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Abstract

Lacticaseibacillus rhamnosus CRL1505 can be used in functional products as a probiotic powder (dried live cells) or as a
postbiotic intracellular extract containing inorganic polyphosphate as a functional biopolymer. Thus, the aim of this work was
to optimize the production of Lr-CRL1505 depending on the target of the functional product (probiotic or postbiotic). For this
purpose, the effect of culture parameters (pH, growth phase) on cell viability, heat tolerance and polyphosphate accumulation
by Lacticaseibacillus rhamnosus CRL1505 was evaluated. Fermentations at free pH produced less biomass (0.6 log units)
than at controlled pH while the growth phase affected both polyphosphate accumulation and cell heat tolerance. Exponen-
tial phase cultures showed 415 times greater survival rate against heat shock and 49-62% increased polyphosphate level,
compared with the stationary phase. Results obtained allowed setting the appropriate culture conditions for the production
of this strain according to its potential application, i.e., as live probiotic cells in powder form or postbiotic. In the first case,
running fermentations at pH 5.5 and harvesting the cells at the exponential phase are the best conditions for obtaining a high
live biomass yield capable of overcoming heat stress. Whereas the postbiotic formulations production requires fermenta-
tions at free pH and harvesting the cells in exponential phase to increase the intracellular polyphosphate level as a first step.

Keywords Lactic acid bacteria - Lacticaseibacillus rhamnosus - Postbiotic - Probiotic - Heat tolerance - Inorganic
polyphosphate

Introduction

Probiotics lactic acid bacteria (LAB) have received consid-
erable attention over the past years as microorganisms with
beneficial effects to the host. Although this traditional probi-
otic definition assumes bacterial cells have to be alive to pro-
duce health-promoting effects, much scientific evidence has
shown that formulations containing their cellular byproducts
can also promote the desired response (Delgado et al. 2020).
These compounds are called postbiotics and include exopol-
ysaccharides, peptidoglycans, inorganic polyphosphate
(polyP), lipoteichoic acids, bacteriocins, surface-associated
proteins and peptides, as well as other metabolites released
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2020). For the development of probiotic or postbiotic sup-
plements, it is necessary to design a production process
appropriate to the final product. Probiotic production still
involves the challenge of improving survival rate during the
different steps of the bioprocess that includes biomass pro-
duction, dehydration (freezing, freeze drying, spray drying),
and long-term storage of the products (Velly et al. 2014). On
the other hand, postbiotic production does not require the
maintenance of cell viability, but it is necessary to optimize
the production of by-products and the method of concen-
trating them according to their cellular location (structural
cellular component or metabolite) (Zétkiewicz et al. 2020).
In both probiotic (live bacterial cells) and postbiotic (cel-
lular by-products) production, growth conditions (culture
medium, temperature, pH, incubation time) can affect the
physiological state of the cells or the production of the
postbiotic.

Lacticaseibacillus (L.) rhamnosus CRL1505 (Lr-
CRL1505; Basionym Lactobacillus rhamnosus CRL1505)
(Zheng et al. 2020) is a probiotic strain with great scientific
and technological support that has been used since 2008
in nutritional programs for vulnerable populations by the
government of Tucuman, Argentina (Kitazawa 2014; Salva
et al. 2010; Villena et al. 2012a, b, 2016; Zelaya et al. 2016).
This probiotic strain is marketed by Sacco S.r.L. (Italy) and
is currently incorporated in dairy products by Danone S.A.
(France). Lr-CRL1505 administrated as alive cells improved
the immune responses in the gut and beyond the gastroin-
testinal tract (Salva et al. 2010) also being effective against
bacterial respiratory pathogens, respiratory syncytial, and
influenza virus (Chiba et al. 2013; Herrera et al. 2014;
Tomosada et al. 2013; Tonetti et al. 2020; Zelaya et al. 2015;
2016). On the other hand, the intracellular accumulation of
polyP granules by Lr-CRL1505 was demonstrated and its
intracellular extract containing this biopolymer showed an
anti-inflammatory effect when it was nasally administered
to a mouse model of acute respiratory inflammation (Correa
Deza et al. 2021a). These results support the potential of
the polyP from Lr-CRL1505 as a new postbiotic product to
complement the treatment of respiratory diseases.

