol,
even following simulated aging at 37 °C for 7 days. For
Fu. rossiae UMCC 3002 and P, pentosaceus UMCC 3010,
a slight but statistically significant decrease in viability was
observed only after the aging period (t;). Nonetheless, both
strains consistently maintained viability levels above 90%,
with the PF-80 protocol being slightly more effective dur-
ing aging. In contrast, F. sanfranciscensis UMCC 2990 and
Le. citreum UMCC 3011 exhibited more pronounced reduc-
tions in viability between t; and t,, as well as differences
between the two protocols after aging. For F. sanfrancis-
censis, viability remained above 85%, for both PF-20 and
PF-80, immediately after freeze-drying. However, after
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Table 2 Viability rate (%) of lyophilized strains subjected to PF-20 and PF-80 pre-freezing protocols, immediately after freeze-drying (t1) and

simulated aging (t7)

Strains

PF-20 PF-80
t) t; t) t,
F. sanfranciscensis UMCC 2990 87.284+0.38 55.46+4.76 85.55+0.15 72.72+1.82
L. plantarum UMCC 2996 93.93+0.66 94.08+£0.94 94.75+0.04 92.01+1.54
Fu. rossiae UMCC 3002 93.65+0.24 90.77+2.23 96.69+0.61 94.70+1.15
P. pentosaceus UMCC 3010 93.57+0.01 90.62+1.22 94.27+0.09 92.62+0.18
Le. citreum UMCC 3011 82.15+0.42 73.89+0.74 89.25+0.43 81.19+1.42
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Fig. 1 Consumption of glucose (g/L) by non-lyophilized strains (NL)
and lyophilized strains with PF-20 and PF-80 pre-freezing protocols.
(a) E sanfranciscensis UMCC 2990; (b) L. plantarum UMCC 2996;
(¢)Fu. rossiae UMCC 3002; (d)P. pentosaceus UMCC 3010; (e)Le.

aging, viability significantly declined to 54.45 +4.76% with
PF-20 and 72.71 £+ 1.82% with PF-80. Similarly, Le. cit-
reum UMCC 3011 showed reduced viability with the PF-20
protocol at t; (82.15 + 0.42%), which further declined at t,
to 73.89 + 0.73% (PF-20) and 81.19 + 1.42% (PF-80). The
structural integrity of the freeze-dried samples corroborated
these viability results. Ampoules obtained after both pre-
freezing protocols (PF-80 and PF-20) exhibited intact, non-
collapsed porous and spongy structures resulting from the
freeze-drying process (referred to as “cake”) (Figure S2),
a morphological feature generally linked to high cell sur-
vival [42]. The presence of a cotton plug (with a weight of

citreun UMCC 3011. Statistical analysis of the data was obtained
using Student’s T-test. Significant differences were considered with
p-value<0.05 (*). Error bars are standard deviations (SD) with n=3

approximately 20 mg) appeared to contribute to maintaining

this structural integrity, as previously suggested by Peiren et
al. 2016 [42].

Effects of Freeze-Drying on Fermentative Aptitude
of LAB Strains

Evaluation of Sugar consumption, Lactic Acid Production
and pH Changes

Fermentative efficiency was assessed by monitoring glu-
cose (Fig. la-e) and fructose consumption (Fig. 2a-e), lactic

@ Springer
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Fig. 2 Consumption of fructose (g/L) by non-lyophilized strains (NL)
and lyophilized strains with PF-20 and PF-80 pre-freezing protocols.
(a) E sanfranciscensis UMCC 2990; (b) L. plantarum UMCC 2996;
(¢) Fu. rossiae UMCC 3002; (d) P. pentosaceus UMCC 3010; (e)Le.

acid production (Fig. 3a-e) over 25 h of fermentation. Final
pH values are reported in Table 3.

Among the strains tested, F. sanfranciscensis UMCC
2990 exhibited a statistically significant difference in resid-
ual glucose concentration at 25 h between the non-lyophi-
lized (NL) and lyophilized (PF-80) cultures, with values of
1.58+0.01 g/L and 1.70+0.02 g/L, respectively (Fig. 1a).
This suggests a slight reduction in glucose consumption
efficiency following lyophilization under the PF-80 condi-
tion. For L. plantarum UMCC 2996 (Fig. 1b) and Fu. ros-
siae UMCC 3002 (Fig. lc), glucose consumption trends
were comparable between NL and lyophilized cultures,
with slight but statistically significant differences at 15 h.
Both strains achieved complete glucose consumption by the
25-h mark. Whereas lyophilized cultures of P. pentosaceus
UMCC 3010 exhibited no significant differences from NL
cultures in terms of glucose and fructose consumption or
lactic acid production (Fig. 1d).

