Valle-Vargas et al. AMB Express (2025) 15:20
https://doi.org/10.1186/s13568-024-01810-4

AMB Express

Improving the survival under gastric

Check for
updates

conditions of a potential multistrain probiotic

produced in co-culture

Marcelo Fernando Valle-Vargas'®, Yesica Vanesa Rojas-Mufioz?®, Ruth Yolanda Ruiz-Pardo'®, Luisa Villamil-Dfaz'

and Marfa Ximena Quintanilla-Carvajal"”

Abstract

Process and culture medium composition in bioreactor could be optimized in order to find the best conditions
that improve survival of probiotic microorganism under exposure to gastric conditions such low pH and bile salts.
Therefore, this study aimed to optimize agitation, yeast extract, and di-sodium phosphate (Na,HPO,) concentration
to improve the survival under gastric conditions of a multistrain consortium produced in a laboratory bioreactor.
Viability, survival low pH (3.00), bile salt tolerance, and antagonistic activity against the pathogen Streptococcus
agalactiae were evaluated. As the main result, a high concentration of di-sodium phosphate (2.63% w/v) increased
the viability of L. lactis A12 (9.05 to 9.46 Log,, CFU/mL) and Priestia species (0.00 to 6.88 Log,, CFU/mL), survival to
pH 3.00 (60 to 93%), survival of bile salts (58— 93%) antagonistic activity (8.74 to 15.56 mm), and final pH of culture
medium (4.34 to 6.95). Optimal conditions that improved probiotics characteristics were 150 RPM, 0.83% w/v yeast
extract, and 2.63% w/v Na,HPO,. Co-culture of L. lactis A12 with Priestia species improved significantly (p <0.05) the
antagonistic activity (10.41 mm) against S. agalactiae compared to mono-culture (7.70 mm). Our results suggested
that was possible to produce a potential multistrain preparation in a lab bioreactor with high viability of L. lactis
A12 (9.33 Log,, CFU/mL), high survival to gastric conditions (>85%), and with antagonistic activity against fish
pathogen. This preparation could be used as a feed additive intended for fish nutrition.
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Introduction

Probiotics are viable microorganisms that administered
in adequate amounts confer health benefits to the host
(World Health Organization: Food and Agriculture Orga-
nization of the United Nations 2006). In 2021, the world
probiotic market for animal feed was valued at US 4.9 bil-
lion, and it is estimated to reach US 7.78 billion by 2030
(https://www.verifiedmarketresearch.com/product/pro
biotics-in-animal-feed-market/). Probiotics represent a
wide group of bacteria, mostly lactic acid bacteria (LAB),
other Gram-positive bacteria like Bacillus spp., and yeast
like Saccharomyces cerevisiae (Merrifield and Carnevali
2014; Sahandi et al. 2019). In aquaculture, specifically
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fish species, probiotics administration improves growth
performance, nutrient digestibility, immunomodulation,
microbiota modulation, resistance against pathogens,
etc. (Ringe et al. 2018). For utilization of probiotics as
feed additives, they must demonstrate certain properties
such as acid and bile tolerance, non-hemolytic, antibacte-
rial activity, susceptibility to drugs, adhesion, film forma-
tion, among others (Chauhan and Singh 2019).

In vitro assessment of microorganisms with probi-
otic potential have showed positive results at test tube
or Erlenmeyer level (Reda et al. 2018; Kaktcham et al.
2019; Kuebutornye et al. 2020), however, it is necessary
to produce potential probiotic in laboratory bioreactor
to increase biomass production (Makowski et al. 2017;
Norizan et al. 2020; Galante et al. 2023) and maintain
probiotic characteristics (Aragén-Rojas et al. 2018). Pro-
biotics manufacturing involves several steps such as (a)
selection of microorganism strains, (b) fermentation, and
(c) drying (Fenster et al. 2019). The present research is
focused in the second one (b). Fermentation at the same
time involves the selection of growth media, growth
conditions, and the type of fermentation (solid or liquid
state fermentation) (FAO 2016). Production of probiot-
ics can be carried out from Erlenmeyer flask to bioreac-
tors (laboratory, pilot, and industrial scale) (Makowski et
al. 2017) to obtain biomass and/or compounds such as
bacteriocins, enzymes, low molecular compounds, etc.
(Mora-Villalobos et al. 2020). In bioreactors, parameters
such as pH, temperature, gas flow, gas concentration (O,.
N,, and CO,), aeration, and nutrient addition can be con-
trolled. These parameters as well as medium components
and their concentration can affect probiotic metabolism
(da Rosa et al. 2019). Several authors have reported the
use of bioreactors for the production of probiotic bio-
mass and metabolites (Jangra et al. 2016; Makowski et al.
2017; Malvido et al. 2019; Norizan et al. 2020; Akdogan
and Celik 2021; Verma et al. 2023), however, probiotic
characteristics like resistance to acidic environments,
tolerance to bile salts, and antimicrobial activity have not
been widely evaluated through an experiment design.
There is a study by Aragén-Rojas et al. (2018) who evalu-
ated viability, and tolerance to acidic and bile salt envi-
ronment of Lactobacillus fermentum K73 produced in
a culture medium composed by sweet whey and yeast
extract. These authors reported that medium component
concentration and process parameters (pH and agitation)
affected probiotic characteristics.