In a recent work, Lr-CRL1505 was subjected to spray
drying in order to formulate a probiotic powder supplement
showing a low viable cell count after drying (Correa Deza
et al. 2021b). Despite this unfavorable result, a direct rela-
tionship between polyP accumulation and thermotolerance
of Lr-CRL1505 could be demonstrated (Correa Deza et al.
2017). From these results, there is also a need to evaluate
other culture conditions to optimize heat tolerance, which
will determine their survival to spray drying.

Our results support that Lr-CRL1505 can be used as a
probiotic (dried live cell) or as a postbiotic (intracellular
extract with polyP). Based on these considerations, our work
hypothesized that culture parameters such as pilot-scale
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production, growth phase and culture pH affect both heat
tolerance (spray-drying survival) and polyP accumulation
of Lr-CRL-1505. Consequently, both properties can be opti-
mized by selecting one or more culture conditions. Thus, the
aim of this work was to evaluate the effect of culture param-
eters (pH, growth phase) on cell viability, heat tolerance
and polyP accumulation by Lr-CRL1505. This study would
allow establishing the best conditions to obtain thermotoler-
ant biomass for spray drying (for use as a probiotic powder
supplement), and an intracellular extract with high levels of
polyP (for use as a postbiotic supplement).

Materials and methods
Microorganism and culture conditions

Lr-CRL1505 was obtained from the stock culture collection
of Centro de Referencia para Lactobacilos (CERELA-CONI-
CET, Tucuman, Argentina). The strain was grown in MCM
broth (pH=6.5) with the following composition (g/L): 0.04;
MnSO,; 0.05 MgSO,; 5.6 KH,PO,; 3.6 Na,HPO,, 5 pep-
tone, 10 yeast extract, and 20 lactose.

Pilot-scale biomass production

Batch fermentations (28 h) were performed in a 2 L biore-
actor (INFORS HT, Switzerland). The MCM media (1.5 L,
pH 6.5) was added to the bioreactor and inoculated with Lr-
CRL1505 cultures (1%, v/v). Temperature was maintained
at 37 °C and the agitation speed at 150 rpm. Batch cultures
were performed under controlled and uncontrolled pH. In
the first case, pH was maintained at 5.5 and 6.0 by adding
20% (v/v) NH,OH solution. Samples were withdrawn peri-
odically every 2 h to determine cell growth (log CFU mL™}),
absorbance of the cultures (Aq,) and pH.

The maximum specific growth rate [, (h™")] was cal-
culated during the exponential growth phase by applying the
following equation:

= [In (N/Ni)]/AT

umax

where N and Ni represent CFU mL™! at the end and begin-
ning of the exponential phase, respectively, and AT the time
in which the exponential phase elapsed (h).

The fermentation time was modified according the growth
phase in order to evaluate the effect of the exponential and
stationary phase on the polyP accumulation, the ratio via-
bility/damage cells (flow cytometry) and heat stress toler-
ance. Cells obtained from uncontrolled and controlled pH
cultures at different growth stages were centrifuged (8000 g
for 10 min) and washed with sterile potassium phosphate
buffer (10 mM, pH 7.0) for the followings determinations.
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Measurements of intracellular polyP level

Intracellular polyP was determined in cell suspen-
sions of Lr-CRL1505 obtained in exponential and sta-
tionary growth phase at the different pH conditions. A
DAPI (4,6-diamidino-2-phenylindole)-based fluores-
cence approach (Aschar-Sobbi et al. 2008) was used.
The method was adapted from the technique reported
by Schurig-Briccio et al. (2009a; b) and Grillo-Puertas
et al. (2012) for Gram-negative bacteria (Escherichia
coli). Briefly, 17 mM DAPI (Sigma) were added to cells
(Agpo=0.02), washed and suspended in buffer T (100 mM
Tris—HCI, pH 8) together with sodium dodecyl sulfate
(SDS) and chloroform for cell permeabilization. After
15 min agitation at 37 °C, the DAPI fluorescence spec-
tra (excitation, 415 nm; emission, 450-650 nm) were
recorded using an ISS PCI spectrofluorometer (Cham-
paign, IL). Fluorescence (in arbitrary units) of the DAPI-
polyP complex at 550 nm was used as a measure of intra-
cellular polyP since fluorescence emissions from free
DAPI and DAPI-DNA are minimal at this wavelength
(Aschar-Sobbi et al. 2008). A non-polyP producing strain
[Escherichia coli MC4100 (ppkppx::Km)] (Schurig-Bric-
cio et al. 2009a; b) was assayed only as negative control
of polyP-DAPI fluorescence technique instead as a physi-
ological negative control (Supplementary Fig. S1). By
DAPI-based fluorescence technique, there is a threshold
below which short polyP chains are not detectable, how-
ever, the polyP chain length from Lr-CRL1505 was previ-
ously reported greater than 45 phosphate residues (Correa
Deza et al. 2021a).

