friried applied
e sciences

Article

Lactic Acid Bacteria as Biocontrol Agents against Potato
(Solanum tuberosum L.) Pathogens

Aleksandra Steglinska 1-2*
Weronika Cieciura-Wloch 1, Malgorzata Okrasa

check for
updates

Citation: Steglifiska, A.; Koltuniak,
A.; Motyl, I; Bertowska, J.;
Czyzowska, A.; Cieciura-Wloch, W.;
Okrasa, M.; Kregiel, D.; Gutarowska,
B. Lactic Acid Bacteria as Biocontrol
Agents against Potato (Solanum
tuberosum L.) Pathogens. Appl. Sci.
2022, 12,7763. https://doi.org/
10.3390/app12157763

Academic Editors: Giuseppe Meca
and Tiago Nazareth

Received: 27 June 2022
Accepted: 21 July 2022
Published: 2 August 2022

Publisher’s Note: MDPI stays neutral
with regard to jurisdictional claims in
published maps and institutional affil-

iations.

Copyright: © 2022 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license (https://
creativecommons.org/licenses /by /
4.0/).

, Artur Kottuniak 1, Ilona Motyl }, Joanna Berlowska 1{%, Agata Czyzowska 30,
40, Dorota Kregiel 110 and Beata Gutarowska !

Department of Environmental Biotechnology, Lodz University of Technology, Wélczariska 171/173,

90-530 L6dz, Poland; 224032@edu.p.lodz.pl (A.K.); ilona.motyl@p.lodz.pl (LM.);
joanna.berlowska@p.lodz.pl (J.B.); weronika.cieciura@p.lodz.pl (W.C.-W.); dorota.kregiel@p.lodz.pl (D.K.);
beata.gutarowska@p.lodz.pl (B.G.)

Interdisciplinary Doctoral School, Lodz University of Technology, Zeromskiego 116, 90-924 £.6d#, Poland
Institute of Fermentation Technology and Microbiology, Lodz University of Technology, Woélczanska 171/173,
90-530 £6dz, Poland; agata.czyzowska@p.lodz.pl

Department of Personal Protective Equipment, Central Institute for Labour Protection-National Research
Institute, Wierzbowa 48, 90-133 L.6dz, Poland; maokr@ciop.lodz.pl

*  Correspondence: aleksandra.steglinska@dokt.p.lodz.pl

Featured Application: The application of this work is related to the potential use of lactic acid
bacteria as a biopreparation for seed potatoes against the development of phytopathogens.

Abstract: Biological control offers an alternative to chemical pesticides, which are inconsistent with
the global trend of “going green”. Biological control includes various approaches, from natural
predators to biologically produced molecules. This article focuses on the selection of lactic acid
bacteria (LAB) as biological control agents against potato pathogens. The scope included evaluating
the antimicrobial activity of 100 LAB strains against ten phytopatogens (Pectobacterium carotovorum,
Streptomyces scabiei, Fusarium oxysporum, Fusarium sambucinum, Alternaria solani, Alternaria, tenuissima,
Alternaria alternata, Phoma exigua, Rhizoctonia solani, Colletotrichum coccodes) by cross-streak plate
method. HPLC determined the metabolic profiles for the most active LAB strains, and lactic acid,
acetic acid, propionic acid and ethanol were found in the largest quantities. The strain Lactiplantibacil-
Tus plantarum KB2 LAB 03 was finally selected and cultured on supplemented acid whey. After the
selection in laboratory tests, the strain KB2 LAB 03 was assessed in situ on seed potatoes against
phytopathogens. The test showed a 40-90% reduction of eight potato pathogens infestation; only
F. sambucinum and F. oxysporum were not inhibited at all. L. plantarum KB2 LAB 03 was proposed as
the potential biocontrol agent for the potato protection against phytopathogens.

Keywords: biocontrol; Lactiplantibacillus plantarum; metabolite profiles; potato pathogens

1. Introduction

The potato (Solanum tuberosum L.) is cultivated in 160 countries. These tubers are
so prominent among consumers and farmers due to their remarkable yield per unit area,
versatility and high nutritional value [1]. In European Union (EU), potato cultivation
acreage in 2020 was 1.66 million ha. In Poland, the area of potato cultivation, according
to the estimates of Statistics Poland, amounted to approx. 0.2 million ha in 2021. Around
55.3 Mt of tubers are harvested in the EU, with Belgium, France, the Netherlands and
Germany being the largest producers. The potato harvest in 2021 in Poland amounted to
approx. 7.10 Mt [2,3]. However, the annual production of potatoes in many countries is
slightly decreasing; in the leading ones (China and India), a steady increase is observed [4].

Since healthy and robust plants produce good crops, proper attention is required in
the context of preventing infections. Diseases caused by phytopathogens are the source of
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severe losses for farmers due to lower yield and disposal of crops [5]. In order to prevent it,
there are facilities designed to maintain temperature and humidity during potatoes storage
on large farms specialised in cultivation. Annual losses during potato storage average
about 7.5% in the United States, the fifth largest producer in the world [4,6] and importantly,
some of the tuber defects emerge only after the farmer has invested an entire season of
inputs in cultivating the crops [7].

The source of infection is often seed potatoes or contaminated crop residues in the field
after previous cultivation. Diseases caused by bacterial phytopathogens are particularly
hindering potato production agents, and they can lead to severe damage to crops and
tubers—the most important parts from an economic point of view. The bacterial genera
Pectobacterium have been used as a model pathogen for phytobacteriology research and
currently include 12 species with a wide range of host plants, including potatoes. In Europe,
it is associated with soft rot in storage or blackleg disease [7,8]. Another economically
important bacterial disease is common scab caused by Streptomyces species. It causes
necrosis in all underground potato parts and can reduce roots” growth from seed tubers [9].
In turn, fungi belonging to the genera: Fusarium, Alternaria, Rhizoctonia and Phoma are fungal
pathogens of potato, causing gangrene, dry rot of stored tubers or other rot symptoms,
and they are responsible for significant crop losses [10,11]. The phytopathogens may act as
primary or secondary invaders [10].