Our research group in previous studies has reported
the isolation of three bacteria (Lactococcus lactis Al2,
Priestia megaterium M4, and Priestia sp. M10) (Melo-
Bolivar et al. 2019). These probiotic consortiums pre-
sented non-hemolytic activity, resistance to acidic
environments, tolerance to bile salts, antibacterial activ-
ity, etc. (Melo-Bolivar et al. 2022). Then, this consortium
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improves growth performance and immunological
parameters, as well as resistance against the pathogen
Streptococcus agalactiae in Nile tilapia (Oreochromis
niloticus) fingerlings in an in vivo trial (Melo-Bolivar et
al. 2023b).

Our first study, aimed to design an agro-industrial
by-product-based culture media using whey, sugarcane
molasses, and palm kernel cake as components to pro-
duce L. lactis A12, P. megaterium M4, and Priestia sp.
M10 in monoculture conditions (Valle Vargas et al.
2024b). Then, a second study aimed to produce a poten-
tial multistrain (L. lactis A12, P. megaterium M4, and
Priestia sp. M10) preparation in co-culture conditions
using agro-industrial by-products-based culture medium
in a 250 mL flask Erlenmeyer (Valle-Vargas et al. 2023).
This culture medium was composed of whey, sugarcane
molasses, and palm kernel cake. Also, yeast extract and
di-sodium phosphate were used as nitrogen source and
buffering agent, respectively, which represent 99.41% of
the total cost of the culture medium. In both research, L.
lactis A12 presented similar (Valle Vargas et al. 2024b) or
higher (Valle-Vargas et al. 2023) bacterial growth under
optimal conditions compared to BHI broth.

L. lactis and Bacillus species has been used in aqua-
culture, especially in finfish species such as tilapia, carp,
and rohu, among others (Melo-Bolivar et al. 2021). L. lac-
tis is a bacteria with demanding nutrient requirements
for optimal growth. Since most L. lactis strains lack of
capacity for amino acid synthesis, it is necessary nitrogen
sources in the culture medium (Cano-Lozano et al. 2022).
In the same way, phosphorous compounds are important
for L. lactis growth (Costas Malvido et al. 2018), as well
as, buffering agents for maintaining pH within the opti-
mal range (5.8— 6.5), which improve nutrient consump-
tion (Malvido et al. 2019). Priestia species, some strains
are former Bacillus including Bacillus megaterium
according to the new genera proposed by Gupta et al.
(2020). These species grow well on routine media such as
nutrient broth and trypticase soy agar, among others (Vos
et al. 2009). Previous studies have used by-products such
as glycerol and mushrooms wastewater (rich in polysac-
charides) as carbon sources for production of Priestia
megaterium in pH ranges between 5.5 -8.0 (Huang et al.
2018; Gémez Cardozo et al. 2020).

The production of biomass faces several challenges
such as the design of low-cost culture medium that meet
microorganism nutrient requirements (Acosta-Piantini
et al. 2023; Valle-Vargas et al. 2023), find optimal process
conditions (Balkhis-Ibrahim et al. 2010; Manzoor et al.
2017; Papizadeh et al. 2020), and the preservation of pro-
biotic characteristics (Aragén-Rojas et al. 2018). Among
process parameters, agitation play a key role in mass
and heat transfer phenomena because it accelerates the
transfer of nutrients from the medium to bacterial cells
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(Mustafa et al. 2019), however, this could cause hydrody-
namic stress that affects the kinetics and biological activ-
ity of bacteria cells (Cano-Lozano et al. 2022).

Since agitation and medium components could affect
probiotic metabolism (Aragén-Rojas et al. 2018; Valle-
Vargas et al. 2023; Valle Vargas et al. 2024b), it is neces-
sary to evaluate these parameters using response surface
methodology (RSM) design and its effect on probiotic
characteristics such as resistance to an acidic environ-
ment, tolerance to bile salts, and antibacterial activity
against S. agalactiae, which not been widely reported,
and more especially in fish nutrition. Therefore, the aim
of this study was to optimize agitation, yeast extract, and
di-sodium phosphate concentration to improve the sur-
vival under gastric conditions of a probiotic a multistrain
preparation produced in a laboratory bioreactor.

Materials and methods

Ethical statement

The project followed the Colombian national govern-
ment’s regulations. The Permit for accessing genetic
resources was issued by the Colombian Ministry of Envi-
ronment Number 117 (Otrosi 4) on the 8th of May 2018
for five years.