The most pronounced effect was observed in Le. cit-
reum UMCC 3011, where residual glucose levels were sig-
nificantly higher in both lyophilized conditions (PF-20 and
PF-80) compared to the NL culture after 15 h of fermenta-
tion (Fig. 1e). At 25 h, residual glucose concentrations were
1.58+0.01 g/L for PF-20 and 2.13+0.03 g/L for PF-80,

@ Springer

citreum UMCC 3011. Statistical analysis of the data was obtained
using Student’s T-test. Significant differences were considered with
p-value<0.05 (*). Error bars are standard deviations (SD) with n=3

compared to 0.58+0.04 g/L in the NL culture (Fig. le), indi-
cating a marked impairment in fermentative activity post-
lyophilization, particularly under the PF-80 condition.

No residual fructose was detected after 15-25 h for any
strain, although differences were observed at 5 h (Fig. 2).
Significant differences were noted for F. sanfranciscensis
UMCC 2990 and L. plantarum UMCC 2996 (Fig. 2a and
b). In F sanfranciscensis UMCC 2990, fructose concen-
trations in lyophilized cultures were significantly higher
(1.18+0.01 g/L for PF-20 and 1.18+0.02 g/L for PF-80)
compared to the NL culture (0.91+0.01 g/L). Similarly,
L. plantarum UMCC 2996 exhibited significantly higher
residual fructose levels in lyophilized cultures than in NL
cultures, with slightly faster fructose consumption observed
under the PF-80 protocol compared to PF-20. For Fu. ros-
siae UMCC 3002, P. pentosaceus UMCC 3010, and Le.
citreum UMCC 3011, fructose consumption showed no sta-
tistically significant differences at this time, despite some
variability (Fig. 2c, d and e).

Regarding lactic acid production (Fig. 3) by the tested
strains, lyophilized cultures of the heterofermentative
strains F. sanfranciscensis UMCC 2990 exhibited reduced
lactic acid production compared to NL cultures at both
15 and 25 h of fermentation. The PF-80 protocol further
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Fig. 3 Production of lactic acid (g/L) by non-lyophilized strains (NL)
and lyophilized strains with PF-20 and PF-80 pre-freezing protocols.
(a)F. sanfranciscensis UMCC 2990; (b)L. plantarum UMCC 2996;
(¢) Fu. rossiae UMCC 3002; (d)P. pentosaceus UMCC 3010; (e)Le.

Table 3 Final pH values measured after 25 h of fermentation for
non-lyophilized (NL) and lyophilized LAB strains subjected to two
pre-freezing protocols (PF-20 and PF-80). Different letters indicate
significant differences between pH values (p<0.05). The values shown
are the resulting mean of 3 different replicates +standard deviation

LAB strain pH
NL PF-20 PF-80

F. sanfranciscensis 4.52+0.18 497+0.23a 4.60+0.33

UMCC 2990 ab b

L. plantarum UMCC 4.49+0.27a 4.73+0.59a 4.89+0.61

2996 a

F rossiae UMCC 3002  4.75+0.04a 4.52+043a 4.38+0.29
a

P. pentosaceus UMCC ~ 4.094+0.17a 4.45+0.57a 4.82+0.48

3010 a

L. citreumn UMCC 3011  4.80+0.22a 4.85+0.62a 5.38+0.35
a

exacerbated the decline in lactic acid synthesis (Fig. 3a).
For L. plantarum UMCC 2996, a facultative heterofer-
mentative LAB, while the NL culture exhibited slightly
higher lactic acid levels at 15 h, no significant differences
were observed by the end of 25 h (Fig. 3b). Notably, this

Hours

citreum UMCC 3011. Statistical analysis of the data was obtained
using Student’s T-test. Significant differences were considered with
p-value<0.05 (*). Error bars are standard deviations (SD) with n=3

strain displayed the highest lactic acid production across all
conditions. Fu. rossiae UMCC 3002, an obligate heterofer-
mentative LAB, displayed markedly lower lactic acid levels
under the PF-80 protocol compared to NL cultures at both
15 and 25 h (Fig. 3¢). No statistically significant differences
were observed for P. pentosaceus UMCC 3010, a homo-
fermentative strain (Fig. 3d). Notably, Le. citreum UMCC
3011 under the PF-80 protocol exhibited reduced lactic acid
production, as evidenced by a higher pH value after 25 h
compared to other conditions and strains. All other strains
demonstrated a marked pH reduction from the initial value
of 6.52 pH (Table 3).

