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In many clinical cases, the use of probiotic microorganisms is a safer alternative to antibiotic therapy. Spore-form-
ing probiotics, due to their high resistance to damaging environmental factors, stand out among other beneficial
microorganisms and, therefore, deserve special attention. Determining the conditions that enhance the inhibi-
tory potential of probiotic bacilli is an important step towards increasing their effectiveness against pathogenic
bacteria and pathobionts.

The aim of this study was to determine whether the inhibitory potential of spore-forming probiotic species: Al-
kalihalobacillus clausii (previously known as B. clausii), Heyndrickxia coagulans (formerly B. coagulans) and
B. subtilis increases under conditions of co-cultivation or nutrient depletion (starvation).

Materials and methods. The commercial strains of bacilli from three probiotic preparations: Enterogermina
(A. clausii), Lactovit forte (H. coagulans) and Subalin (B. subtilis) were used in this study. The ability of mono-
and mix-cultures of the studied probiotic species cultured on conventional and semi-starvation nutrient media
to affect the growth of indicator bacteria-pathobionts (Staphylococcus aureus, Escherichia coli, Pseudomonas
aeruginosa) was investigated by the agar block method (using 1.5 % nutrient agar) and the spot-on-lawn assay
with wells (using 0.7 % nutrient agar).

Results. Inhibitory activity against indicator bacteria-pathobionts was characteristic of both mono- and mixed
probiotic test cultures. Using the agar block method, probiotic monocultures grown on nutritive agar demonstrated
moderate inhibitory activity against S. aureus and P. aeruginosa, but weak inhibitory activity against E. coli. Pro-
biotic monocultures grown on “semi-starvation” agar and mix-cultures regardless of the culture medium showed
pronounced inhibitory activity against S. aureus and P. aeruginosa, but moderate inhibitory activity against
E. coli. Co-cultivation and cultivation on semi-starved media were accompanied by an increase in the number
of isolated colonies of probiotic bacilli (disseminates) in the transparent zone of no growth and the pathobiont
growth zone. Using spot-on-lawn assay revealed moderate inhibition of staphylococcus growth by both mono- and
mixed probiotic cultures, regardless of their cultivation conditions. However, the inhibition indicators of probiotic
mix-cultures were statistically significantly higher than those of monocultures. The inhibitory activity of probiotic
monocultures against E. coli and P. aeruginosa was moderate, while probiotic mix-cultures had a pronounced
inhibitory effect on these gram-negative bacteria.

Conclusions. The inhibitory activity and dissemination ability of spore-forming probiotic species: A. clausii, H. coagu-
lans and B. subtilis increases under conditions of co-cultivation or nutrient depletion (starvation). The demonstrated
effect of increasing the inhibitory potential of probiotic spore-forming bacteria by co-cultivation and application
of nutrient depletion conditions requires further study and clarification of the underlying molecular mechanisms.

Modern medical technology. 2024;16(4):310-317

IHribiTopHUM NOTEHUiaA cnopoyTBOPIOBAaAbHMX NPO6GIOTUUHMX 6aKTepil, BUPOLLLEHUX
AK MOHO- Ta MiKC-KyAbTYPH 32 YMOB Pi3HOi AOCTYNHOCTi NOXXMBHUX PEUOBUH

0. B. Knuw, A. B. MaptuHos, T. 1. OconopueHko

Y BaraTbox KniHi4HUX BUNagkax 3actocyBaHHs NpoBiOTUYHIX MIKpOOpraHi3MiB € 6e3MeYHILLOK ansTepHaTHBOI0
aHTubioTukoTepanii. CnopoyTBOprOBanbHi NPOBIOTHKM 3aBASKM CBOIN BUCOKIN CTIKOCTI A0 LKiamMBMX (akTopiB
[OBKINMS BUPI3HAIOTLCS CEPEL iHLLIMX KOPUCHWX MIKpOOpraHiaMiB, TOMy 3acryroBytoTb Ha ocobnvBy yeary. BuaHa-
YeHHs yMOB, SiKi TOCUITIOKTh iHTIBITOPHMIA NoTeHLian NpobioTNYHNX BaLmn, € BaxnMBUM KPOKOM [0 NiABULLEHHS
iXHbOT edheKTUBHOCTI NPOTM NaToreHHx BakTepil i naToBioHTIB.