Considering the multitude and the threat of phytopathogens, farmers use a variety
of pesticides such as metalaxyl, fluopicolide or mancozeb. Such chemically synthesised
substances exhibit a strong antimicrobial effect but pose a potential environmental threat.
While in use, they tend to migrate deep into the soil, destabilise the populations of mi-
croorganisms, and contaminate groundwater [12-14]. Currently, in the EU, there is a trend
to limit the use of this type of chemical plant protection products, especially in organic
farms, which constitute more than 13% of all potato holdings [2]. This agricultural pro-
duction places the highest emphasis on environmental and wildlife protection and avoids
synthetic chemicals such as fertilisers and pesticides, replacing them with biological and
mechanical methods, along with cultural techniques, for instance, hand weeding, pruning
or mulching [15]. In order to achieve it, biological control is often applied, which refers
to the use of microbial antagonists to suppress phytopathogens causing plant diseases. A
high antimicrobial effect characterises multiple biological control agents against specific
pathogens, and currently, different types of interactions are sought, such as the production
of antimicrobials, lytic enzymes, unregulated waste products, physical or chemical interfer-
ence or competition for space [16]. The simplicity of the multiplication of biocontrol agents
on various available organic media is also important [17].

Potential candidates for biocontrol can be lactic acid bacteria (LAB), especially facul-
tative heterofermentative lactic acid bacteria belonging to genera Lactiplantibacillus, Lacto-
bacillus, Levilactobacillus, Lacticaseibacillus, Leuconostoc and Lactococcus that is often found in
dairy products, meat, vegetables, wine, silage and vaginal, urogenital and gastrointestinal
tracts. The omnipresence of the species suggests an imminent potential for adaptation
to a wide variety of environments and a metabolic pathway diversity [18,19]. The LAB
has the Generally Recognised As Safe status (GRAS) and the Qualified Presumption of
Safety status (QPS). For this reason, great attention has been given to the species in the case
of probiotics and biological control agents [19]. LAB strains are able to produce multiple
antimicrobial compounds, such as organic acids (including lactic and phenyllactic acids), di-
acetyl, hydrogen peroxide and bacteriocins which create a relatively harsh environment for
any pathogens. However, acids play the most significant role in biocontrol abilities [20,21].

The study aimed to investigate the possibility of using a biological preparation con-
taining LAB as a biocontrol agent against seed potato pathogens. The selection of an
appropriate bacterial strain was developed, and the chemical composition of the culture
medium based on a waste product-acid whey, was optimised. After the selection in labora-
tory tests, the biocontrol ability of the selected LAB was assessed in situ on seed potatoes.
Our hypothesis is that some strains of lactic acid bacteria can inhibit the growth of potato
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pathogens, and that the selection of the optimal growth medium increases antimicrobial
activity.

2. Materials and Methods
2.1. Microorganisms Used in the Research
2.1.1. Lactic Acid Bacteria (LAB)

In this case, 100 strains of lactic acid bacteria, including 42 strains acquired from the
Collection of Pure Cultures of Industrial Microorganisms LOCK at the Lodz University of
Technology (L6dz, Poland) and 58 isolates from pickled vegetables and milk environment,
were assessed in terms of antimicrobial activity against potato phytopathogens. Bacte-
ria were cultivated in De Man, Rogosa and Sharpe medium (MRS; Merck, Darmstadt,
Germany) at 30 °C for 48 h and stored at 4 °C. All of the species are listed in Table S1.

2.1.2. Potato Phytopathogens

Eight fungal and two bacterial phytopathogens were used to assess the antimicrobial
activities of lactic acid bacteria. All of the species are presented in Table 1.

Table 1. Origin of the phytopathogen strains used in the research.

Strain Origin

Alternaria alternata L OCK 408

Collection of Pure Cultures of Industrial Microorganisms LEOCK at
the Lodz University of Technology (L6dZ, Poland)

Alternaria tenuissima DSM 63360
Fusarium sambucinum DSM 62397

Rhizoctonia solani DSM 22843 German Collection of Microorganisms and Cell Cultures GmbH
Colletotrichum coccodes DSM 62126 (DSMZ, Braunschweig, Germany)
Phoma exigua DSM 62040
Streptomyces scabiei DSM 4077
Fusarium oxysporum Z154 Plant Breeding and Acclimatization Institute (IHAR)—National
Alternaria solani 7184 Research Institute (Radzikow, Poland)

Polish Collection of Microorganisms of the Hirszfeld Institute of

Pectobacterium carotovorum PCM 2056 Immunology and Experimental Therapy of the Polish Academy of

Sciences (Wroctaw, Poland)

Bacterial strains were cultivated on Tryptic Soy Agar—TSA (Merck, Darmstadt, Ger-
many) and fungi strains on Potato Dextrose Agar—PDA (Merck, Darmstadt, Germany).
They were stored at 4 °C. Bacteria suspensions were prepared from the pure culture on
the TSA agar plate and adjusted in 0.85% NaCl to a final concentration of 10° CFU/mL.
Fungal suspensions were prepared by washing out spores from the surface of pure cultures
on the PDA agar plate into the 0.85% NaCl with Tween (0.02%) and adjusted to a final
concentration of 10 CFU/mL.