Evaluation of Organic Compounds

In this study, the impact of lyophilization and pre-freezing
conditions on the metabolic activity of the tested LAB
strains was assessed by profiling organic acids and related
metabolites. F. sanfranciscensis UMCC 2990 exhibited
significant changes in mannitol, citric acid, and lactic
acid content after lyophilization (Fig. 4a), likely reflecting
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Control (MRS)

Fig. 4 Different compounds (g/L) detected by HPLC and pH val-
ues after 25 h of the fermentation trial in MRS broth by using the
lyophilized and non-lyophilized LAB cultures, including unfermented
MRS.!(A) E sanfranciscensis UMCC 2990; (B)L. plantarum UMCC
2996; (C) Fu. rossiae UMCC 3002; (D)P. pentosaceus UMCC 3010;
(E) Le. citreum UMCC 3011 ' The measurement was carried out by

disruptions in central carbon metabolism—particularly in
pyruvate conversion and redox processes sensitive to mem-
brane and enzyme stability. On the contrary, for L. planta-
rum UMCC 2996, no significant differences in organic acid
profiles were observed between non-lyophilized (NL) and
lyophilized cultures (Fig. 4b), indicating a stable metabolic
output and high resilience to freeze-drying. This suggests

@ Springer

NL

PF20

PF80

three independent experiments, and the Student’s T-test was performed
to detect the significant variations comparing the data obtained from
lyophilized strains with PF-20 and PF-80 protocols to non- lyophilized
strains (NL). The significance for p<0.05 is marked with an asterisk

*)

its potential suitability for industrial applications. Fu. ros-
siae UMCC 3002 displayed broad variability in its organic
acid profile (Fig. 4c). Under PF-80 pre-freezing, all acids
except citric and malic were significantly affected, whereas
PF-20 influenced only succinic, acetic, and lactic acids. P
pentosaceus UMCC 3010 showed a marked increase in
succinic acid in lyophilized samples (Fig. 4d), suggesting
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Fig.5 Images acquired from [Non- tyophilized

Prefreezing-80°C

SEM; F. sanfranciscensis UMCC
299 non-lyophilized strains (NL)
(a), lyophilized strains with
PF-20 (b) and PF-80 pre-freezing
protocols (¢). L. plantarum
UMCC 2996 non-lyophilized
strains (NL) (d), lyophilized

UMCC 2920
F. sanfranciscensis

Prefreezing-20°C

strains with PF-20 (e) and

PF-80 pre-freezing protocols

(). Fu. rossiae UMCC 3002
non-lyophilized strains (NL) (g),
lyophilized strains with PF-20 (h)
and PF-80 pre-freezing protocols
(i). P. pentosaceus UMCC 3010
non-lyophilized strains (NL) (j),
lyophilized strains with PF-20 (k)

UMCC 2996
L. plantarum

UMCC 3002
and PF-80 pre-freezing protocols F. rossiae
D). Le. citreum UMCC 3011
non-lyophilized strains (NL) (m),
lyophilized strains with PF-20 (n)
and PF-80 pre-freezing protocols
(0)
UMCC 3010

P. pentosaceus

UMCC 3011
L. citreum

an altered metabolic response to freezing-induced stress.
Le. citreum UMCC 3011 demonstrated the most extensive
metabolic variation. The PF-80 lyophilized culture showed
significant alterations in acetoin, mannitol, ethanol, and
multiple organic acids (succinic, lactic, formic, acetic, and
propionic) (Fig. 4e), highlighting its sensitivity to preser-
vation stress and the potential impact on its fermentative
and sensory properties. Overall, the findings reveal specific
responses to lyophilization and underscore the importance
of customized preservation strategies to maintain the func-
tional attributes of LAB strains for both culture collections
and industrial use.

Effects of freeze-drying on the LAB Cell Surface by
SEM Analysis

SEM images revealed notable macroscopic differences in
cellular morphology among the tested strains depending on
the pre-freezing protocol and simulated aging (Figs. 5a-o).

Pronounced cell alterations were observed in F. sanfran-
ciscensis UMCC 2990 (Figs. 5a, b and c¢) and Le. citreum
UMCC 3011 (Figs. 5m, n, o). These strains exhibited vis-
ibly wrinkled cells surrounded by cellular debris, indicat-
ing partial structural alteration. The debris were particularly
abundant in F. sanfranciscensis UMCC 2990, under both
pre-freezing conditions, suggesting a higher sensitivity to
freeze-drying. Interestingly, the pre-freezing at —80 °C
appeared to be more critical for Le. citreun UMCC 3011
(Fig. 50), while F. sanfranciscensis UMCC 2990 showed
greater damage under the —20 °C condition (Fig. 5b). These
morphological observations are consistent with the viability
data, reinforcing the strain-specific impact of pre-freezing
temperature on cellular integrity during lyophilization.