Merta po60TH - BU3HAUUTL, YU 36iNbLLYETLCS iHMBITOPHMIA NOTEHLian CnopoyTBOPKOBANbHUX BUAIB NPOGIOTUKIB:
Alkalihalobacillus clausii (paHiwe Bigomun sk B. clausii), Heyndrickxia coagulans (paHiwe B. coagulans) i
B. subtilis — 3a yMOB CRinbHOrO KyNnbTUBYBaHHS a0 BUCHAXEHHS NOXWUBHIX PEYOBUH (FONOAYBaHHS).

Martepiaau i metoau. i Yac AOCTIMKEHHS BUKOPUCTANM KOMEPLIMHI LUTamy BakTepii i3 TpboX NPoBIOTUYHMX Npe-
naparis: «EHTepoxepMiHay (A. clausii), «JlakToBiT hopTe» (H. coagulans)i «Cybaniny (B. subtilis). DocnigpxeHo
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30aTHICTb MOHO- Ta MIKC-KYNLTYP AOCAIMKEHNX BULIB NPOBIOTUKIB, KyNETUBOBAHWUX Ha 3BMYalHKX i HANiBronoa-
HUX MOXWBHWX CEPeAOoBMLLAX, BNIMBATM Ha PICT iHANKaTOpHWX BakTepili-natobioHTis (Staphylococcus aureus,
Escherichia coli i Pseudomonas aeruginosa) MeTogom arapoBux 6nokis (3 BukopuctaHHsM 1,5 % noxmsHOro
arapy) Ta METOAOM NyHOK Ha rasoHi (3 BukopucTanHam 0,7 % noxusHoOro arapy).

Pe3syAbTaTi. [HriGiTOPHA aKTUBHICTb LLOAO iHAMKATOPHUX GakTepiit-naTobioHTIB BNACTHBa i MOHO-, i 3MilLaHNM
nNpoBioTUYHNM TeCT-KynbTypam. [pu BUKOpUCTaHHI METOZY arapoByix 6r1okiB NPOGIOTUHHI MOHOKYMETYPU, BUPOLLEH
Ha NOXVBHOMY arapi, xapakTepu3yBanuncs MoMipHOI0 iHriGiTopHOK akTuBHiCTIo npoTu S. aureus i P. aeruginosa,
ane cnabkoto wwopo E. coli. MpoBioTuyHi MOHOKYNETYpK, BUPOLLIEHI Ha HaNiBroNoaHOMY arapi, Ta aMilLaHi Kymb-
TYpM HE3aMNEXHO Bif KyNbTypanbHOro CEpeaoByLLA MOKa3anu BUPaXeHy iHribiTOpHY akTUBHICTb Woao S. aureusi
P. aeruginosa, ane nomipHy wopo E. coli. CninbHe KynsTUBYBaHHS Ta KYNbTUBYBaHHS Ha HaMiBronoaHNX cepeno-
BMLLIAX CYNpOBOMAXKYBaNocs 30iNnbLLEHHSAM KiNbKOCTi i3011bOBAHMX KOMOHIl (aucemiHaTiB) npobioTnyHux 6aumn y
NpO30pil 30Hi BiACYTHOCTI POCTY Ta 30Hi pOCTy NaTobioHTy. 3a 4OMOMOro METOAY JYHOK Ha ra3oHi BUSIBMEHO
MOMipHE NMPUTHIYEHHS POCTY CTagiNoKOKIB i MOHO-, i 3MillaHMK NPOBIOTUYHUMI KyNBTYpaMn HE3anexHo Bif
YMOB KynbTVBYBaHHS. [1poTe NokasHuKY iHribyBaHHS Mpo6ioTUYHUX MIKC-KYNETYp CTaTUCTUYHO JOCTOBIPHO BULL,
HiXX Y MOHOKYMTYP. IHriGiTOpHa akTUBHICTb MPOGIOTUYHUX MOHOKYNETYP MPoTU E. coli Ta P. aeruginosa nomipHa,
a NpoBiOTUYHI MIKC-KyNbTYpY Marnu BUpaxeHy iHribiTopHy Aito Ha Ui rpamMHeraTuBHi 6akTepii.