Heat tolerance evaluation of Lr-CRL1505

Cells of Lr-CRL1505 obtained under the growth conditions
tested were exposed to heat shock (60 °C, 5 min) (Correa
Deza et al. 2017) to simulate heat stress conditions during
spray drying. Briefly, bottles containing 50 mL of potassium
phosphate buffer were inoculated (2%, v/v) with the cell
suspension and settled at 60 °C and 37 °C (control) since no
changes in cell viability at this temperature was observed.
Samples (1 mL) were taken after 5 min of incubation at each
temperature and immediately cooled in ice bath for colony
counts on LAPTg (Raibaud et al. 1973). The plates (dupli-
cate assays) were incubated at 37 °C for 48 h. The results
were expressed as survival to heat shock according to the
following equation:

Survival = log (N/Ni)

where N is the number of cells at 5 min and Ni represents the
initial count, which was obtained from the control at 37 °C.

Determination of cell viability and damage by flow
cytometry

The samples of Lr-CRL1505 obtained at the different growth
parameters and after heat shock were stained with a cell
viability kit (BD™ Biosciences, USA). Dual staining of the
cells provides information of the cell membrane functional-
ity. Thiazole orange (TO) is permeant in all cells whereas
propidium iodide (PI) enters cells only when the integrity
of the membrane has been compromised (Haugland 1992).
PI uptake indicates both cell membrane injury and death.

The cells were suspended in phosphate-buffered saline
solution to a concentration of ca. 1x 10° cells mL~! and
incubated at room temperature for 5 min with 420 uM for
TO and 48 pM for PI. Samples were analyzed with a FACS
Calibur flow cytometer (BD™ Biosciences, USA) equipped
with 488 nm air-cooled argon-ion laser excitation. 488 nm
is the excitation wavelength of PI and TO. The TO emission
fluorescence was detected at 530 nm while the IP emission
fluorescence was detected at 650 nm. The BD FACS flow
was used as sheath fluid and 10,000 events per sample were
counted. Data analysis was performed using low FlowJo
Version 10 using the analysis strategy shown in Fig. 3.
Results were expressed as the percentage of live, injured,
and dead cells.

Statistical analysis

Data obtained corresponded to at least three independ-
ent assays, and are reported as mean values with standard
deviation. After verification of the normal distribution
of data, the general lineal model of ANOVA was applied
using the software GraphPad Prism 7. Significant differ-
ences between mean values were determined by Tukey’s
and Sidak’s tests. Differences were considered significant
with a p value <0.05.

Results
Growth under different pH conditions

Growth of Lr-CRL1505 under different pH conditions is
shown in Fig. 1. At free pH, the lag phase was about 4 h
with a p,, of 0.36£0.02 h™!. The stationary phase began
after 16 h of fermentation reaching the maximum cell count
(9.24+0.04 log CFU mL™!; Fig. 1a) which decreased below
9 log CFU mL™! at 24 h of fermentation. Different growth
kinetics were observed under controlled pH conditions. At
pH 5.5 the lag phase was 10 h and the exponential phase
elapsed until 24 h with a p_, of 0.30+0.03 h™!. At this

@ Springer



182 Page4of9

World Journal of Microbiology and Biotechnology (2023) 39:182

(a) 51 10,0 70

~

—— Growth (A 600 nm)
~ w
—O— Growth (log CFU/mL)
— pH

— T T T T T T T T T T T T 30
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32

Time (h)

(b) °7 100 70
1 F6s
90

L 60
85

F55

pH

80
F 50
754

—— Growth (A 600 nm)
IS
—O— Growth (log CFU/mL)

k45
704

. 65 k40

0- 6,0 T T T T T T T T T T T 35
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Time (h)

(c) 91 100

9,0 4

7.0

/é/;ﬁ N
r 60

851

8,01

75 4

—— Growth (A 600 nm)
IS
—O— Growth (log CFU/mL)

7,0 4

1 65 4

0- 6,0

F55

—— pH

F 50

F45

k40

— T
0 2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32
Time (h)

35

Fig. 1 Growth measurements (Agy,, log CFU mL~! and pH) of Lr-CRL505 cultured in MCM medium at 37 °C and under free (a), 5.5 (b) and

6.0 pH (¢)

point began the stationary phase with the maximum cell
count of 9.4+0.2 log CFU mL~! (Fig. 1b). Similar perfor-
mance was obtained at pH 6.0 (Fig. 1c¢).