L. plantarum UMCC 2996 exhibited no discernible
morphological differences between the NL and lyophilized
samples, regardless of the pre-freezing temperature, indicat-
ing a high structural resilience to the freeze-drying process
(Figs. 5d, f).
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In contrast, P. pentosaceus UMCC 3010 and F. rossiae
UMCC 3002 displayed slightly more wrinkled cell sur-
faces after lyophilization with a pre-freezing step at —20 °C,
although no signs of cell lysis were observed (Figs. 5g, h, 1).
This suggests moderate stress without compromising mem-
brane integrity.

Discussion

Microorganisms represent a significant portion of biodi-
versity across all ecological habitats, profoundly impacting
ecosystem functions, human health, and various industrial
and biotechnological applications, including the food indus-
try. In this context, microorganisms play an essential role in
enhancing product quality, optimizing processing efficiency,
extending shelf life, and contributing to waste reduction.
These diverse applications emphasize the necessity of effi-
ciently preserve the exploitable microbial diversity. Among
the various preservation techniques, cryopreservation and
freeze-drying are widely acknowledged as the most effective
strategies for maintaining the long-term stability of micro-
organisms [24]. In alignment with the guidelines set forth
by the World Federation for Culture Collections (WFCC),
both methods are recommended for each culture to guaran-
tee reliable preservation [23, 24]. Microbial strains exhibit
varying sensitivities due to intrinsic characteristics, high-
lighting the need for strain-specific protocols that account
for suspension media, protectants, cell concentrations, and
optimal cooling rates [28, 53]. Validation of these protocols
is equally essential to guarantee the reproducibility, purity,
identity, and stability of preserved biological materials over
time [34]. Freeze-drying, despite being highly effective,
remains a complex and strain-dependent process. Its suc-
cess depends on factors such as freezing temperature, initial
cell concentration, and the choice of protectants, as these
parameters significantly impact cell viability by influencing
membrane integrity and permeability [29, 50-53]. Opti-
mized procedures are thus essential to preserve the viability
and phenotypic traits of microorganisms after rehydration.
In this study, we investigated five LAB strains of UMCC
culture collection. These strains are known for their anti-
bacterial, antifungal activities, and exopolysaccharide pro-
duction [37-39], making them promising for starter cultures
design. We evaluated how these strains respond to two dif-
ferent freeze-drying protocols. Viability and fermentative
performance were assessed for both NL and lyophilized
strains using two pre-freezing temperatures. Measure-
ments were taken immediately after freeze-drying and after
seven days of storage at 37 °C to approximately simulate
prolonged aging. Additionally, we simulated fermenta-
tion durations to approximate non-lyophilized conditions

@ Springer

and compared the two freeze-drying methods in terms of
metabolite production and consumption. Cell viability after
freeze-drying varied among strains, with cells harvested
during the stationary phase displaying greater resistance to
environmental stresses compared to those harvested in lag
or exponential phases [54]. However, even under similar ini-
tial conditions, F. sanfranciscensis UMCC 2990 and Le. cit-
reum UMCC 3011 exhibited extended lag phases and lower
growth, which likely contributed to their reduced survival
rates. Their sensitivity to freeze-drying seems to be con-
firmed by SEM membrane integrity observations. UMCC
2990 proved to be the most sensitive strain, particularly
after simulated aging, whereas L. plantarum UMCC 2996
demonstrated the highest resilience and stability across all
tested conditions, showing also comparable morphologies
for all samples under SEM observation. In terms of fermen-
tative performance, we focused on glucose and fructose con-
sumption, lactic acid production, and pH reduction which
are key parameters in bio preservation of fermented foods
[55]. Slight variability in metabolite content was observed
between NL and lyophilized cultures, except for L. planta-
rum UMCC 2996, which showed no significant changes and
achieved the highest lactic acid production across all con-
ditions. Conversely, significant differences were observed
for F. sanfranciscensis UMCC 2990 and Le. citreum UMCC
3011, likely due to their lower viability post-freeze dry-
ing. For F. sanfranciscensis, the ability to use fructose as
an external electron acceptor, producing mannitol [56, 57],
may explain its incomplete glucose consumption in MRS
medium and the significant differences in mannitol produc-
tion between NL and lyophilized cultures. A similar trend
was observed in Le. citreun UMCC 3011, where mannitol
production was significantly lower in the PF-80 lyophilized
cultures. The PF-80 protocol showed reduced fermentative
stability, as indicated by higher residual glucose and pH lev-
els, lower lactic acid production, and a shift towards ethanol
synthesis. These results align with the known sensitivity of
Leuconostoc species to low temperatures, particularly with-
out gradual adaptation cycles during cultivation [58]. Rapid
temperature drops may disrupt exopolysaccharide synthe-
sis, leading to altered carbohydrate metabolism and reduced
glucose consumption, particularly in PF-80 lyophilized cul-
tures. Overall, these findings underscore the importance of
optimizing preservation protocols to maintain the viability
and functionality of microbial strains. Tailored approaches
that consider both intrinsic strain characteristics and extrin-
sic process parameters are essential for effective long-term
preservation in culture collections (CCs) and microbial bio-
repositories (mBRCs). The observed differences in viabil-
ity and fermentative performance among the LAB strains
following freeze-drying likely could be related to a com-
bination of intrinsic physiological traits and strain-specific
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responses to preservation stress. Factors such as cell wall
composition, membrane lipid profiles, exopolysaccharide
production, and growth phase can significantly influence
a strain’s ability to withstand dehydration and rehydration.
For instance, strains like L. plantarum UMCC 2996, which
demonstrated high resilience, may possess more robust
membrane structures or higher levels of protective solutes
that stabilize cellular components during freeze-drying.
Conversely, the sensitivity of F sanfranciscensis UMCC
2990 and Le. citreum UMCC 3011 may be attributed to less
efficient stress response systems or membrane composi-
tions more prone to damage from ice crystal formation and
osmotic stress.