2.2. Agar-Plug Diffusion Method for In Vitro Antimicrobial Assay

The antimicrobial activity of 100 strains of lactic acid bacteria against potato phy-
topathogens was determined by the agar-plug diffusion method [22]. Lactic acid bacteria
were cultured for 48 h at 30 °C on MRS (Merck, Darmstadt, Germany) agar plates using the
pour method to obtain agar plugs, cut with sterile cork bore (& = 10 mm). Freshly prepared
pathogens’ suspensions of 100 uL. were inoculated onto TSA (Merck, Darmstadt, Germany)
for bacteria and PDA (Merck, Darmstadt, Germany) for fungi. Then, lactic acid bacteria
agar plugs were transferred onto inoculated plates. Pure MRS agar plugs were used as
a control sample. The plates were incubated for 2-5 days (depending on the pathogen)
at 25 °C. After incubation, the width of the phytopathogen growth inhibition zones was
measured, excluding the agar plug diameter. The results were expressed as the average of



Appl. Sci. 2022,12,7763

40f17

three independent repetitions for each LAB strain—pathogen combination with a standards
deviation value.

2.3. High-Performance Liquid Chromatography (HPLC) for Lactic Acid Bacteria Fermentation
by-Products Determination

Lactic and acetic, propionic, isobutyric and valeric acids were procured from Sigma-
Aldrich (St. Louis, MO, USA). Fermentation media with investigating strains were filtered
using a 0.45 mm filter before HPLC analysis. HPLC analysis was performed using the Finni-
gan Surveyor HPLC system (Thermo Fisher Scientific Inc, Waltham, MA, USA) equipped
with an autosampler, a refractive index detector (Finnigan Surveyor-RI Plus), a diode
array detector (Finnigan Surveyor-PDA Plus) and thermostated column compartment,
controlled by ChromQuest 5.0 chromatography software (Thermo Fisher Scientific Inc,
Waltham, MA, USA). The investigated compounds were separated on an Aminex HPX87H
column (300 x 7.8 mm, Bio-Rad, Hercules, CA, USA) protected by a guard column and
thermostated at 60 °C. The separation was carried out by isocratic elution with 0.005 M
H,SO4 and a flow rate of 0.6 mL/min; the column temperature was maintained at a constant
60 °C. The standard of the individual acid was prepared and chromatographed separately
to determine each acid’s retention time. The calibration curves of individual acids were
obtained using five levels of concentration of standard mixtures and three injections per
level [23].

2.4. Optimisation of the Acid Whey-Based Culture Media for Cultivation of L. plantarum KB2 LAB 03

Optimisation of the acid whey-based culture media for cultivating L. plantarum KB2
LAB 03 was performed microscale using Multiskan GO Microplate Spectrophotometer
(Thermo Scientific, Waltham, MA, USA) equipped with Skanlt RE for Multiskan GO 3.2
software (Thermo Scientific, Waltham, MA, USA). 96-well plates were filled with 200 pL
of 16 different variants of supplemented acid whey-based media listed in Section 2.4.1
and inoculated with 50 pL of L. plantarum culture. The control samples were MRS (Merck,
Darmstadt, Germany) and MRS with no glucose (BTL, L6dZ, Poland). The plates were
incubated for 72 h at 30 °C, while the turbidity was measured every hour at a wavelength
of 600 nm. The experiment was performed in triplicate. Biomass yield (Yx) was calculated
according to Equation (1):

Yx = Amax — Amin (1)

where Amax is the maximum absorbance value of inoculated culture medium and A,
is the minimum absorbance value of inoculated culture medium. The maximum specific
growth rate (imax) was calculated according to Equation (2):

Umax = (INAmax — INApin)/ Atlog ()

where Anax is the maximum absorbance value of inoculated culture medium, A, is the
minimum absorbance value of inoculated culture medium, and At is the time difference.

2.4.1. Acid Whey-Based Culture MEDIA

The acid whey was obtained from JOGO—L6dz Dairy Cooperative (Kraszewo, Poland).
The supplements were combined into two groups: A—containing Yeast extract (BTL, £.6dz,
Poland) with a base concentration (BC) of 8 g/L and 14 g/L of Peptone K (BTL, L6dz,
Poland); B—containing 2 g/L of Ammonium citrate (Chempur, Piekary Slaskie, Poland),
2 g/L of KHPOy4 (Chempur, Piekary Slaskie, Poland), 5 g/L of NaCH3COO (Chempur,
Piekary Slaskie, Poland), 0.2 g/L of MgSO4 x 7 Hy0 (Chempur, Piekary Slaskie, Poland)
and 0.05 g/L of MgSOy x 4 Hy0 (Chempur, Piekary Slaskie, Poland). The acid whey-based
media were supplemented with different concentrations (100, 50, 25 and 12.5% of BC)
of each group in order to obtain all possible combinations: A100 M100 (group A—100%
of BC and group B—100% of BC), A100 M50 (group A—100% of BC and group B—50%
of BC), A100 M25 (group A—100% of BC and group B—25% of BC), A100 M12.5 (group
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A—100% of BC and group B—12.5% of BC), A50 M100 (group A—50% of BC and group
B—100% of BC), A50 M25 (group A—50% of BC and group B—25% of BC) etc. The detailed
composition of each variant is presented in Table S2.

2.5. Agar-Well Diffusion Method for In Vitro Antimicrobial Assay

The agar well diffusion method [22] determined the antimicrobial activity of L. plan-
tarum KB2 LAB 03 cultured on different variants of supplemented acid-whey-based media
against potato phytopathogens. L. plantarum KB2 LAB 03 was cultured for 48 h at 30 °C in
4 selected variants of supplemented acid-whey-based media. Freshly prepared pathogens’
suspensions of 100 uL were inoculated onto TSA (Merck, Darmstadt, Germany) for bacteria
and PDA (Merck, Darmstadt, Germany) for fungi. Then, 10 mm diameter wells were cut
by sterile cork bore, and 250 uL of LAB cultures were introduced into the wells. Pure
media were used as a control. The plates were incubated for 2-5 days (depending on the
pathogen) at 25 °C. Then, the width of the phytopathogen growth inhibition zones was
measured, excluding the agar well diameter. The results were expressed as the average
of 3 independent repetitions for each LAB strain-pathogen combination with a standard
deviation value.