Microorganisms

L. lactis A12, P. megaterium M4, and Priestia sp. M10
were isolated from a competitive exclusion bacterial cul-
ture derived from gut microbiomes of Nile tilapia (Oreo-
chromis niloticus) specimens reared on aquaculture farms
in Colombia in a previous study of Melo-Bolivar et al.
(2019). Then, the three isolated strains were assessed for
their probiotic potential and sequenced its whole genome
to identified them (Melo-Bolivar et al. 2022). Bacteria
were deposited under code A12 (L. lactis A12), M4-MR4
(Priestia megaterium M4), and M10-MR10 (Priestia sp.
M10) in the Chilean Collection of Microbial Genetic
Resources (CChRGM) at the Instituto de Investigacio-
nes Agropecuarias (INIA, Chillan, Chile). This institute
is registered in the World Data Centre for Microorgan-
isms (WDCM) with registration number 1067. Microor-
ganisms and activation protocol are reported in previous
study of Valle-Vargas et al. (2023).

The bacteria were selected based on the previous study
of Melo-Bolivar et al. (2023a) who evaluated the effect the
of monostrain and multistrain combinations of the three
bacteria (L. lactis A12, P. megaterium M4, and Priestia
sp.M10) on the specific growth rate (SGR) and the anti-
bacterial activity against fish pathogen S. agalactiae and
Aeromonas hydrophila. They found that a combination of
61% L. lactis A12, 23% Priestia sp. M10, and 16% v/v P,
megaterium M4 exhibited higher SGR and antibacterial
activity than probiotic bacteria alone.
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General description of probiotic bacteria

L. lactis is spherical or ovoid-shaped cells and occur sin-
gly or in chains. It is Gram-positive, facultatively anaer-
obic, non-motile, and non-spore-forming (Mills et al.
2011). Priestia species (some strains are former Bacil-
lus) are normally a rod-like bacteria, straight or slightly
curved, occurring singly and in pairs, some in chains, and
occasionally as long filaments. It is Gram-positive, mainly
aerobic, and spore forming bacterium (Vos et al. 2009).

Preparation of culture medium and fermentation
conditions

Culture medium and fermentations conditions used in
these study is described by Valle-Vargas et al. (2023). Bio-
reactor conditions were set agitation speed (according to
experiment design), temperature (28 °C), and incubation
time (17 h). The initial cell concentrations of L. lactis A12
and Priestia species were 8.01+0.00 and 6.21 +0.04 Log,,
CFU/mL, respectively. Finally, after the process finished,
samples of the final culture medium with grown probi-
otic bacteria were taken to evaluate final cell concentra-
tion (Log,, CFU/mL), survival to acid pH (Log;, CFU/
mL), survival to bile salt (Log;, CFU/mL), antagonistic
activity against S. agalactiae (inhibition zone, mm), and
pH as response variables according to the methodology
described by Valle-Vargas et al. (2023).

For the assessment of the viability of probiotic bacte-
ria, the drop plate method was used (Valle Vargas et al.
2024a). 100 pL of the sample were transferred to 900 pL
of Phosphate Buffer Solution (PBS). Then, tenfold seria
dilutions were made. 20 pL of each dilution was dropped
onto the surface of TSA and allowed to dry. Finally, the
agar plates were incubated at 28 °C for 24 h. After 24 h,
colonies were counted in each plate, and the final cell
concentration was expressed as Log;, CFU/mL. The dif-
ferentiation of L. lactis A12 and Priestia species was
based on colonies morphology. L. lactis A12 colonies
were white, punctiform, flat, and smooth with regular
edge. Priestia species colonies were beige, round, con-
vex, and smooth with regular edge. P megaterium M4
and Priestia sp. M10 presented similar morfology for that
reason were counted together and expressed as Priestia
species.

Experimental design in a 1.7 L BioFlo il bioreactor

In a previous study, an optimal culture medium composi-
tion to produce potential probiotic bacteria in co-culture
conditions was achieved (Valle-Vargas et al. 2023). These
conditions were whey (1.00% w/v), sugarcane molas-
ses (0.50% w/v), and yeast extract (1.50% w/v). PKC was
added at 0.77% w/v. However, it was necessary to evalu-
ate the probiotic characteristics of these bacteria in co-
culture conditions in a lab bioreactor. For this purpose,
a Box-Behnken design (BBD) was used to optimize yeast
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extract (% w/v), di-sodium phosphate (% w/v), and agita-
tion speed (RPM) that maximizes response variables.

The BBD was built using the statistical software Design
Expert (Stat-Ease Inc., Minneapolis, MN, U.S.A). The
design consisted of 17 runs, with 5 replicates at central
points is shown in Table 1. The selected factors were
agitation speed (100— 200 RPM), yeast extract (0.50—
1.50% w/v), and di-sodium phosphate, Na,HPO, (0.25—
2.63% w/v). Yeast extract and di-sodium phosphate were
selected as factors because have been reported that these
components affect bacterial metabolism (Aragén-Rojas
et al. 2018; Costas Malvido et al. 2018) and in our recent
study (Valle-Vargas et al. 2023) were the most expensive
components of culture medium. Agitation was chosen
due to is related to heat and mass transfer phenomena
involved in the fermentation process (Mustafa et al.
2019).