Conclusions

This study evaluated the long-term preservation perfor-
mance of five LAB strains from the UMCC culture collec-
tion, focusing on their viability and retention of industrially
relevant phenotypic traits following freeze-drying, under
two pre-freezing protocols (PF-20 and PF-80). Among the
tested strains, L. plantarum UMCC 2996 exhibited the high-
est resilience, maintaining both viability and fermentative
capacity across all conditions. In contrast, F. sanfrancis-
censis UMCC 2990 and Le. citreun UMCC 3011 showed
greater sensitivity to freeze-drying, particularly after simu-
lated aging, with notable decline in viability and fermenta-
tive performance. It is noteworthy that the study highlights
that, while PF-80 generally offered better viability preser-
vation, it was not always optimal. For certain strains, such
as Le. citreum, PF-80 was associated with reduced meta-
bolic activity and altered fermentation profiles, suggesting
that rapid freezing may disrupt cellular integrity in sensitive
strains.

Although this study is limited to a few LAB strains from 5
different species, results support the hypothesis that freeze-
drying can impart different effects on morphological and
physiological traits of strains. Further studies can provide
insights into the complex dynamics of long-term storage
effects under freeze-drying. In particular, we believe that
enlarging the number of considered strains and integrating
metatranscriptomic analysis would provide deeper insights
into cellular stress responses and molecular mechanisms.
SEM analysis can be also supported by flow cytometry, for
a quantitative cellular damage evaluation.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00284-0
25-04673-5.

Author Contributions V. Musi: experiments performing and writing
the first draft; E. Aiello: data curation, reviewing and editing; M.P.
Arena: reviewing and editing; L. De Vero: methodology, writing the

first draft, reviewing, and editing; A. Pulvirenti: editing and funding
acquisition; M. Gullo: supervision and funding acquisition.

Funding Open access funding provided by Universita degli Studi di
Modena e Reggio Emilia within the CRUI-CARE Agreement. Part of
this work was supported by the European Commission —NextGenera-
tionEU, Project SUS-MIRRLIT “Strengthening the MIRRI Italian Re-
search Infrastructure for Sustainable Bioscience and Bio-economy”,
code n. IR0000005, and by the European Union — NextGeneration-
EUGrant, CN_00000033, Project “National Biodiversity FutureCenter
—NBFC”. CUP E93C22001090001.

Data Availability All data generated or analyzed during this study are
included in this published article and its supplementary information
files. Additional datasets are available from the corresponding author
upon reasonable request.

Code Availability Not applicable. No custom code or software was
developed or used in this study.

Declarations
Conflict of interest The authors declare no conflict of interest.

Ethics Approval Not applicable. This study did not involve human par-
ticipants or animals.

Consent for Publication All authors have read and approved the final
version of the manuscript and consent to its publication.

Consent To Participate Not applicable.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

1. Guo X, Chen K, Chen L, Le TN, Zhao M, Cai H (2025) Effects
of cold post-fermentation process on microbial diversity and bio-
genic amines in protease-assisted fermented Sufu. Foods 14:735

2. Amin FR, Khalid H, El-Mashad HM, Chen C, Liu G, Zhang R
(2021) Functions of bacteria and archaea participating in the bio-
conversion of organic waste for methane production. Sci Total
Environ 763:143007

3. Arias DM, Ortiz-Sanchez E, Okoye PU, Rodriguez-Rangel
H, Balbuena Ortega A, Longoria A, Dominguez-Espindola R,
Sebastian PJ (2021) A review on cyanobacteria cultivation for
carbohydrate-based biofuels: cultivation aspects, polysaccharides
accumulation strategies, and biofuels production scenarios. Sci
Total Environ 794:148636

@ Springer


http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1007/s00284-025-04673-5
https://doi.org/10.1007/s00284-025-04673-5

76

Page 12 of 13

V. Musi et al.

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.
21.