Lr-CRL1505 cells were harvested at the mean exponen-
tial or stationary phase of growth (24 h). Mean exponen-
tial phase was considered as the midpoint (h) between the
beginning and the end of that phase, which was different
according to the growth pH (8 h for free pH and 12 h for
controlled pH). These harvested cultures were evaluated for
heat tolerance and polyP content.

Effect of the pH and growth phase on the polyP
accumulation and heat tolerance

The effect of the pH and growth phase on polyP content is
shown in Fig. 2a. At free pH and pH 5.5, the accumulation
of polyP was significantly higher (p <0.001) in exponential
phase (17.830 and 14.453 AU, respectively) compared to
stationary phase (10.980 and 9.702 AU, respectively) while
at pH 6.0 the lowest levels of polyP (approx. 8.600 AU) were
obtained, without significant differences (p > 0.05) between
growth phase.

Figure 2b shows the effect of pH and growth phase on the
survival (log N/Ni) of the strain after heat shock. Survival
was significantly higher (p <0.05) in exponential phase than
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in stationary phase at free pH and pH 5.5 (4.78 times and
15.20 times, respectively). At pH 6.0 there was low survival
to heat shock regardless of the growth stage (—1.71 log N/
Ni and —2.10 log N/Ni in exponential and stationary growth
phase, respectively) without significant differences between
phase (p > 0.05). The survival values obtained were similar
to those obtained in stationary phase at free pH and pH 5.5.

Flow cytometry analysis

The cellular integrity of the strain Lr-CRL1505 in the dif-
ferent growth conditions was evaluated by flow cytometry.
According to the results obtained, the cell population was
grouped into three regions as it is illustrated in Fig. 3: dead,
injured and live cells. Different density plots of Lr-CRL1505
were observed according to the growth phase, pH and heat
treatment. Regarding the growth phase, a decrease in the
percentage of live cells was observed in stationary phase
(30.00%) compared to the exponential phase at free pH
(T, Fig. 3I-a, b). This population shift was smaller at pH
5.5 (5.70% decrease; T, Fig. 31I-a, b) and pH 6.0 (4.60%
decrease; T, Fig. 311I-a, b).

Cell integrity of Lr-CRL1505 was also assessed after
heat shock (Ts). Under all growth conditions, heat shock
resulted in a decrease in the live cell population, which was
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Fig.2 PolyP levels (AU, arbitrary units) accumulated by Lr-
CRL1505 (a) and survival of Lr-CRL1505 (log N/Ni) to heat shock
(b). Lr-CRL1505 was cultured under free and controlled pH (5.5 and
6.0) in MCM, at 37 °C and harvested in exponential and stationary

most pronounced in stationary phase, regardless of pH. For
example, at pH 5.5 the live population in exponential phase
was reduced by 35.90% between T, and T (after heat shock)
while the decrease was 54.20% in stationary phase (Fig. 311-
a, b). These results are in agreement with those shown in
Fig. 2b. In addition, an increase in injured and dead cells was
observed, the magnitude of which depended on the physi-
ological state of the bacteria.

Regarding culture pH and its effect on cell heat tolerance,
cultures at pH 6.0 in stationary phase (Fig. 31II-b) were the
most sensitive to heat shock, showing a 40.64% increase
in dead cells after heat treatment. In contrast, cultures at
pH free and pH 5.5 in stationary phase showed the small-
est increase (2.40 and 2.06%, respectively) in the dead cell
population (Fig. 3I-b, 1I-b).