2.6. Analytical Methods for Culture Media Characteristics

Pure acid whey, MRS medium and selected A100 M100 acid whey-based medium were
chemically analysed. The analysis of ammonium nitrogen (test no. 8038, modified Nessler
method), iron (test no. 8008, FerroVer®), ortophosphates (test no. 8048, PhosVer®), potas-
sium (tests no. LCK228) and chlorides (method no. 8113) were conducted using DR6000
spectrophotometer (HACH-LANGE, Loveland, CO, USA), according to the manufacturer’s
instructions. Sodium and calcium were measured with flame photometers (BWB-XP, BWB
Technologies, UK). Lactic acid and lactose were determined using a UV-spectrophotometer
(Thermo Scientific Multiskan Go, Thermo Fisher Scientific, Munich, Germany) and en-
zymatic kits (Megazyme Ltd., Bray, Ireland) according to the manufacturer’s procedure.
Samples for phosphorus and nitrogen were mineralised using the LT200 thermoreactor
(HACH-LANGE, Loveland, CO, USA). Total solids and volatile solids were determined in
accordance with the standard methods [24]. Protein content was evaluated by the Kjeldahl
method [25].

2.7. In Situ Antimicrobial Assay on Seed Potato

Seed potatoes cv. Impresja were obtained from Zamarte Potato Breeding (Zamarte,
Poland). In situ antimicrobial tests on seed potatoes were performed according to the
methodology of our previous research [26]. Briefly, five mm deep and five mm in di-
ameter cuts were made of potatoes. Potatoes were immersed in the 48-h cultures of
L. plantarum KB2 LAB 03 and left to dry. Then, 20 uL of each bacterial or fungal phy-
topathogens’ suspension was introduced into the cuts. Controlled potatoes were only
inoculated with phytopathogens. Potatoes were incubated at 25 °C for 14 days. The
percentage of phytopathogen infestation was measured in comparison to the controls
according to the Equation (3):

Inhibition (%) = (C — T)/C x 100 3)

where C is the % of phytopathogen infestation on control potatoes, and T is the % of
phytopathogen infestation on potatoes treated with bacteria culture. The percentage of
the infested area was measured after cutting the seed potatoes in half. The assay was
performed in triplicate.

2.8. Statistical Analysis

Statistical analysis was carried out with Statistica 13.1 (Statsoft, Tulsa, OK, USA). The
antimicrobial activity (phytopathogen growth inhibition zones) of LAB and the production
of fermentation by-products was compared within the sample using a one-way analysis of
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variance (ANOVA) at a significance level of 0.05. When a statistical difference was detected
(p < 0.05), the means were compared using Tukey’s post hoc procedure at a significance
level of 0.05.

3. Results and Discussion
3.1. Antimicrobial Activity of Lactic Acid Bacteria In Vitro

The antimicrobial activity of lactic acid bacteria has already been widely described for
foodborne bacterial pathogens such as Escherichia coli, Salmonella spp., Listeria monocytogenes
and Bacillus cereus [27] as well as for fungal foodborne pathogens, e.g., Aspergillus niger,
Fusarium culmorum, Penicillium chrysogenum [28]. In addition, the biocontrol of mycotoxins
is of great interest to researchers since certain LAB strains demonstrated the ability to
convert mycotoxins into fewer or non-toxic compounds [29-32]. LAB activity against many
potato pathogens is, however, underreported. This work is the first extensive study on
potato biocontrol using lactic acid bacteria.

The antimicrobial activity of 42 isolates and 58 collection strains of lactic acid bacteria
(LAB) from the genera Lactococcus, Leuconostoc, Lacticaseibacillus, Lactiplantibacillus, Levilacto-
bacillus and Lactobacillus were assessed against ten potato phytopathogens. A summary of
the antimicrobial activity of LAB species is presented in Table 1. Detailed results of growth
inhibition zones for each LAB strain and pathogen combination are listed in Table S1.

The antimicrobial activity of LAB species varied depending on the pathogen and
examined strain relationship. Lactiplantibacillus plantarum and Lactobacillus acidophilus were
the most widely represented a group of LAB species (47 and 19 strains, respectively). They
exhibited a wide range of antimicrobial activity spectrum, including inhibition of both
bacterial and fungi potato pathogens. Several studies reported antifungal activity of both
L. plantarum and L. acidophilus species against Fusarium oxysporum [33-36] and Rhizoctonia
solani [33,35,37]. Alternaria alternata was inhibited by L. acidophilus [38]. In our work,
more than 90% of L. plantarum strains inhibited the growth of Alternaria solani, Alternaria
tenuissima, Colletotrichum coccodes and Pectobacterium carotovorum while the remaining
pathogens were inhibited by at least 30% of the tested strains. All of the L. acidodphilus
strains used in our research were active against A. solani, C. coccodes, P. carotovorum and
Streptomyces scabiei, and at least 35% of them inhibited the growth of the other selected
potato pathogens (Table 2).

Table 2. The antimicrobial activity of different species of lactic acid bacteria (LAB) cultivated on MRS
medium against potato phytopathogens.