Choi KR, Yu HE, Lee SY (2022) Microbial food: microorganisms
repurposed for our food. Microb Biotechnol 15:18-25

Pham JV, Yilma MA, Feliz A et al (2019) A review of the micro-
bial production of bioactive natural products and biologics. Front
Microbiol. https://doi.org/10.3389/fmicb.2019.01404

Zapasnik A, Sokotowska B, Bryta M (2022) Role of lactic acid
bacteria in food preservation and safety. Foods 11:1283

George F, Daniel C, Thomas M, Singer E, Guilbaud A, Tessier
FJ, Revol-Junelles AM, Borges F, Foligné B (2018) Occurrence
and dynamism of lactic acid bacteria in distinct ecological niches:
a multifaceted functional health perspective. Front Microbiol
9:2899

Zheng J, Wittouck S, Salvetti E et al (2020) A taxonomic note on
the genus Lactobacillus: description of 23 novel genera, emended
description of the genus Lactobacillus Beijerinck 1901, and
union of Lactobacillaceae and Leuconostocaceae. Int J Syst Evol
Microbiol 70:2782-2858

Wang Y, Wu J, Lv M et al (2021) Metabolism characteristics of
lactic acid bacteria and the expanding applications in food indus-
try. Front Bioeng Biotechnol 9:612285. https://doi.org/10.3389/f
bioe.2021.612285

Hu Y, Zhang L, Wen R, Chen Q, Kong B (2022) Role of lactic
acid bacteria in flavor development in traditional Chinese fer-
mented foods: a review. Crit Rev Food Sci Nutr 62:2741-2755
Zacharof MP, Lovitt RW (2012) Bacteriocins produced by lactic
acid bacteria a review article. APCBEE Procedia 2:50-56

Velly H, Bouix M, Passot S, Penicaud C, Beinsteiner H, Ghorbal
S, Lieben P, Fonseca F (2015) Cyclopropanation of unsaturated
fatty acids and membrane rigidification improve the freeze-
drying resistance of <Emphasis Type="Italic">Lactococcus
lactis</Emphasis>subsp. =~ <Emphasis = Type="Italic">lactis</
Emphasis>TOMSC161. Appl Microbiol Biotechnol 99:907-918
Letizia F, Albanese G, Testa B, Vergalito F, Bagnoli D, Di Mar-
tino C, Carillo P, Verrillo L, Succi M, Sorrentino E, Coppola R,
Tremonte P, Lombardi SJ, Di Marco R, lorizzo M (2022) In vitro
assessment of bio-functional properties from Lactiplantibacillus
plantarum strains. CIMB 44:2321-2334

Yuwei W, Mengyu L, Wei L, Ling J (2025) [lluminating the future
of food microbial control: from optical tools to optogenetic tools.
Food Chem 471:142474

Salminen S, Collado MC, Endo A et al (2021) The international
scientific association of probiotics and prebiotics (ISAPP) con-
sensus statement on the definition and scope of postbiotics. Nat
Rev Gastroenterol Hepatol 118:649-667

Grujovié MZ, Mladenovi¢ KG, Semedo-Lemsaddek T, Laranjo
M, Stefanovi¢ OD, Koci¢-Tanackov SD (2022) Advantages and
disadvantages of non-starter lactic acid bacteria from traditional
fermented foods: potential use as starters or probiotics. Compr
Rev Food Sci Food Saf 21:1537-1567

Mbye M, Baig MA, AbuQamar SF et al (2020) Updates on under-
standing of probiotic lactic acid bacteria responses to environ-
mental stresses and highlights on proteomic analyses. Compr Rev
Food Sci Food Saf 19:1110-1124

Papadimitriou K, Alegria A, Bron PA et al (2016) Stress physiol-
ogy of lactic acid bacteria. Microbiol Mol Biol Rev 80:837-890
Bartkiene E, Lele V, Ruzauskas M, Domig KJ, Starkute V,
Zavistanaviciute P, Bartkevics V, Pugajeva I, Klupsaite D, Juo-
deikiene G, Mickiene R, Rocha JM (2019) Lactic acid bacteria
isolation from spontaneous sourdough and their characterization
including antimicrobial and antifungal properties evaluation.
Microorganisms 8:64

Slavin J (2004) Whole grains and human health. NRR 17:99-110
Picozzi C, Bonacina G, Vigentini I, Foschino R (2010) Genetic
diversity in Italian Lactobacillus sanfranciscensis strains assessed
by multilocus sequence typing and pulsed-field gel electrophore-
sis analyses. Microbiology 156:2035-2045

@ Springer

22.

23.

24.

25.

26.

217.

28.