Discussion

Previous results revealed that Lr-CRL1505 has multiple
functions, for instance, as a probiotic can enhance immune
responses in the gut (Salva et al. 2010) and provide protec-
tion against bacterial respiratory pathogens, respiratory syn-
cytial virus, and influenza virus (Zelaya et al. 2015, 2016;
Tonetti 2020). Furthermore, its intracellular extract with
polyP (as a postbiotic) was able to prevent the development
of local inflammatory response in the respiratory mucosa
in a murine model of acute respiratory inflammation (Cor-
rea Deza et al. 2021a), a fact that allows new applications
of Lr-CRL1505 as a probiotic and postbiotic. In this work,
the effect of culture parameters (pilot scale biomass produc-
tion, pH and growth phase) on cell viability, heat tolerance
and polyP accumulation by Lr-CRL1505 was evaluated in
order to establish better conditions to obtain, on the one

phase of growth. Sidak's multiple comparisons and Tukey tests (95%
CI) were used to estimate significant differences between mean values
of growth phase and growth pH, which are indicated with asterisks
*p<0.05; **p <0.01; ***p <0.001; ns, no significant differences

hand, heat-tolerant biomass with a high percentage of live
cells and, on the other hand, intracellular extracts with high
polyP levels, depending on the destination of the functional
product (probiotic or postbiotic).

As the name of the group indicates, LAB produce lac-
tic acid due to their type of metabolism, with a consequent
decrease in the pH of the culture. Even though LAB can
grow in a wide pH range (3.5-6.5) (McDonald et al. 1990;
Russell 1991), pH-controlled fermentations are useful to
avoid cell injury and improve biomass yield (Savoie et al.
2007). In this study, a lower biomass yield (0.6 log units)
was observed at 24 h of fermentation in pH-free cultures
compared to pH-controlled cultures. This result may have
been due to the final pH (4.0) reached at this point, the effect
of which could have been detrimental to cell viability. Simi-
lar outcomes were reported by Polak-Berecka et al. (2011)
for L. rhamnosus E/N and other genera belonging to LAB
such as Enterococcus faecium CRL1943 and Leuconostoc
citreum CRL1945 (Correa Deza et al. 2018). In contrast,
different results were obtained for L. bulgaricus Q7 where
the average growth rate and the final biomass were higher
under free pH conditions (Ai et al. 2017).

Fluorescent probe staining technology has improved pro-
cedures for measuring cell function, such as the estimation
of live and dead cells (Chitarra et al. 2006) within a popula-
tion, and further distinguishes between “vigorous, fragile,
and injured cells” (Lloyd and Hayes 1995). In this study,
flow cytometric determinations revealed the great impact
that growth conditions have on the cellular integrity of Lr-
CRL1505. A significant decrease (30%) in live cells at free
pH was observed in the stationary phase of growth along
with an increase in injured and dead cells (7.6% and 2.17%,
respectively) compared to the exponential phase. The popu-
lation of living cells in the stationary phase at pH 5.5 and
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Fig. 3 Density plots (% of live, dead and injured cells) of Lr-CRL1505 before (T,) and after (Ts) heat shock. The strain was cultivated in MCM
at 37 °C, under different pH conditions (I: free; II: 5.5 and III: 6.0 pH) and harvested in exponential (a) or stationary (b) phase of growth

6.0 remained unchanged, showing the advantages of using
controlled pH fermentations.

Spray drying represents a rising technique in the develop-
ment of probiotic supplements in powder. However, during
the process the bacteria may undergo heat stress and loss
of cell viability (Janning and In’t Veld 1994; Perdana et al.
2013). In a previous work, Lr-CRL1505 was subjected to
spray drying, obtaining low viable cell counts in the dried
product (Correa Deza et al. 2021b). It is likely that the bio-
mass production conditions (standard pilot plant condi-
tions) were not optimal. For this reason, this optimization
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is described in this manuscript. A heat shock test was used
because of its simplicity and because the correlation with
the resistance of strain Lr-CRL 1505 to a real spray drying
process is quite high (Correa Deza et al. 2021b). The heat
tolerance of Lr-CRL1505 was influenced by the culture con-
ditions. At pH 6.0 cultures showed a low heat shock survival
regardless the growth phase, which was confirmed by flow
cytometry as a high percentage of injured and dead cells was
obtained after heat shock. Similar results were reported for
some strains of Streptococcus grown at pH 6.0 subjected to
heat, oxidative and osmotic stress (Zotta et al. 2008). On the
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contrary, at free pH and pH 5.5, the growth phase affected
the heat tolerance of Lr-CRL1505. The high survival to heat
shock was observed in the exponential phase at both pH
conditions. This similarity in behavior at free pH and pH
5.5 could be due to the fact that both cultures presented a
pH value of 5.5 in this exponential growth phase (Fig. 1),
with a high percentage of live heat-tolerant cells (Fig. 3)
and a high intracellular polyP content (Fig. 2). It has been
shown in a previous work that high levels of polyP in this
strain confer greater tolerance to heat shock (Correa Deza
et al. 2017). Other studies (Kim et al. 2001; van de Guchte
et al. 2002; Zotta et al. 2008; Parente et al. 2010) found high
stress tolerance in LAB but during the stationary phase, due
to synthesis of stress proteins triggered by the depletion of
nutrients and/or the accumulation of toxic products, e.g.,
lactic acid in the culture medium.