Number of Active LAB Species against Potato Phytopathogens

:
«

S g s ST S
N RS S = 3 3 g ) =
S g g = 2 3 3 3 S 8
5 3 3 3 g S 3 b S 2
= § = = S g 3 g S 8
LAB Species 3 3 = B s kS g = § S
2 B g S N 2 M = = =
3 s ) = = = = [ Q x
3 $ = < S S = 3 3
3 g < = S s K 3
N i < 5 S %)

&
Lactococcus lactis [N = 9] 0 0 0 0 0 0 0 0 7 4
Leuconostoc mesenteroides [N = 9] 1 1 1 2 1 3 1 1 9 6
Lacticaseibacilllus casei [N = 2] 1 1 0 0 0 2 1 0 2 2
Lactobacillus acidophilus [N = 19] 17 17 7 19 17 19 17 13 19 19
Lactiplantibacillus plantarum [N = 47] 41 42 15 45 44 44 35 31 44 33
Levilactobacillus brevis [N = 4] 4 4 1 4 4 4 3 3 4 3
Lacticaseibacillus paracasei [N = 2] 2 1 0 2 2 2 2 0 2 2
Lactiplantibacillus pentosus [N = 1] 1 1 1 1 1 1 1 1 1 1
Lactobacillus farraginis [N = 1] 1 1 1 1 1 1 0 1 1 0
Lactobacillus sp. [N = 6] 5 6 4 6 6 6 2 5 6 2

N—number of tested strains belonging to this species.
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Each of the Lactococcus lactis strains was inactive against all fungal pathogens in our
research. This LAB species has a homofermentative metabolism—Iactic acid is the main
product of sugar fermentation [39], while antifungal properties are most often described
as the synergistic effect of acetic, propionic, phenyllactic and lactic acids [40,41]. Khalaf
and Raizada [42] also reported no activity of L. lactis against R. solani. Significant growth
inhibition was, however, obtained in another study for F. oxysporum [43]. Antifungal ac-
tivity was previously indicated for Leuconostoc mesenteroides against R. solani [42] and
F. oxysporum [43]. Our study confirmed these results only for a single strain of L. mesen-
teroides (out of nine tested). Most of the tested L. mesenteroides strains did not exhibit any
antifungal activity against potato pathogens. However, a significant antibacterial activity
against potato pathogens (P. carotovorum and S. scabiei) was observed for both L. lactis and
L. mesenteroides strains. The remaining species of investigated LAB demonstrated a wide
spectrum of antibacterial and antifungal activity, yet they were represented by a small
number of strains (Table 2, Table S1).

Ten most active strains (Figure 1, Table S1), selected based on both the widest spectrum
of activity and growth inhibition zone of pathogens, were further assessed.

Streptomyces scabiei was the most susceptible pathogen to selected LAB strains.
Growth inhibition zones for this pathogen ranged from 19.7 & 0.6 to 34.0 &= 1.0 mm for
L. plantarum BPC2 and L. acidophilus EOCK932, respectively. In turn, F. oxysporum and
Phoma exigua showed the highest resistance among all inhibited pathogens by selected
LAB (Figure 1). Their growth inhibition zones did not exceed 7.0 &= 1.2 and 10 & 1.7 mm
in diameter, respectively, by any of the selected LAB strains. F. oxysporum was similarly
indicated as the most resistant fungi in a study concerning the application of LAB as
biocontrol agents of tomato diseases [35].

30

)
B
g 25
S
N €
H T f
2 20 d
=
2 f o e
2 <
g 15 3
g a f 4 g T B
E S T & ® =
2 10 ab| acd
<] X I b M I b i Ll

b ab Db 5 be

b 2 b 3 3
& 3 & £ £ X
< I a a
0
Lactebacillus Lactsbacill Laciobacill Lactiplantibacills ~ Levilactobacillus ~ Lactiplantibacillus ~ Lactiplantibacillns  Lactiplantibacill Lactiplantibacillus
i i ? i idophi; plantarnm LOCKS61 brevis 0984 Plantarun: 0991  plantarion KB2 LAB  plantarum BPC2  pentosus 03(2)1184
LOCK938 LOCK932 LOCK934 03 L4B
® Fusarium oxysporum u Fusariran buci: AL ia al. Alternaria solani u Alternaria tenuissima
m Colletotrichum coccodes m Rhizoctonia solani m Phoma exigna m Pectob. Tun uin [ RY, 3 scabiei

Figure 1. Antimicrobial activity of selected ten most active lactic acid bacteria strains cultivated
on MRS medium (about 108 CFU/mL) against potato phytopathogens after 2-5 days of incubation
(depending on the pathogen), measured as growth inhibition zones in the agar-plug diffusion method.
a—h—results with different letters within the sample are significantly different (Tukey’s test, « = 0.05).

3.2. Determination of Metabolites Production by Selected Strains of Lactic Acid Bacteria by HPLC

The antimicrobial efficacy of LAB has previously been well documented in the liter-
ature as a result of the production of several compounds with low (<1000 Da) and high
(>1000 Da; bacteriocins) molecular mass [40,44,45]. The most significant antimicrobial agent
produced by LAB in the highest amounts is lactic acid [45]. Although, acetic acid was re-
ported to be far more effective for fungi inhibition than lactic acid in several studies [46,47].
In our research, lactic acid was determined to be the major fermentation by-product of se-
lected LAB. The highest values in the range from 1680 up to 1750 mg/100 mL were obtained
for six strains—L. acidophilus LOCK938, L. acidophilus LOCK927, L. acidophilus EOCK934,
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L. plantarum LOCKS861, L. plantarum KB2 LAB 03 and L. plantarum BPC2 (Figure 2). The
mode of action of lactic acid is associated with cytoplasmic pH reduction of pathogen
cells and, consequently, inhibition of metabolic activity. Another hypothesis suggests that
organic acids neutralise the electrochemical potential of the plasmic membrane, which
increases its permeability and eventually leads to the death of the susceptible microor-
ganism. These mechanisms were also demonstrated for acetic and propionic acids [44].
The importance of organic acid’s role in the antimicrobial spectrum of LAB activity was
confirmed in Gerez et al. [20] study, where the pH neutralisation treatment resulted in a
loss of antimicrobial activity. In addition to lactic acid, the chromatographic assay also
revealed a smaller presence of another four organic acids in the tested samples—acetic,
propionic, isobutyric, and valeric acid (Figure 2). Acetic acid reached the second high-
est concentration for eight strains, from 11.15 up to 37.31 mg/mL. For other L. pentosus
03(2)118A LAB and L. acidophilus LOCK932, it was propionic acid instead (11.65 and 16.72
mg/mL, respectively). Small amounts of isobutyric acid (3.01-5.32 mg/mL) and valeric
acid (1.09-2.45 mg/mL) were produced by all ten or nine selected strains, respectively
(Figure 2). Additionally, ethanol (19.51 mg/mL) was observed in the post-culture fluid of L.
plantarum BPC2 (Figure 2). Broad antimicrobial activity is often related to other low molec-
ular weight components, such as hydrogen peroxidase, diacetyl, acetaldehyde, reuterin,
cyclic dipeptides and 3-hydroxy fatty acids [45,48]. Bacteriocins, in turn, demonstrate
antimicrobial activity mainly against closely related G—positive bacteria, although reports
are confirming a wider spectrum of activity for certain bacteriocins [49].
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Figure 2. Fermentation by-products of 10 most active lactic acid bacteria strains cultivated on MRS
medium. 1—Lactobacillus acidophilus EOCK938; 2—Lactobacillus acidophilus tOCK927; 3—Lactobacillus
acidophilus EOCK932; 4—Lactobacillus acidophilus EOCK934; 5—Lactiplantibacillus plantarum LOCK861;
6—Levilactobacillus brevis 0984; 7—Lactiplantibacillus plantarum 0991; 8—Lactiplantibacillus plantarum
KB2 LAB 03; 9—Lactiplantibacillus plantarum BPC2; 10—Lactiplantibacillus pentosus 03(2)118A LAB;
a—e—results with different letters within the sample are significantly different (Tukey’s test, « = 0.05).