Optimization and validation

The best combination of component concentration and
agitation speed in the culture medium that maximized
the viability of probiotic bacteria in co-culture conditions
and improved probiotic characteristics were achieved
using the desirability function (Aragén-Rojas et al. 2018;
Valle-Vargas et al. 2023). Validation of response variables
was performed at optimal conditions. The error percent-
age of predicted and experimental data at the optimal
conditions was calculated. Validation runs were per-
formed in triplicates. Homogeneity of variance, normal-
ity, and independence of data were checked.

Table 1 BBD with experimental results
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Antagonistic activity of L. lactis A12 in mono- and
co-culture conditions

Under optimal conditions, L. lactis A12 was grown in
monoculture and co-culture conditions. Antagonis-
tic activity was carried out according to methodology
described above.

Antagonistic activity of mono- and co-culture fermen-
tations were compared using a two-tailed ¢ -test with an
alpha level of 0.05. Also, the homogeneity of variance for
t-test was confirmed with a F- test (alpha level of 0.05).

Results

Model fitting of Box Behnken design

Response variables data of the Box Behnken design for
probiotics characteristics are shown in Table 1. Response
variables data were fitted to a quadratic model and
ANOVA were carried out with a significance level of
0.05 (Table 2). Model selections were made considering
the lowest p-value for the mixture and process factors
and the corrected Akaike information criterion (AIC,)
(data not shown). Also, model reduction for the Viabil-
ity of L. lactis A12 and survival to bile salts were made
to improve statistical parameters. ANOVA assumptions
such as homoscedasticity, normality, and data indepen-
dence were verified using residuals vs. predicted, normal
probability (%) vs. residuals, and residuals vs. run num-
ber plots, respectively.

All models explained more than 90% of the total vari-
ability of the response according to their R* and R*
adjusted values. Lack-of-Fit presented a non-significant
p-value, indicating that these models fit appropriately
the experimental data. Adequate precision is another

Run A: B:Yeast  C:Di-sodium L.lactis A12  Priestia spe- Survival of L. Survival of L. Antagonis-  Final pH
Agitation extract phosphate (Log,, CFU/  cies(Log,,  lactis A12topH lactis A12to bile tic activity
(RPM) (%w/v)  (%w/v) mL) CFU/mL) 3.00 (Log,, CFU/ salts (Log,q CFU/  (mm)
mL) mL)

1 150 1.00 144 9.36x0.06 6.74+0.02 5.72£0.10 7.62x0.05 1348+266  6.39+0.01
2 150 1.00 1.44 9.35+0.01 6.60+0.02 557+0.23 7.50+0.03 12.54+359  6.39+0.01
3 200 1.00 263 9.34+0.06 6.81+0.03 6.60+0.15 7.65+0.04 1228+2.56  6.80+£0.00
4 200 1.50 144 9.24£0.09 6.87£0.06 7.19+£0.04 7.57x0.02 864112 642+0.02
5 150 0.50 263 9.22+0.00 631£0.06 6.63£0.09 762+0.03 1556£1.37  6.76+001
6 100 1.00 0.25 9.08+0.02 0.00£0.00 530£0.17 4.76+0.07 1176194  445+0.02
7 150 1.50 0.25 9.11+0.05 0.00£0.00 7.16+0.07 5.99+0.05 1285+280  4.55+0.01
8 150 1.00 144 9.32+0.02 6.80+0.02 552+0.17 741+£0.03 1406+0.00  6.33+0.02
9 100 0.50 144 9.36£0.01 6.80£0.01 5.08+0.07 7.50£0.03 993+£195 6.37x001
10 150 1.00 1.44 9.38+0.01 6.76+0.05 551+0.23 7.39+0.09 13.01+067  6.22+0.00
1 200 0.50 1.44 9.32£0.01 6.81£0.01 565%0.13 7.71£0.04 1154+212 607001
12 150 1.00 144 9.42+0.09 6.88+0.02 545%0.07 7.60£0.07 13.77£041 6.22+0.01
13 100 1.50 144 934£0.03 6.82£0.02 543£0.09 6.78+0.07 1007£0.72  641£001
14 150 1.50 263 9.39£0.06 6.80£0.11 7.88+0.03 6.98+£0.08 920£236  6.95+0.01
15 150 0.50 0.25 9.06+0.04 0.00£0.00 5.84+0.04 5.24+0.07 1145+000  4.34+0.00
16 100 1.00 263 9.46+0.01 6.73+0.02 6.33+0.05 791+0.04 1000+£0.00  6.61+0.03
17 200 1.00 0.25 9.05+0.02 0.00£0.00 7.14+0.06 6.43+0.05 1164239  449+001
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Table 2 ANOVA and statistical parameters for probiotic characteristics
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Model term p-value