29.

30.

31

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Reale A, Di Stasio L, Di Renzo T et al (2021) Bacteria do it bet-
ter! Proteomics suggests the molecular basis for improved digest-
ibility of sourdough products. Food Chem 359:129955

Moretti M, Tartaglia J, Accotto GP et al (2024) Treasures of
Italian microbial culture collections: an overview of preserved
biological resources, offered services and know-how, and man-
agement. Sustainability 16:3777

Smith D (2003) Culture collections over the world. Int Microbiol
6:95-100

Canovas M, Iborra JL (2003) Culture collections and biochemis-
try. Int Microbiol 6:105-112

Gherna RL, Reddy CA (2007) Culture Preservation. Methods
for general and molecular microbiology. Wiley, New York, pp
1019-1033

De Vero L, Boniotti MB, Budroni M et al (2019) Preservation,
characterization and exploitation of microbial biodiversity: the
perspective of the Italian network of culture collections. Microor-
ganisms 7:685

Morgan CA, Herman N, White P, Vesey G (2006) Preservation
of micro-organisms by drying; a review. J Microbiol Methods
66:183-193

Santivarangkna C, Kulozik U, Foerst P (2008) Inactivation
mechanisms of lactic acid starter cultures preserved by drying
processes. J Appl Microbiol 105:1-13

Mills S, Stanton C, Fitzgerald GF, Ross R (2011) Enhancing the
stress responses of probiotics for a lifestyle from gut to product
and back again. Microb Cell Fact 10:S19

Carvalho AS, Silva J, Ho P, Teixeira P, Malcata FX, Gibbs P
(2004) Relevant factors for the preparation of freeze-dried lactic
acid bacteria. Int Dairy J 14:835-847

Roy I, Gupta MN (2004) Freeze-drying of proteins: some emerg-
ing concerns. Biotechnol Appl Bioc 39:165-177

Cheng Z, Yan X, Wu J, Weng P, Wu Z (2022) Effects of freeze
drying in complex lyoprotectants on the survival, and membrane
fatty acid composition of Lactobacillus plantarum L1 and Lacto-
bacillus fermentum 1L.2. Cryobiology 105:1-9

Janssens D, Arahal DR, Bizet C, Garay E (2010) The role of pub-
lic biological resource centers in providing a basic infrastructure
for microbial research. Res Microbiol 161:422-429

De Vero L, Iosca G, La China S, Licciardello F. Gullo M, Pul-
virenti A (2021) Yeasts and lactic acid bacteria for panettone
production: An assessment of candidate strains. Microorganisms
9:1093.

Iosca G, De Vero L, Di Rocco G, Perrone G, Gullo M, Pulvirenti
A (2022) Anti-spoilage activity and exopolysaccharides produc-
tion by selected lactic acid bacteria. Foods 11:1914

losca G, Fugaban JII, Ozmerih S, Witjen AP, Kaas RS, Ha Q,
Shetty R, Pulvirenti A, De Vero L, Bang-Berthelsen CH (2023 a)
Exploring the inhibitory activity of selected lactic acid bacteria
against bread rope spoilage agents. Fermentation 9:290

lIosca G, Turetta M, De Vero L, Bang-Berthelsen CH, Gullo M,
Pulvirenti A (2023 b) Valorization of wheat bread waste and
cheese whey through cultivation of lactic acid bacteria for bio-
preservation of bakery products. LWT 176:114524

Iosca G, Vero LD, Gullo M, Licciardello F, Quartieri A, Pulvi-
renti A (2020) Exploring the microbial community of traditional
sourdoughs to select yeasts and lactic acid bacteria. In: Multidis-
ciplinary digital publishing institute proceedings, vol 1, p 3
Witjen AP, De Vero L, Carmona EN et al (2023) Leuconostoc
performance in soy-based fermentations — survival, acidifica-
tion, sugar metabolism, and flavor comparisons. Food Microbiol
115:104337

Sakane T, Kuroshima K (1997) Viabilities of dried cultures of
various bacteria after preservation for over 20 years and their
prediction by the accelerated storage test. Microbiol Cult Collect
13:1-7


https://doi.org/10.3389/fmicb.2019.01404
https://doi.org/10.3389/fbioe.2021.612285
https://doi.org/10.3389/fbioe.2021.612285

Freeze-Drying Effects on Viability and Cellular Stability in a Subset of Sourdough Lactic Acid Bacteria Strains

Page 130f 13 76

42.

43.

44.

45.

46.

47.

48.

49.

50.