BucHOBKM. IHri6GITOPHa aKkTMBHICTb | 30aTHICTb [0 MOLIMPEHHS CMOPOYTBOPIOBAMNbHIUX NPOBIOTUYHNX BUAIB:
A. clausii, H. coagulans i B. subtilis — 3poctae 3a yMOB CMiflbHOTO KyNbTUBYBaHHS 260 BUCHAXEHHS MOXMBHUX
PeyYoBMH (ronogyBaHHs). BusiBneHuit epekT 3BinbLUEHHS iHriBITOpHOro NoTeHLiany Npo6ioTUYHIX COPOYTBOPHO-
BarbHWX GakTepili LWNSXOM CifIbHOTO KymbTMBYBaHHS Ta 3aCTOCYBAHHS YMOB BUCHAXEHHS MOXWUBHUX PEYOBUH

notpebye NPOLOBXEHHS BUBYEHHS Ta YTOYHEHHS MOMNEKYNSPHUX MEXaHI3MIB, SiKi lexaTtb B i0ro OCHOBI.

CyuacHi meauuHi TexHoAorii. 2024. T. 16, Ne 4(63). C. 310-317

Antibiotics are undoubtedly the most effective means of
fighting infectious diseases. However, given their ability to cause
serious adverse effects, in some clinical cases it is advisable to
use safer alternative medicines. Probiotics are one of them [1,2,3].
In addition to their antimicrobial activity, probiotics have numerous
human health benefits [4]. Popular probiotic microorganisms
used as natural therapeutic agents are various species of the
genera Lactobacillus, Bifidobacterium, Bacillus, Streptococcus,
Lactococcus, Enterococcus and Saccharomyces [5,6].

Spore-forming probiotic bacteria have a significant advantage
over many beneficial microorganisms due to their ability to survive
in such extreme environmental conditions which are lethal to
vegetative cells [4,7,8,9,10]. Currently, more than 40 species of
probiotic bacilli are used to treat intestinal and other diseases [11].
Alkalihalobacillus clausii (previously known as Bacillus clausii),
Heyndrickxia coagulans (formerly Bacillus coagulans) and Bacil-
lus subtilis are among the most comprehensively studied species
and are included in most commercial spore-based probiotics
[8,12]. Four strains of B. clausii (O/C, N/R, SIN and T), derived
from a single penicillin-resistant strain B. subtilis ATCC 9799,
are recognized as safe by the European Food Safety Authority
and have been added to the Qualified Presumption of Safety
(QPS) list[10,13]. The US Food and Drug Administration (FDA)
has granted Generally Recognized as Safe (GRAS) status to
a number of probiotic strains of B. subtilis and B. coagulans, in
particular, B. coagulans GBI-30 6086 (GRAS Notice No. GRN
660) [14,15]. The safety of recombinant B. subtilis strain (UCM
B-5020) has been proved in vitro, on animals and on healthy
volunteers, and the probiotic preparation Subalin based on this
strain has been approved as a medical immunobiological drug
by the national authority of Ukraine [16].