L. lactis A12 Priestia species Survival to pH 3.00 Survival to bile salts Antagonistic activity Final pH
Model 0.0019 <0.0001 <0.0001 <0.0001 0.0010 <0.0001
A: Agitation 0.1048 0.6688 <0.0001 0.0028 0.2376 0.8470
B: Yeast extract 04708 0.1120 <0.0001 0.2230 0.0037 0.0336
C: Na,HPO, 0.0001 <0.0001 0.0063 <0.0001 0.7265 <0.0001
AB 0.6071 0.8620 0.0142 0.1865 0.0494 0.1868
AC 04453 0.7290 0.0037 0.0013 0.1032 0.5018
BC 03157 0.0629 0.8541 0.0085 0.0005 09274
A - 0.1465 0.2024 - 0.0003 0.6107
B? 0.1407 0.7322 0.0026 0.1220 0.0054 05195
c 0.0160 <0.0001 <0.0001 <0.0001 0.6807 <0.0001
Lack-Of-Fit 0.1235 0.3640 0.0552 0.0520 03951 0.2273
Fitting parameters
R? 0.9094 0.9994 0.9787 0.9761 0.9486 0.9940
R? adjusted 08188 0.9986 09514 09523 0.8825 0.9862
Adeq Precision 9.7058 82.6347 18.7972 20.4803 13.1761 31.0682
Table 3 Percentage of contribution (%) of model term
Model term L. lactis A12 Priestia species Survival to pH 3.00 Survival to bile salts Antagonistic activity Final pH
A - - 22.22 537 - -
B - - 2249 - 1333 0.60
C 55.50 63.601 452 5544 - 82.81
AB - - 320 - 413 -
AC - - 557 6.89 - -
BC - - - 3.58 26.92 -
A2 - - - - 3277 -
B? - - 6.37 - 11.59 -
c? 24.58 36.15 31.80 23.76 - 1558

statistical parameter, which measures the signal-to-noise
ratio. Values higher than 4.0 are desirable. Adeq precision
values for all response variables were higher than 4.0.
This indicates that models can be used to navigate the
experiment design space.

For each model, percentage contribution (PC) was
calculated for all terms by dividing the sum of squares
(SS) of each term by the total sum of squares (data not
shown) (Bar6n et al. 2021). This parameter was calcu-
lated to determine the contribution of each significant
term (p<0.05) to the response variable (Table 3). Equa-
tions (1)— (6) show the fitted models for each response
variable expressed in terms of actual components and
factor levels (Valle-Vargas et al. 2023)

L.lactisA12 (Log1oCFU/mL) = 8.8104 + 0.0004 x [A] +
0.4042 x [B] + 0.3814 x [C] = 0.0006 [AB] — 0.00 x [AC]+ (1)
0.0504 x [BC] —0.174 x [B?] —0.0898 x [C?]

Priestiaspecies (LogioCFU/mL) = —1.3892 — 0.0111 x [A] —
0.0600 x [B] + 9.5783 x [C] + 0.0004 x [AB] 4 0.0003 x [AC] +
0.2059 x [BC] + 0.0000 x [A®] —0.0770 x [B?] —2.4428 x [C?]

(2)

(3)

(4

(5

Survival topH 3.00 (Log1oCFU/mL) = 4.6332 4 0.0238 x [A] —
3.9017 x [B] — 0.6304 x [C] + 0.0119 x [AB] — 0.00 x [AC] —
0.0294 x [BC] - 0.0001 x [A%] + 1.6370 x [B?] + 0.6456 x [C?]

Survival tobile salts (LogioCFU/mL) = 1.9670+
0.0119 x [A] + 1.1351 x [B] + 4.3858 x [C] + 0.0058 x [AB] —
0.0081 x [AC] — 0.5840 x [BC] — 0.6758 x [B?] — 0.6154 x [C?]

Antagonistic activity (mm) = —16.0944 + 0.2720 x [A] +
17.2531 x [B] + 1.4061 x [C] — 0.0304 x [AB] + 0.0101 x [AC] —
3.2605 x [BC] — 0.0008 x [A%] —4.9640 x [C?] + 0.0946 x [C?]

Final pH = 4.1936 — 0.0009 x [A] — 0.5354 x [B] +
2.3032 x [C] + 0.0031 x [AB] + 0.0006 x [AC] —
0.0084 x [BC] — 0.0000 x [A?] + 0.1400 x [B?] — 0.4908 x [C?]
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(6)
A: agitation (RPM), B: yeast extract (% w/v), and
Na,HPO, (% w/v).

Effect of independent variables on probiotic characteristics
Figure 1 shows the contour plots for probiotics charac-
teristics and desirability. Viability of L. lactis A12 ranged
from 9.05 to 9.46 Log;, CFU/mL. As shown in Fig. 1a,
high cell counts of L. lactis A12 was achieved at high con-
centrations of Na,HPO4 (>1.44% w/v). In the same way,
Priestia species viability (0.00- 6.88 Log,;, CFU/mL) was
higher when Na,HPO, concentration was higher than
1.44% w/v, while the concentration of 0.25% w/v did not
promote Priestia growth (Fig. 1b).