Lactiplantibacillus plantarum KB2 LAB 03 was selected as the most effective agent
against potato pathogens based on antimicrobial activity in the agar-plug diffusion method
and metabolites production.

3.3. Growth Medium Selection for L. plantarum KB2 LAB 03 Cultivation

The willingness to find sustainable management of acid whey, a waste product of
cheese manufacture [50], as well as the search for a more economically profitable medium
for LAB growth than laboratory medium (MRS), was the reason to select this component as
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the basis for the development of an optimal medium for L. plantarum KB2 LAB 03 growth.
Acid whey was previously described as a medium for LAB culture [51] and also specifically
for lactic acid production by LAB [52]. Lactic acid bacteria have complex nutritional
requirements; however, some studies suggest that the need for supplementation is strain-
dependent [51]. In our research, acid whey was supplemented with nitrogen sources (Yeast
Extract and peptone K) and mineral sources (ammonium citrate, dipotassium phosphate,
sodium acetate, magnesium sulphate heptahydrate, magnesium sulphate tetrahydrate) in
16 different variants of concentrations. The acid whey itself was a carbon source in the form
of lactose. The results of biomass yield (Yx) and maximum specific growth rate (imax) are
presented in Figure 3.

MRS NG** [f—— a MRS NG** [s=—— a
MRS Ik MRS H i
Al2.5M12.5 = b Al12.5 M12.5 H a
Al12.5 M25 i bed Al12.5 M25 i ab
A12.5 M5S0 = bede A12.5 M5S0 1 abc
Al12.5 M100 i defg A12.5 M100 # bcde
A25 M12.5 H be A25 M12.5 t ab
A25 M25 I cdef A25 M25 1 abed
A25 M50 = fgh A25 M50 i cde
A25 M100 = hij A25 M100 H de
AS0 M12.5 F=—i efg AS0 M12.5 = bede
AS50 M25 = efgh AS50 M25 H cde
AS50 M50 = ghj AS50 M50 H de
AS50 M100 = jk A50 M100 i ef
A100 M12.5  hij A100 M12.5 i g
A100 M25 ik A100 M25 H h
A100 M50 i jk A100 M50 i h
A100 M100 = ijk A100 M100 H fg
0.00 0.50 1.00 0.00 0.02 0.04
YX [_*] ”max [h_ll

Figure 3. Biomass yield (Yx) and maximum specific growth rate (umax) for L. plantarum KB2 LAB 03
cultivated on different variants of acid whey-based media. *—Optical Density; **—MRS water-based
medium without glucose; A—group of nitrogen sources (yeast extract, peptone K); M—group of
mineral sources (ammonium citrate, dipotassium phosphate, sodium acetate, magnesium sulphate
heptahydrate, magnesium sulphate tetrahydrate). A100 M100—acid whey medium supplemented
with 100% base concentration of group A supplements and 100% base concentration of group M
supplements. The following numbers (50, 25, 12.5) indicate supplementation with a certain percentage
of the base concentration of group A and M supplements. MRS, MRS no glucose—control, water-
based media. The specific concentrations of each component are presented in Section 2.4.1 point
of Materials and Methodology section. a—k—results with different letters are significantly different
(Tukey’s test, « = 0.05).

Out of all variants of the acid whey-based medium, the highest values of biomass
yield were achieved for A100 M100, A100 M50, A100 M25 and A50 M100 acid whey-based
medium (in the range of 0.8354-0.8900). A high concentration of nitrogen sources played
a more significant role in obtaining satisfactory results of Yy than a group of mineral
sources. However, within variants with an equal concentration of nitrogen sources, the
higher concentration of supplied minerals, the higher Yy and pmax were obtained (with the
exception of A100 variants). The highest level of pimax, 41% higher than for the A100 M50
variant, was overall observed for the MRS control medium due to the previous adaptation
of L. plantarum KB2 LAB 03 to this medium. Nevertheless, the Y, was only 7% higher than
the A100 M50 variant Figure 3.
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L. plantarum KB2 LAB 03 cultures on four variants of the acid whey-based medium
with the highest Y, were selected for the antimicrobial activity evaluation against potato
pathogens. The results are presented in Figures 4 and 5.