These probiotic species possess immunomodulatory, anti-in-
flammatory, antiviral, antioxidant, anticancer, antidiabetic and
hypolipidemic properties, produce a number of enzymes, vita-

mins, other chemicals, and exhibit direct and indirect antagonistic
activity against other microorganisms [8,9,10,14,16,17,18,19].
Each probiotic microorganism has specific and sometimes unique
biological properties. Preferring multi-strain / species probiotic
preparations over single-strain ones is based on the idea of ex-
tending the spectrum of benefit to the host organism, obtaining
additional or even synergistic effects from the combination of pro-
biotic microorganisms [20,21]. Although some researchers argue
that multi-strain mixtures are not significantly more effective than
single-strain probiotics, others believe that combining probiotic
microorganisms is a promising strategy to improve the efficacy
and prevent side effects of probiotic therapy [12,21,22,23,24].
Experimental data have been obtained indicating a higher effec-
tiveness of multi-strain probiotics against pathogens compared
to single-strain probiotics [24,25]. However, there are few studies
that shed light on the nature of the interaction of probiotic micro-
organisms and the mechanisms of their mutual influence, leading
to an increase in their joint effect [20].

Properties of bacteria and the spectrum of substances
produced by them depend both on the influence of coexisting
microorganisms and on the physicochemical parameters of
the environment. Determining the conditions that enhance the
inhibitory potential of probiotic bacilli is an important step towards
increasing their effectiveness against pathogenic bacteria and
pathobionts.

Aim

The aim of this study was to determine whether the inhibitory
potential of spore-forming probiotic species: Alkalihalobacillus
clausii (previously known as B. clausii), Heyndrickxia coagulans

(formerly B. coagulans) and B. subltilis increases under conditions
of co-cultivation or nutrient depletion (starvation).
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Materials and methods

The commercial strains of bacilli from three probiotic prepa-
rations were used in this study:

—four multiresistant strains of A. clausii ENTPro: O/C (CNCM
[-276), N/R (CNCM 1-274), SIN (CNCM [-275) and T (CNCM
[-273) from Enterogermina (Sanofi-Aventis S. P. A., Italy, contains
a mixture of spores (2.5 x 10%5 mL);

— H. coagulans from Lactovit forte (Mili Healthcare, Great
Britain, contains 1.2 x 108 spores/capsule);

- B. subtilis UCM B-5020 from Subalin (Biopharma, Ukraine,
contains spores and lyophilized microbial mass of a live antago-
nistically active culture (1 x 10° CFU/sachet).

Suspensions prepared from probiotic preparations were
heated for 15 min at 70 °C in order to kill bacteria and activate
spores. Then inoculums, containing spores of one bacillus species
or mixtures of two or three bacillus species in equal concentration
(~10%ml), were seeded onto the surface of nutrient agar (NA,
HiMedia, India) or “semi-starvation” agar (ssNA) using the “lawn”
method or inoculated into nutrient broth (NB, HiMedia, India) or
“semi-starvation” broth (ssNB) in 10-ml culture tubes at a ratio
of 1:10 (1 part of inoculum and 9 parts of broth) and incubated
at 37 °C for 48 hours.

Such pathobionts were used as indicator bacteria: Staphy-
lococcus aureus ATCC 25923 (S. aureus), Escherichia coli
ATCC 25922 (E. coli) and Pseudomonas aeruginosa ATCC 27853
(P. aeruginosa). Agar precultures of indicator bacteria were
obtained by cultivating overnight aerobically at 37 °C on Muel-
ler-Hinton agar (Merck, Germany).

The inoculum from indicator bacteria was prepared by sus-
pending a few colonies from the agar preculture in sterile saline
solution (0.9 % NaCl) and adjusting the suspension to a turbidity
equaling 0.5 on the McFarland scale (approximately corresponds
to a cell density of ~108 cells/ml). The turbidity of the suspension
was measured using the Densi-La-Meter device (Pliva-Lachema
Diagnostika, Czech Republic).

The inhibitory potential of mono-, double and triple mix-cul-
tures of probiotic Bacillus species against pathobionts was studied
by two modified diffusion methods. The effect of probiotic bacilli
cultivated on the surface of a solid nutrient medium (NA and
ssNA) on the growth of indicator bacteria was studied using the
agar block method [26]. The influence of probiotic bacilli grown in
liquid nutrient medium (NB and ssNB) on the growth of indicator
bacteria was evaluated using an optimized spot-on-lawn assay
with wells [27].