According to our results, to obtain a thermotolerant bio-
mass capable of overcoming heat stress during spray drying,
the optimal culture conditions would be pH 5.5 and collec-
tion of biomass in exponential growth phase (high cell count
and survival to heat shock). Although the survival to heat
shock did not show significant differences at free pH and pH
5.5, in this last condition a higher biomass in exponential
phase was obtained. These results highlighted the relevance
of optimizing the technological conditions, since the results
are strain-dependent.

Different survival strategies have been described in LAB
to survive stress, such as intracellular accumulation of polyP
(Alcantara et al. 2014; Aprea et al. 2005; Archibald and Fri-
dovich 1982; Archibald and Duong 1984; Velly et al. 2014).
In bacteria, polyP accumulation is dependent on the phos-
phate concentration of the culture medium and the growth
conditions (Correa Deza 2017; Alcantara et al. 2014; Huang
et al. 2016; Schurig-Briccio et al. 2009a, b). In a previous
work, the effect of the phosphate concentration of the cul-
ture medium on the polyP accumulation in Lr-CRL1505
was already demonstrated (Correa Deza et al. 2017). In this
work, the culture pH and growth phase also had a significant
effect on the intracellular polyP content of this strain; high
levels of polyP were obtained in the exponential phase at
both free pH and pH 5.5. To our knowledge, this is the first
study on polyP production by probiotic lactobacilli in the
exponential phase. Schurig-Briccio et al. (2009a) reported
that Escherichia coli grown in media with > 37 mM phos-
phate maintained a high polyP level in the late stationary
phase compared with the exponential one, which could
account for changes in gene expression and enzyme activi-
ties that enhance stationary-phase fitness.

The relationship between polyP accumulation by Lr-
CRL1505 and heat tolerance was also analyzed. High
polyP levels coincided with the highest heat shock survival
during the exponential phase at both free pH and pH 5.5.

In contrast, the lowest polyP content and lowest heat shock
survival were determined at pH 6. Many biological func-
tions are attributed to polyP as an energy and phosphate
reservoir, metal chelator (Mn2 + and Ca2 +), physiological
adjustment during growth and against stress, e.g. starva-
tion, heat, oxidative, acid and osmotic stress (Alcantara
et al. 2014; Kornberg 1999; Rao and Kornberg 1999). The
mechanisms by which polyP participants are involved in
these stress processes are still unclear.

The importance of polyP research (not only for its rela-
tion to thermotolerance) is supported by recent publica-
tions that have corroborated the beneficial effect of polyP
in the prevention of SARS-CoV-2 infection (Ferrucci et al.
2021; Schepler et al. 2021). These results highlight the
importance of the technological perspective to broaden the
field of application in various types of commercial prod-
ucts. The highest level (17,830 AU) of intracellular polyP
was obtained for Lr-CRL1505 in the exponential phase at
free pH in this study. For this reason, these growth condi-
tions would be optimal for obtaining intracellular extracts
that can be used to formulate a postbiotic product.

In conclusion, our results show the appropriate culture
conditions for the production of the probiotic Lr-CRL1505
according to its possible applications, either as a probiotic
or as a postbiotic product. In the first case, the best culture
conditions are pH 5.5, and harvesting during the expo-
nential phase (high cell count, percentage of living cells
and heat shock survival) to obtain a heat tolerant-biomass
capable of overcoming heat stress during spray drying. In
the second case, free pH, and harvesting in the exponen-
tial phase are the optimal conditions that allow obtaining
intracellular extracts with a high level of polyP that can be
used to formulate a postbiotic product.

Supplementary Information The online version contains supplemen-
tary material available at https://doi.org/10.1007/s11274-023-03625-0.
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