Figure 1c and 1d show the contour plots for survival to
the acid environment (pH 3.00) and bile salts (pH 7.00).
Survival of L. lactis A12 to pH 3.00 ranged between 5.08
and 7.88 Log,, CFU/mL representing bacterial reductions
between 6.08— 39.23%. From Fig. 1c, it can be observed
that higher agitation speed and Na,HPO, concentration
improves the survival of L. lactis under acidic conditions.
Also, it can be observed that a low Na,HPO, concentra-
tion (0.25% w/v), L. lactis A12 shows a high viability after
exposure to low pH (3.00) with survival percentage close
to 88%. Figure 1d shows that increasing yeast extract con-
centration (1.50% w/v) and agitation (200 RPM) results in
a higher survival of L. lactis A12 (93.92%). In our study,
Priestia species showed low survival (<3.00 Log,, CFU/
mL) after exposure to acidic environment and bile salts.

Figure le and 1f represent the contour plot of the sur-
vival of L. lactis A12 to bile salts (0.30% w/v) at pH 7.00.
In both Figures, it can be observed that high concentra-
tion of Na,HPO, and higher speed of agitation increases
the survival of L. lactis A12 from 4.76 to 7.91 Log,, CFU/
mL.

Antagonistic activity (AA) against S. agalactiae
expressed as an inhibition zone contour plot is shown in
Fig. 1g and 1h. AA values ranged from 8.64 to 15.56 mm.
Figure 1g shows that antagonistic activity increased from
11 to 13 mm when agitation increased from 100 to 150
RPM, and then AA decreased when agitation was set to
200 RPM. In Fig. 1h, AA was improved when Na,HPO,
was used at a higher concentration (2.63%w/v). In both
interactions, yeast extract concentration between 0.50
and 1.10% w/v improved AA.

The final pH of the culture medium varied between
4.34 (0.25%w/v) and 6.95 (2.63% w/v). In Fig. 1i, it can
be observed that a higher concentration of Na,HPO,
resulted in a higher final pH (> 6.00).

Optimization and validation of optimal conditions

The desirability function was used to optimize the bio-
reactor conditions to maximize the probiotic char-
acteristics. Desirability value increased with high
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concentration of Na,HPO,, high agitation, and low con-
centration of yeast extract. The optimal conditions for
achieving a desirability value of 0.804 were: 150 RPM,
0.83% w/v yeast extract, and 2.63% w/v Na,HPO,. Desir-
ability values higher than 0.7 indicate a good optimiza-
tion of experimental data. Table 4 shows the predicted
and experimental values of probiotic characteristics
under optimal conditions. Experimental errors for all
probiotic characteristics are shown in Table 3. Experi-
mental error values lower than 10% indicates that the
desirability function was a useful statistical tool for the
optimization of bioreactor conditions.

Finally, antagonistic activity against S. agalactiae was
significantly higher (p<0.05) when L. lactis A12 was
grown in presence of Priestia species (10.41 +1.47 mm)
compared to L. lactis A12 alone (7.77 £1.19 mm).

Discussion

L. lactis A12 and Priestia species showed an increase in
their viable cell concentration with the presence of high
concentration of di-sodium phosphate (>1.44%w/v)
regardless of agitation levels. This could be related to
different reasons. An increase in the concentration of
Na,HPO, induces a higher pH value (6.07—6.95), which
is within the optimal pH value (5.8— 6.5) for nutrient con-
sumption by L. lactis (Malvido et al. 2019). During fer-
mentation, L. lactis species reduce pH (lower than 5.0) by
producing lactic acid which reduce bacteria metabolism
without affecting bacteria growth until pH is around 4.0
(Andersen et al. 2009). It has been reported that Bacillus
species had grown in pH range between 5.5—8.0 (Huang
et al. 2018; Gojgic-Cvijovic et al. 2019; Gémez Cardozo et
al. 2020).

Our finding is in accordance with the results reported
by Malvido et al. (2019), who supplemented a whey-
based medium with MRS components (except glu-
cose and tween 80) at 25, 50, 75, 100, and 125% (0.50 to
2.50 g/L of Na,HPO,) of their standard concentrations
in the commercial medium. They found that an increase
from 25 to 125% resulted in a higher biomass concentra-
tion of L. lactis after 24 h of fermentation.

Another reason could be associated that phosphate
plays a key role in bacterial metabolism. A higher con-
tent of di-sodium phosphate implies a higher content of
phosphate in the culture medium. Studies have revealed
that extracellular phosphate has an important role in the
regulation of metabolism and use of glucose by lactic acid
bacteria (Levering et al. 2012). The presence of phosphate
may stimulate sugar uptake and induce a higher concen-
tration of fructose 1,6— biphosphate that allows bacterial
cells to metabolize glucose most efficiently, resulting in
the improvement of the growth of L. lactis. On the other
hand, low concentration of phosphate could lead to inhi-
bition of glycolysis (Costas Malvido et al. 2018). Similarly,
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Fig. 1 Contour plots of viability of (a) L. lactis A12, (b) Priestia species, (c and d) survival to pH 3.00, (e and f) survival to bile salts, (g and h) antagonistic

activity, (i) final pH, and (j) desirability
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Table 4 Validation of optimal conditions