Agar block method. The inoculum from bacilli spores of one
species or double / triple mixtures was sown on the surface of the
NAor ssNAby “lawn” method and cultivated at 37 °C for 48 hours.
It was assumed that during cultivation, diffusion into the agar of
metabolites produced by bacteria, including those with inhibitory
properties, occurred. Agar blocks (cylinders with a diameter of
5 mm and a height of 3 mm) with grown test cultures were cut out
in the conditions of sterility. The resulting blocks were installed
on the surface of freshly seeded (by inoculum from indicator
bacteria) and dried agar. Plates with agar blocks were kept at a
temperature of +8 + 2 °C for an hour for the diffusion of metabolites
of the test culture from the blocks into the agar with the indicator

culture and in order to avoid premature growth of the latter. Then
the plates were incubated at 37 °C. The results of the experiment
were taken into account after 24 hours. The inhibitory activity of
the test culture against the indicator culture was assessed based
on the diameter of a growth inhibition zone of the latter: weak
(7-14 mm), moderate (1524 mm); pronounced (25-35 mm) and
strong (36 mm and more), as described previously [28].

Spot-on-lawn assay. 800 pl of inoculum from indicator precul-
ture was mixed with 16 ml of 0.7 % soft NA and directly poured
onto a plate with 1.5 % NA. The plate was dried for 50 min. Into
the wells with a diameter of 10 mm, made within soft NA, were
added 50 pl of mono-, double or triple mix-culture of bacilli grown
in NB or ssNB. The plate was incubated at 37 °C for 24h. The
inhibitory activity of the bacilli cultures and their mixtures against
the indicator cultures was evaluated based on the diameter of a
growth inhibition zone as described above.

All experiments were repeated in triplicate at least three times.
Data were expressed as the mean+SD. Significant differences
(p < 0.05) between the compared indicators were determined
by performing one-way analysis of variance (ANOVA) followed
by post hoc multiple comparisons using Bonferroni adjustment.

Results

The results of the study demonstrated the presence of inhibi-
tory activity in both mono- and mixed probiotic test cultures against
indicator cultures of pathobionts. When using the agar block
method, inhibition was manifested in the expansion of probiotic
cultures beyond the agar blocks (Fig. 1, b) and the formation of a
transparent zone of no growth (Fig. 1, ¢) separating the indicator
cultures of pathobionts from the probiotic ones. The appearance
of isolated colonies of probiotic bacilli in the transparent zone and
the pathobiont growth zone (Fig. 1, d) prompted the use of an
additional indicator to characterize the growth of test cultures.
Thus, a dissemination index was introduced, indicating the weak
“+” (1-2 colonies), moderate “++” (3-5 colonies), pronounced
“+++” (5-10 colonies), strong “++++” (more than 10 colonies)
ability or lack “~" of ability of probiotic mono- and mix-cultures
to disseminate.

The inhibitory activity and dissemination ability of probiotic
cultures varied depending on their cultivation conditions. Probiotic
bacteria grown as monocultures on NA were characterized by
moderate inhibitory activity against S. aureus and weak ability
to disseminate (Table 1, Fig. 2a, b). There were no significant
differences in inhibitory activity between the three probiotic mon-
ocultures. The indicators of antistaphylococcal activity of probiotic
mix-cultures grown on NA were significantly higher than those of
monocultures (Table 1, Fig. 2c) and corresponded to moderate
(A. clausii + H. coagulans and A. clausii + B. subtilis mix- cul-
tures) or pronounced (H. coagulans + B. subtilis and A. clausii
+ H. coagulans + B. subtilis mix-cultures) inhibition. Zones of
growth inhibition of the indicator culture under the influence of
mix-cultures were significantly wider due to the greater expansion
of probiotic cultures beyond the agar blocks and the extension
of the transparent zones of no growth. In addition, there was a
significant increase in the number of disseminates, indicating a
higher ability to spread of mix-cultures than monocultures.
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Fig. 1. Representative photograph of an agar block with a probiotic culture (a), surrounded by a zone of growth inhibition of the indicator
culture (b: expansion of the probiotic culture beyond the agar block; c: transparent zone of no growth of cultures) and disseminates (d)
- colonies of probiotic bacteria in the transparent zone / pathobiont growth zone. The scale bar is 5 mm.