Peiren J, Hellemans A, De Vos P (2016) Impact of the freeze-
drying process on product appearance, residual moisture content,
viability, and batch uniformity of freeze-dried bacterial cultures
safeguarded at culture collections. Appl Microbiol Biotechnol
100:6239-6249

Yao A, Bera F, Franz C, Holzapfel W, Thonart P (2008) Survival
rate analysis of freeze-dried lactic acid bacteria using the arrhe-
nius and z-value models. J Food Prot Feb; 71(2):431-434

Aiello E, Arena MP, De Vero L, Montanini C, Bianchi M, Mesc-
ola A, Alessandrini A, Pulvirenti A, Gullo M (2024) Wine yeast
strains under ethanol-induced stress: morphological and physi-
ological responses. Fermentation 10:631

Vial J, Jardy A (1999) Experimental comparison of the different
approaches to estimate LOD and LOQ of an HPLC method. Anal
Chem 71:2672-2677

Zhang QZ, Li H, Zheng R, Cao L, Zhang S, Zhang S, Sheng
H, Jiang Y, Wang Y, Fu L (2024) Comprehensive analysis of
advanced glycation end-products in commonly consumed foods:
presenting a database for dietary ages and associated exposure
assessment. Food Sci Hum Well 13:1917-1928

Nasr NF (2015) Examination of morphology and surface struc-
ture of Cocci lactic bacteria by scanning electron microscope and
image analysis. JEDS 6:71-85

Brennan M, Wanismail B, Johnson MC, Ray B (1986) Cel-
lular damage in dried Lactobacillus acidophilus. J Food Prot
49(1):47-53

Smith D, Ryan M (2012) Implementing best practices and vali-
dation of cryopreservation techniques for microorganisms. Sci
World J 2012:805659

Wang G, Yu X, Lu Z, Yang Y, Xia Y, Lai PF-H, Ai L (2019) Opti-
mal combination of multiple cryoprotectants and freezing-thawing

51,

52.

53.

54.

55.

56.

57.

58.

conditions for high lactobacilli survival rate during freezing and
frozen storage. LWT 99:217-223

Wang GQ, Pu J, Yu X-Q, Xia Y-J, Ai L-Z (2020) Influence of
freezing temperature before freeze-drying on the viability of vari-
ous Lactobacillus plantarum strains. JDS 103:3066-3075
Montel Mendoza G, Pasteris SE, Otero MC, Fatima Nader-
Macias ME (2014) Survival and beneficial properties of lactic
acid bacteria from raniculture subjected to freeze-drying and stor-
age. J Appl Microbiol 116:157-166

Polo L, Mafies-Lazaro R, Olmeda I, Cruz-Pio LE, Medina A, Fer-
rer S, Pardo I (2017) Influence of freezing temperatures prior to
freeze-drying on viability of yeasts and lactic acid bacteria iso-
lated from wine. J Appl Microbiol 122:1603-1614

Kandil S, Soda ME (2015) Influence of freezing and freeze dry-
ing on intracellular enzymatic activity and autolytic properties of
some lactic acid bacterial strains. Adv Appl Microbiol 5:371-382
Ravyts F, Vuyst LD, Leroy F (2012) Bacterial diversity and func-
tionalities in food fermentations. Eng Life Sci 12:356-367
Rogalski E, Ehrmann MA, Vogel RF (2021) Intraspecies diversity
and genome-phenotype-associations in Fructilactobacillus san-
franciscensis. Microbiol Res 243:126625

Sahin AW, Rice T, Coffey A (2021) Genomic analysis of Leu-
conostoc citreum TR116 with metabolic reconstruction and the
effects of fructose on gene expression for mannitol production.
Int J Food Microbiol 354:109327

Jeong S-G, Choi IS, Kim HM, Chang JY, Park HW (2022) Super-
cooling pretreatment improves the shelf-life of freeze-dried Leu-
conostoc mesenteroides WiKim32. JMB 32:1599-1604

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.

@ Springer



	﻿Freeze-Drying Effects on Viability and Cellular Stability in a Subset of Sourdough Lactic Acid Bacteria Strains
	﻿Abstract
	﻿Introduction
	﻿Materials and Methods
	﻿Lactic Acid Bacteria Strains
	﻿Freeze-Drying Procedure
	﻿Microbial Counts and Viability Assessment
	﻿Fermentative Trial in MRS with the LAB Cultures
	﻿Metabolites Detection by HPLC Analysis
	﻿SEM (Scanning Electron Microscopy) Analysis
	﻿Statistical Analysis

	﻿Results
	﻿Effects of Freeze-Drying on the LAB Strains’ Viability
	﻿Effects of Freeze-Drying on Fermentative Aptitude of LAB Strains
	﻿Evaluation of Sugar consumption, Lactic Acid Production and pH Changes
	﻿Evaluation of Organic Compounds


	﻿Effects of freeze-drying on the LAB Cell Surface by SEM Analysis
	﻿Discussion
	﻿Conclusions
	﻿References