Probiotic characteristics Pre- Observed  Experi-
dicted value mental
value error

(%)
9.33+£008 032
6.61+£005 0.76

Viability of L. lactis A12 Log,, CFU/mL)  9.36
Viability of Priestia species (Log,, CFU/  6.56

mL)

Survival to pH 3.00 (Log,, CFU/mL) 6.58 7114006 805
Survival to bile salts (Log;, CFU/mL) 7.75 751+006 3.09
Antagonistic activity (mm) 1425 1401+069 168
Final pH 6.75 6.77+£0.01 029

Costas Malvido et al. (2018) supplemented a whey-based
medium with KH,PO, to evaluate probiotic biomass and
nisin production by L. lactis CECT 539. They found that
probiotic biomass increased (from 0.550 to 0.707 g/L)
when total phosphorus content increased from 0.240 to
0.480 g/L.

Accordingly, Balkhis Ibrahim et al. (2010) found similar
results to those reported in our study. They evaluated the
influence of stirring speed, temperature, and carbon and
nitrogen sources on the growth of L. lactis was investi-
gated. The agitation speed was assessed within the range
of 50 to 250 RPM. In line with our results, their find-
ings demonstrated that the highest cell concentration
(3.22 g/L) was achieved at 27 °C with a stirring speed of
100 RPM. However, cell biomass concentartion did not
change dramatically over the agitation interval evaluated,
similar to our results were L. lactis A12 viability was not
affected by agitation speed. A previous study has shown
that when bacteria is not under growth-limiting condi-
tions, L. lactis maintains consistent growth characteris-
tics, regardless of the agitation speed (Singh et al. 2015).

Survival after exposure to gastric conditions of Pries-
tia species could not being improved by varying pro-
cess parameters in the proposed experimental design.
Bacillus species are known for their ability to withstand
stressful conditions such low pH and bile salts (Bahad-
dad et al. 2023), however, survival under these condi-
tions may vary among species. The survival of L. lactis
A12 under acid (pH 3.00) and bile salts (0.30%w/v) con-
ditions in our study could be associated to the different
mechanisms that probiotic bacteria (especially lactic acid
bacteria) have to resist low pH environments such as
adaptive response, pH homeostasis, restriction of proton
permeation, consumption of proton, etc. (Guan and Liu
2020). For probiotic bacteria grown with 1.44 and 2.63%
w/v Na,HPO,, the final pH was higher than 6.3 which
may allow the bacteria to maintain pH homeostasis by
regulating the inside and outside pH in acidic conditions
(Padan et al. 2005). It has been reported that the intracel-
lular pH of L. lactis decrease more than one unit from 7.2
(at an extracellular pHg of 6.5) to 6.0 at pHg 4.8 during
glucose consumption (Andersen et al. 2009). Probiotics
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must be bile-tolerant to colonize the intestine. Bile salts
are known as biological detergents that emulsify and
solubilize lipids including those present in the membrane
cell causing cell death (Koskenniemi et al. 2011). L. lac-
tis A12 survival to bile salts could be mediated by several
mechanisms that have been reported in the literature.
One is the homeostasis in an alkaline environment since
a higher extracellular pH resulted (4.50— 6.80) in a higher
intracellular pH (6.0— 7.2) and this must be close to the
alkaline conditions of the bile salt assay (pH 7.00) in the
present study (Padan et al. 2005). The second mechanism
could be related to the ability of probiotic bacteria to pro-
duce bile salt hydrolase that modifies and inactivates bile
salts. Other strategies of probiotic bacteria to withstand
bile salts is by the production of protective protein or
changes in cell wall structure (Kudo and Sasaki 2019).

Similarly, Aragén-Rojas et al. (2018) evaluated the
effect of process parameters (pH and agitation) and com-
position (whey and yeast extract) of a culture medium
containing L. fermentum K73 produced in a lab-stirred
bioreactor to improve stress resistance. They found that
a high concentration of yeast extract, neutral pH (7.00),
and high agitation (300 RPM) improved bacteria viability
under acidic (pH 3.00) and bile salts (0.3% w/v and pH
7.00) conditions.

In our research, the final medium containing probi-
otic bacteria showed mainly antagonistic activity, since
cell-free supernatant did not show antibacterial activity
against Streptococcus agalactiae in preliminary assays
(data not shown). It has been reported that bacteriocin
and bacteriocin-like peptide production can be triggered
when probiotic bacteria are in presence of target micro-
organisms (Kiousi et al. 2023). Yi et al. (2018) reported
that cell suspension of Bacillus velezensis JW presented
antimicrobial activity against five pathogens includ-
ing A. hydrophila and S. agalactiae using the well diffu-
sion method. On the other hand, Fredua-Agyeman et al.
(2023) reported that Lactobacillus acidophilus, Bifido-
bacterium lactis, and Bifidobacterium bifidum individu-
ally inhibited the growth of Pseudomonas aeruginosa,
Staphylococcus aureus, and Escherichia coli in co-culture
conditions.