2b T
R

Fig. 2. Representative photographs, demonstrating the increase in inhibitory activity and dissemination ability of probiotic bacteria
under conditions of co-cultivation. Agar blocks with tested probiotic monocultures: H. coagulans (2), B. subtilis (3) and H. coagulans +
B. subtilis mix-culture (6) on the surface of NA with S. aureus as indicator culture. The scale bar is 5 mm.

Table 1. The inhibitory activity and dissemination ability of probiotic cultures, studied using the agar block method (mean + SD, mm)

Test cultures Indicator cultures
S. aureus E. coli P. aeruginosa
NA ssNA NA ssNA NA ssNA
Monocultures | A. clausii 19.0+24 258+2.3" 93+1.8 15.2+£1.5* 18.0£23 26.0+2.3"
+ ++++ + ++ + ++
H. coagulans 18.0+3.5 29.3+4.0 118+15 15.7+0.8* 201+20 298+2.7"
+ ++++ ++ +++ + ++
B. subtilis 17.3+2.0 24.7 £ 3.0 123114 15.3+1.8* 19.0+2.6 27.0+1.8
+ ++ + ++ + ++
Mix-cultures | A. clausii + H. coagulans 247 +3.0 278+2.3" 19.2£3.0* 17.8 £2.5* 2717+22° 29.0+ 3.0
+++ ++++ ++ +++ +++ ++
A. clausii + B. subtilis 240418 26.0 + 147 178 £1.7* 17.3+14* 288129 281123
+++ ++++ ++ +++ +++ ++
H. coagulans + B. subtilis 26.0 +3.8 26.7+2.3" 13.8 £ 2.6* 16.3+0.8* 28.0+3.1* 2712+26"
+H++ +H++ ++ +++ ++ ++
A. clausii + H. coagulans + 25.7+3.3" 27.3+1.8" 16.8+1.7* 19.3+£1.4* 29.8+2.9° 289+22°
B. subtilis ++++ ++++ ++ +++ ++ ++

*: the differences are significant compared to the inhibitory activity of probiotic monocultures, grown on NA, p < 0.05.
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Fig. 3. Representative photographs demonstrating the increase in inhibitory activity and dissemination ability of probiotic bacilli under
nutrient depletion (starvation) conditions. Agar blocks with tested probiotic monocultures: A. clausii (1), H. coagulans (2) and A. clausii
+ H. coagulans mix-culture (4) on the surface of NA (a, b, ¢) and ssNA (d, e, f) with S. aureus as indicator culture. The scale bar is 5 mm.

4

Fig. 4. Representative photograph, demonstrating inhibitory activity of probiotic mono- and mix-cultures: A. clausii (1), H. coagulans (2),
B. subtilis (3), A. clausii + H. coagulans (4), A. clausii + B. subtilis (5), H. coagulans + B. subtilis (6), A. clausii + H. coagulans + B. subtilis

(7) against S. aureus, studied by spot-on-lawn assay.

Probiotic monocultures grown on ssNA (Table 1, Fig. 3d, e)
also showed a significantly greater inhibitory effect on the growth
of the S. aureus indicator culture and dissemination ability than
monocultures grown on NA (Table 1, Fig. 3a, b). There was an
increase in the expansion of probiotic monocultures beyond
the agar blocks and an extension of the transparent zone of no
growth to indicators corresponding to pronounced inhibition.
A. clausiiand H. coagulans cultures grown on ssNA had a strong,
and B. subtilis had a moderate ability to disseminate (Table 1).
All mix-cultures grown on ssNA exhibited pronounced inhibitory

activity and strong ability to disseminate on plates with an indica-
tor culture of S. aureus. A. clausii + H. coagulans and A. clausii
+ B. subtilis mix-cultures grown on ssNA demonstrated higher
dissemination ability than mix-cultures grown on NA (Table 1,
Fig. 3c, f).