20

Growth Inhibition Zone [mm]

A100 M100 A100 M50 A100 M25 A50M100
® Fusarium oxysporum w Fusarium sambucinum Alternaria alternata W Alternaria solani
B Alternaria tenuisssima B Colletotrichum coccodes B Rhizoctonia solani B Phoma exigua

B Pectobacterium carotovorum W Streptomyces scabiei

Figure 4. Antimicrobial activity of L. plantarum KB2 LAB 03 cultivated on different variants of
acid whey-based media against potato phytopathogens measured as growth inhibition zones in the
agar-well diffusion method. A—group of nitrogen sources (yeast extract, peptone K); M—group of
mineral sources (ammonium citrate, dipotassium phosphate, sodium acetate, magnesium sulphate
heptahydrate, magnesium sulphate tetrahydrate). A100 M100—acid whey medium supplemented
with 100% base concentration of group A supplements and 100% base concentration of group M
supplements. The following numbers (50, 25, 12.5) indicate supplementation with a certain percentage
of the initial concentration of group A and M supplements. The specific concentrations of each
component are presented in Section 2.4.1 point of Materials and Methodology section. a—f—results
with different letters within the sample are significantly different (Tukey’s test, & = 0.05).

(A) (B)

Figure 5. Growth inhibition zones of P. carotovorum (A) and A. solani (B) by L. plantarum KB2 LAB 03
cultured on an A100 M100 acid whey-based medium.

The growth of both bacterial pathogens was inhibited by L. plantarum KB2 LAB 03
culture in all tested variants of the acid whey-based medium. S. scabiei was found to be
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more susceptible than P. carotovorum (Figure 4). A broad spectrum of antifungal activity
for the A100 M100 variant (all eight fungi inhibited) was achieved. The most resistant
fungi were the F. oxysporum, F. sambucinum, A. alternata and A. tenuissima. Among fungi,
growth inhibition zones were the widest for R. solani (9.7-15 mm) in all four variants (A100
M100, A100 M25, A50 M100). Similar dependencies were observed regarding pathogens’
sensitivity compared to the L. plantarum KB2 LAB 03 culture in the MRS medium. A100
M100 acid whey-based medium was selected for further cultivation of L. plantarum KB2
LAB 03 due to its wide range of antimicrobial activity, a satisfactory level of biomass yields,
and maximum specific growth rate.

The chemical composition of the selected A100 M100 acid whey-based medium was
analysed. The results are presented in Table 3. The selected variant of supplemented acid
whey-based medium contained 10 g/L of lactose, which replaced glucose used as a carbon
source in laboratory MRS medium. Acid whey supplementation allowed to achieve higher
level of nitrogen (183.65 mg/L), iron (11 mg/L), potassium (101.8 mg/L) and calcium
(461 mg/L).

Table 3. Characteristics of acid whey-based medium selected for the cultivation of L. plantarum KB2
LAB 03.

Medium
Analytical Analysis A100 M100 Acid Acid Whey without MRS (Based on
Whey-Based Supplementation Distilled Water)
Medium
Phosphorus [mg/L] 185.02 182.41 192.20
Nitrogen [mg/L] 183.65 38.71 190.24
Iron [mg/L] 11.00 6.50 10.00
Potassium [mg/L] 101.80 74.50 97.90
Calcium [mg/L] 461.00 325.00 2.50
Chloride [mg/L] 18.70 57.30 0.56
Sodium [mg/L] 30.10 62.30 5.20
Lactose [g/L] 10.00 15.00 0.30
Lactic acid [g/L] 15.96 15.95 1.20
Protein [g/kg] 27.21 8.66 22.84
Total solids [g/kg] 104.78 58.72 53.05
Volatile solids [g/kg] 83.48 48.16 45.07
Water content [g/kg] 895.22 941.28 946.95

The use of A100 M100 acid whey-based medium significantly modulated the metabolism
of L. plantarum KB2 LAB 03 compared to MRS cultures. It allowed us to achieve almost
6-times higher concentrations of acetic acid—121 mg/100 mL (Figures 6 and 7). Content of
lactic acid, however, slightly decreased to 1630 g/100 mL in comparison to 1690 g/100 mL
for MRS culture. While cultured on an acid whey-based medium, L. plantarum KB2 LAB 03
produced 25.36 mg /100 mL of propionic acid and also 17.65 mg/100 mL of ethanol. Both of
these compounds were absent in the MRS culture of this strain (Figure 2). In turn, isobutyric
acid was observed only in the MRS culture of L. plantarum KB2 LAB 03 (Figures 6 and 7).
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Figure 6. Fermentation by-products of the L. plantarum KB2 LAB 03 cultured on A100 M100 acid
whey-based medium. a—d—results with different letters are significantly different (Tukey’s test,
o =0.05).
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Figure 7. RI chromatogram of investigated by-products of the L. plantarum KB2 LAB 03 cultured
on A100 M100 acid whey-based medium. 8-lactic acid; 9-acetic acid; 10-propionic acid; 13-ethanol;
15-valeric acid.

3.4. In Situ Test of Biocontrol Potential of L. plantarum KB2 LAB 03 against Pathogens on Potatoes

The LAB antimicrobial activity against plant pathogens is underreported during veg-
etable and fruit storage. L. plantarum prolonged the shelf-life of kiwifruits contaminated
with Botrytis cinerea for two weeks [53]. This species was also effectively used to delay
the development of Fusarium graminearum, B. cinerea and Rhizopus stolonifer in storage
cucumbers [37]. More reports concerning pot and field experiments reveal the influence of
LAB on plant growth. Canpolat et al. [54] described the antifungal effect of Lactobacillus
sp., Pediococcus acidilactici and Pediococcus pentosaceus treatment in a pot experiment for
strawberries inoculated with Fusarium sp., Rhizoctonia sp., Botrytis sp. And other moulds.
Several studies reported plant growth-promoting properties of lactic acid bacteria for toma-
toes [55] and spring wheat [56] while facing pathogen infection. The in situ antimicrobial
activities of L. plantarum KB2 LAB 03 cultured on A100 M100 acid whey-based medium and
laboratory MRS medium against the ten potato pathogens were assessed on seed potatoes.
The results are presented in Table 4 and Figure 8.
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Table 4. Inhibition of potato seed cv. Impresja infestation treated with L. plantarum KB2 LAB 03
cultured on A100 M100 acid whey-based medium against potato phytopathogens.