Agitation and yeast extract supplementation played
a key role in improving antagonistic activity, finding
maximum values at 150 RPM and 0.70— 0.90%w/v. Agi-
tation speed higher than 150 RPM caused the decrease
of the antagonistic activity. A possible explanation is that
increasing agitation speed could result in hydrodynamic
stress (Cano-Lozano et al. 2022) caused by the shear rate
that may affect gene expression reducing bacteriocin
activity by lactic acid bacteria (Abbasiliasi et al. 2017).
Similarly, Abbasiliasi et al. (2016) evaluated the effect of
three parameters (inoculum size, temperature, and agi-
tation speed) on the antimicrobial activity of cell-free
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supernatants from Pediococus acidilactici Kp10 cultures.
They found that antimicrobial activity increased from 0
to 100 RPM, and then decreased from 100 to 200 RPM.

Also, the interaction to yeast extract and Na,HPO,
influenced antagonistic activity. Yeast extract is source
of amino acids or peptides that could act as inducers or
precursors for production of bacteriocins by lactic acid
bacteria (Abbasiliasi et al. 2017). In our research, the con-
centration of Na,HPO, (2.63% w/v) presented the high-
est antagonistic activity. Stoyanova and Levina (2006)
reported that the increase of K,HPO, (from 0.5 to 2.0%)
and yeast autolysate (from 35 to 70 mg) improved nisin
production from 1150 to 4100 Ul/mL by recombinant
strain L. lactis subsp. lactis F-116. In contrast, Cos-
tas Malvido et al. (2018) reported that nisin production
increased when total phosphorous (TP) content in whey-
based culture increased from 0.24 to 0.43 g/L, however,
when TP content increased from 0.43 to 0.63 g/L, nisin
production decreased. These authors associated this
behavior with the increase of TP content inhibited nisin
production.

The final pH of the culture medium was affected by the
concentration of Na,HPO, which also worked as a buff-
ering agent. Higher concentrations of Na,HPO, (1.44 to
2.63% w/v) resulted in higher pH values (6.07- 6.95). An
increase in Na,HPO, improved the buffering capacity of
the culture medium that attenuated pH reduction caused
by organic acids produced by L. lactis. Similarly, Malvido
et al. (2019) supplemented whey-based media with
nutrients from a commercial medium (0.05— 0.25%w/v
Na,HPO,) and found that a higher content of Na,HPO,
improved buffering capacity resulting in a higher biomass
and nisin production, however, final pH was lower than
5.00 at the end of the fermentation process. It is neces-
sary to highlight that the maximum Na,HPO, concentra-
tion used in this study was 0.25% w/v which is the lowest
level of Na,HPO, used in our research. Additionally, the
presence of yeast extract in the culture medium could
prevent pH reduction (GAUDREAU et al. 1997).

Finally, under optimal conditions, L. lactis A12 grown
in co-culture presented higher antagonistic activity
(p<0.05) than L. lactis A12 in monoculture. This find-
ing is similar to the study of Zhang et al. (2018) who
evaluated the effect of pure and mixed fermentation of
Lactobacillus reuteri and Bacillus subtilis on biomass
production and antimicrobial activity against patho-
gen. They found that the presence of Bacillus subtilis in
the mixed fermentation improved viability of L. reuteri
(p<0.05) and its antimicrobial activity against Esche-
richia coli (p<0.05). This behavior could be related that
in the co-culture fermentations, one strain (inductor
strain) induces the production of antimicrobial com-
pounds by other strain which results in improving the
production of bacteriocin with antibacterial activity
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against pathogens (Gutiérrez-Cortés et al. 2018). Bacteria
can grow in naturally occurring communities and artifi-
cial or synthetic co-cultures. The latter are assembled for
two reasons: improve functionalities of both strain and
seek the production of a specific end product. The posi-
tive interactions during co-culture conditions are related
to commensalism, cooperation, syntropy, and mutualism
(Canon et al. 2020). According to our results the type of
interaction that could be associated it is commensalism
since L. lactis A12 improved it antagonistic activity in the
presence of Priestia species without affecting viability.

It was possible to produce a multistrain probiotic in
an agro-industrial by-products-based culture medium
under bioreactor conditions. It was found that di-sodium
phosphate played a key role in improving viability, sur-
vival to low pH environment, presence of bile salts, and
antagonistic activity. Optimal conditions of agitation (150
RPM), yeast extract (0.83% w/v), and di-sodium phos-
phate (2.63% w/v) were achieved. Eventhough Priestia
species did not survive to gastric conditions, their pres-
ence under optimal conditions improved significantly the
antagonistic activity of L. lactis A12.

Our results suggested that future work must be carried
out including the encapsulation of this multistrain probi-
otic to improve survival of Priestia species under gastric
conditions, produce L. lactis A12 in a dried presentation
to assess their in vitro and in vivo probiotic potential for
future use in fish feed.
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