Thus, the inhibitory activity against S. aureus and ability to
disseminate of studied probiotic cultures increased when they
were co-cultivated or grown in a semi-starved media.

Probiotic monocultures grown on NA had a weak inhibitory
effect on the E. coli indicator culture (Table 1) mainly due to ex-
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Table 2. The inhibitory activity of probiotic cultures, studied using spot-on-lawn assay (mean + SD, mm)

Test cultures Indicator cultures
S. aureus E. coli P. aeruginosa
NB ssNB NB ssNB NB ssNB
Mono-cultures | A. clausii 16.3+£2.3 183427 19.3£29 19.3+1.8 23.2+36 219+19
H. coagulans 19.2+1.9 19.7+22 20317 21212 239+27 243121
B. subtilis 20.3+2.1 20.7+18 213122 217122 228+29 240+25
Mix-cultures | A. clausii + H. coagulans 22.7+16" 22.3+ 1.6 247+22¢ 23.7+1.8" 264+22° 26.8+ 2.5
A. clausii + B. subtilis 242+15% |233+22° 243423 25.0+2.0* 28.1+2.6* 26.3+2.0*
H. coagulans + B. subtilis 240+1.8* 232+ 15 252+2.8" 26.0+£28* 27.1+2.5* 27.8+1.7*
A. clausii+ H. coagulans +  [23.3+2.3* |[243+16* 26.2+1.6* 26.8+2.1* 280+ 1.1* 29.1+26*
B. subtilis

*: the differences are significant compared to the inhibitory activity of probiotic monocultures, grown in NB and ssNB, p < 0.05.

pansive growth beyond the agar blocks. The transparent zone
of no growth of the indicator culture was barely noticeable or
absent altogether. The dissemination index was low (A. clausii
and B. subtilis) or moderate (H. coagulans). The inhibitory activity
of mix-cultures grown on NA, as well as mono- and mix-cultures
grown on ssNA, was significantly higher and corresponded to
“moderate”. However, inhibition also occurred predominantly due
to expansive growth of probiotic cultures. The transparent zones
of growth inhibition of the indicator culture were narrow. There
were no significant differences between the inhibitory activity
against E. coli of monocultures grown on ssNA and mix-cultures
grown on both cultivation media. Co-cultivation and cultivation in
a semi-starved media led to an increase in the ability of probiotic
cultures to disseminate over the surface of plate with growing
E. coli indicator culture.

Zones of growth inhibition of P. aeruginosa culture around
agar blocks with probiotic monocultures, cultivated on NA, were
consistent with “moderate inhibitory activity” in diameter (Table 1).
However, in these zones, very weak growth of the indicator
culture was observed in the form of a barely noticeable, delicate
translucent coating, which indicated the bacteriostatic activity of
probiotic cultures against P. aeruginosa. The ability of probiotic
monocultures grown on NA to disseminate was weak. Cultivation
of probiotic cultures on ssNA and co-cultivation on both cultiva-
tion media resulted in an increase in the diameters of growth
inhibition zones of the indicator culture to sizes corresponding
to “pronounced inhibitory activity”, and an increase in the ability
of probiotic cultures to disseminate.

The results of studying the inhibitory activity of probiotic
mono- and mixed-cultures against pathobionts using the spot-
on-lawn assay were in many ways similar to the results obtained
using the agar block method. They confirmed that co-cultivation
of probiotic bacilli leads to an increase in their inhibitory acti-
vity against pathobionts (Table 2, Fig. 4). However, the use of
this method did not reveal significant differences between the
inhibitory activity of probiotic cultures grown before sowing into
wells in NB and ssNB.

Discussion

The data obtained in this in vitro study clearly demonstrated
the effect of enhancing the inhibitory potential of probiotic spore
formers when they were co-cultivated together. The increase in
inhibitory activity was manifested both in the enhanced expansion
of probiotic mix-cultures beyond the agar blocks and extension
of the transparent zones of no growth of the indicator culture. In
addition, co-culturing of probiotic bacilli resulted in an increase
in the number of their disseminates in the transparent no-growth
zone and the growth zone of the indicator culture. Expansion
and dissemination characterize the ability of bacteria to spread
across the surface of a habitat for surface colonization. This ability
is realized through various mechanisms of surface-associated
motility. The use of a particular movement mechanism depends
on the circumstances and involves different genes [29].