Inhibition of Potato Infestation [%]

Phytopathogens A100 M100 Acid

Whey-Based Medium MRS Medium

Fusarium oxysporum - -
Fusarium sambucinum - -
Alternaria alternata 60 £+ 10 60 =5
Alternaria solani 75+£10* 10£5*
Alternaria tenuissima 50+ 5% 25+ 5%
Colletotrichum coccodes 75+5% 50 +10*
Rhizoctonia solani 40+£5 40+£5
Phoma exigua 70+0* 100+ 0*
Pectobacterium carotovorum 90 £+ 10 85+5
Streptomyces scabiei 85 £0* 75£5*

- no pathogen inhibition; *—statistically significant differences between MRS medium and A100 M100 acid
whey-based medium for each pathogen (one-way ANOVA, « < 0.05).

—

C

Figure 8. Inhibition of Streptomyces scabiei (A,B) and Pectobacterium carotovorum (C,D) infestation of
potatoes cv. Impresja treated with L. plantarum KB2 LAB 03 cultured on A100 M100 acid whey-based
medium. (B,D)—control samples; (A,C)—tested samples.

To the best of our knowledge, this is the first report of in situ experiments on potatoes
that confirms the antimicrobial activities of lactic acid bacteria against Fusarium, Alternaria,
Phoma, Colletotrichum, Rhizoctonia, Pectobacterium and Streptomyces phytopathogens. It
was revealed that L. plantarum KB2 LAB 03 cultured on an A100 M100 acid whey-based
medium reduced the development of both bacterial pathogens as well as six out of eight
fungal species (Table 4). F. oxysporum and F. sambucinum were found to be resistant, even
though the in vitro assay showed the inhibition of these fungi by tested L. plantarum KB2
LAB 03 culture (Tables 3 and 4). Hamed et al. [33] and Abdel-Aziz et al. [35] research
reported plant growth promoting activities of L. plantarum on tomato seeds in pot trials,
while the seeds were infected with F. oxysporum. However, these studies did not assess the
reduction of pathogen development. Cultivation of LAB selected strain on acid whey-based
medium ensured the same or more effective inhibition of potato pathogens than on MRS
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medium (with the exception of P. exigua). These results correlated with characteristics of
fermentation by-products (Figures 2 and 6), where A100 M100 acid whey-based medium
post-culture fluid of L. plantarum KB2 LAB 03 contained a significantly higher concentration
of acetic, propionic acid and ethanol than MRS post-culture fluid od selected LAB strain.
The most satisfactory results were achieved for bacterial inhibition—85 and 90% for S. scabiei
and P. carotovorum, respectively (Table 4, Figure 8). A. solani and C. coccodes development
was inhibited by 75%. In addition, plant growth-promoting properties of L. plantarum
were confirmed for chilli seeds contaminated with Colletotrichum gloeosporioides, another
Colletotrichum strain responsible for anthracnose and black dot disease of several plants [57].
The lowest reduction of potato infestation by L. plantarum KB2 LAB 03 was observed for
R. solani, the most susceptible mould in the in vitro assay (Table 4, Figure 8). The potential of
L. plantarum application as a biocontrol agent was also previously described for Pseudomonas
syringae (kiwifruit disease), Xanthomonas fragariae (strawberry disease) and Xanthomonas
arboricola (plum disease) [58].

Our work demonstrated that the mechanism of the antimicrobial action of the LAB
treatment on potato pathogens is related to the production of organic acids. The determined
lactic and acetic acids exhibit antimicrobial properties confirmed in numerous studies [46].
Proteinaceous antifungal compounds, the release of reuterin and hydroxy fatty acids may
also be responsible for antimicrobial efficacy of LAB [59]. Other possible mode of action our
treatment work is competition for nutrients [44]. Our suggestion is that the effectiveness of
LAB as a biocontrol agent against potato pathogens is the result of the synergistic action of
the described mechanisms.

4. Conclusions

The primary method of control of potato seeds is the use of chemical compounds.
However, growing public concern about the use of pesticides, together with the devel-
opment of resistance by phytopathogens and the high cost of the development of new
chemicals, promote the search for alternative strategies. Among the bacteria used as bio-
control agents, LAB strains may be used as suitable biocontrol agents. The selected strain
Lactiplantibacillus plantarum KB2 LAB 03 proved to be effective as preventative treatment
to control potato pathogens representing different groups and genera. It has been shown
that the antagonism of this strain is based on the production of antimicrobial metabolites,
mostly organic acids and ethanol. To reach the population required for biocontrol, acid
whey can be used as an appropriate medium to ensure good growth and antimicrobial
activities of the LAB strain. In situ experiment on seed potatoes showed that culturing
L. plantarum KB2 LAB 03 on the selected A100 M100 acid whey-based medium increased
overall antimicrobial activity in comparison to MRS culture. However, more research is
needed under different agricultural and climatic conditions to confirm the effectiveness of
the strain KB2 LAB 03 against potato pathogens in the field.

5. Patents

No. P.441896, Method of bio-protection of seed potato tubers against the development of
bacterial and fungal phytopathogens, Patent Application at the Patent Office in Poland, 1
August 2022.

Supplementary Materials: The following supporting information can be downloaded at: https:
/ /www.mdpi.com/article/10.3390/app12157763/s1, Table S1: Antimicrobial activity of lactic acid
bacteria against potato pathogens. Table S2: Groups of components for preparation of acid whey-
based culture media for cultivation of L. plantarum KB2 LAB 03. Table S3: Compositions of acid
whey-based culture media for cultivation of L. plantarum KB2 LAB 03.
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