Bacilli can colonize surfaces using swimming (flagellum-me-
diated movement of single cells in a three-dimensional fluid
space), swarming (flagellum-dependent multicellular coordinated
migration in a thin liquid film on a semi-solid surface) or sliding
(flagellum-independent growth-powered passive surface trans-
location) [29,30,31]. Under the conditions of this experiment,
the spread of bacilli was possible both by swarming and sliding.
The data on the increase in the ability of bacilli to spread on the
surface under conditions of co-culture agree well with the results
of our earlier comparative study of bacilli motility in mono- and
mix-cultures and indicate the ability of bacilli to stimulate each
other’s motility [32]. The increased ability of probiotic cultures
to spread when grown in semi-starved media is likely due to
the movement of bacilli along the surface towards nutrient-rich
areas with optimal conditions for growth and reproduction. The
obtained data suggest that probiotic bacilli in a community,
especially under starvation conditions, have a higher ability for
early colonization than monocultures growing under conditions
of nutrient abundance.

The direct antagonistic activity of probiotic bacilli is realized
due to the antimicrobial substances, including bacteriocins
(clausin, gallidermin, subtilin, etc.) and bacteriocin-like inhibitory
substances (BLIS) [10,28,33,34]. Bacteriocins are a class of
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allelopathic compounds produced by bacteria that can confer a
competitive advantage by targeting and killing close competitors
[35,36]. These antimicrobial peptides can have a bactericidal/
bacteriostatic effect on both closely related and unrelated mi-
croorganisms [37,38,39]. The production of bacteriocins is meta-
bolically demanding, so bacteria have developed mechanisms
to regulate bacteriocin production depending on local conditions
and especially the social environment [35,36,40].

Usually, a bacteriocinogenic strain maintains a low level of
bacteriocin production until a competitor appears in its environ-
ment. Bacteriocin production increases significantly at high cell
densities when competition for resources becomes high [35].
Probiotic bacteria, when co-cultured, can act toward each other
as inducers of bacteriocin formation. We were prompted to this
conclusion by the results of a previous study [32]. In addition,
studies by several other authors have shown that co-cultivation
of bacteria or bacteria with fungi can enhance the production of
bacteriocins [41,42)].

We also hypothesized that under conditions of nutrient
deficiency, which increases competition between co-cultivated
species of probiotic bacilli, their production of bacteriocins and
other inhibitory substances would increase. As a result, it is pos-
sible to increase the overall inhibitory potential of mixed probiotic
cultures against pathobionts and pathogenic bacteria. The results
of this study confirmed our assumptions. The inhibitory activity
of spore-forming probiotic species increased under conditions
of co-cultivation (using both research methods) and nutrient
depletion (using agar block method). The absence of the effect
of increased inhibitory activity against the pathobionts of probiotic
cultures grown in ssNB can be explained by the peculiarities of
the research method. The spot-on-lawn assay involves the culti-
vation of probiotic cultures under the same conditions of nutrients
availability. And presumably in 48 hours of cultivation under the
same conditions, the expected difference in the inhibitory activity
of probiotic cultures grown under different conditions of nutrients
availability was not observed.

Conclusions

1. The inhibitory activity and dissemination ability of
spore-forming probiotic species: A. clausii, H. coagulans and
B. subtilis increases under conditions of co-cultivation or nutrient
depletion (starvation).

2. The demonstrated effect of increasing the inhibitory po-
tential of probiotic spore-forming bacteria by co-cultivation and
application of nutrient depletion conditions requires further study
and clarification of the underlying molecular mechanisms.

Prospects for further research: obtained results will be applied
in the further development of probiotic preparations based on
consortia of spore-forming bacteria.
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