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Root-knot nematodes (RKNs) are among the most de-
structive plant-parasites worldwide, and RKN control
has been attempted mainly using chemical nematicides.
However, these chemical nematicides have negative ef-
fects on humans and the environment, thus necessitat-
ing the search for eco-friendly alternative RKN control
methods. Here, we screened nematicidal lactic acid
bacteria (LAB) isolated from kimchi and evaluated
their efficacy as biocontrol agents against RKNs. Of
237 bacterial strains, Lactobacillus brevis WiKim0069
showed the strongest nematicidal activity against the
second-stage juveniles (J2) of Meloidogyne incognita, M.
arenaria, and M. hapla and inhibited the egg hatch of M.
incognita. The culture filtrate of WiKim0069 had a pH
of 4.2 and contained acetic acid (11,190 pg/ml), lactic
acid (7,790 pg/ml), malic acid (470 pg/ml), and succinic
acid (660 pg/ml). An artificial mixture of the four or-
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ganic acids produced by WiKim0069 also induced 98%
M. incognita J2 mortality at a concentration of 1.25%,
indicating that its nematicidal activity was derived
mainly from the four organic acids. Application of
WiKim0069 culture filtrate suppressed the formation
of galls and egg masses on tomato roots by M. incog-
nita in a dose-dependent manner in a pot experiment.
The fermentation broth of WiKim0069 also reduced
gall formation on melon under field conditions, with a
higher efficacy (62.8%) than that of fosthiazate (32.8%).
This study is the first report to identify the effectiveness
of kimchi LAB against RKNs and to demonstrate that
the organic acids produced by LAB can be used for the
RKN management.

Keywords : lactic acid bacteria, Lactobacillus brevis,
Meloidogyne spp., nematicidal activity, organic acid

Handling Editor : Lee, Yong Hoon

Root-knot nematodes (RKNs; Meloidogyne spp.), among
the most destructive agricultural pests, are responsible for a
large portion of the considerable economic losses, estimat-
ed at about $77 billion a year caused by phytopathogenic
nematodes worldwide (Ralmi et al., 2016; Yadav, 2017).
Of the more than 100 Meloidogyne species, M. incognita,
M. hapla, M. javanica, and M. arenaria are considered
the most widespread and economically important plant-
parasitic RKNs (Elling, 2013; Jones et al., 2013; Molinari,
2009). RKNs are obligate parasites capable of penetrating
the roots of host plants belowground, resulting in damaged
root tissues that provide infection sites for soil-borne phy-
topathogenic microorganisms (Molinari et al., 2014); this
parasitism results in the poor growth of many horticultural
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and field crops and consequently severe reductions in yield
(Blok et al., 2008; Moens et al., 2009).

Soil-borne diseases caused by RKNs can spread eas-
ily and are very difficult to control because of their high
reproduction rate and short generation time (Trudgill and
Blok, 2001). The extensive use of synthetic pesticides has
long been a management strategy for the control of RKNss.
However, the increasing public concern about the negative
effects of the continuous usage of chemical pesticides, es-
pecially on human health and the environment, has limited
the use of many synthetic chemicals (Aktar et al., 2009).
Therefore, there is an urgent need to identify effective and
eco-friendly alternatives based on microorganisms to re-
duce the use of chemical nematicides in agriculture.

Lactic acid bacteria (LAB) have traditionally been used
to ferment carbohydrate-rich foods. LAB are known to
improve the nutritional value of foods and control human
intestinal infections (Gilliland, 1990; Lindgren and Do-
brogosz, 1990). LAB are generally recognized as safe by
the United States Food and Drug Administration (FDA)
because of their ubiquitous appearance in food and their
probiotic potential on human mucosal surfaces (Stiles and
Holzapfel, 1997). They also have an antagonistic activity
against pathogenic bacteria and fungi, which makes them
ideal for developing biocontrol agents for use on plants
(Sitton and Patterson, 1992; Trias et al., 2008). For these
reasons, LAB are currently attracting much attention in the
agricultural industry as alternatives to chemical pesticides,
which are associated with problems such as antibiotic resis-
tance and pesticide residue.

Kimchi, a traditional fermented food in Korea, is plant-
based and associated with a number of LAB such as Lacto-
bacillus and Leuconostoc species, including L. plantarum,
L. brevis, L. curvatus, L. mesenteroides, and L. citreum
(Jung et al., 2011). Many studies have demonstrated that
Lactobacillus species exert an inhibitory effect on patho-
genic bacteria in human intestinal epithelial cells (Guarner
et al., 2012; Jang et al., 2011; Lim et al., 2018). Specifical-
ly, several compounds produced by LAB, such as organic
acids, hydrogen peroxide, bacteriocins, and fat and amino
acid metabolites, are among the antimicrobial factors
responsible for the competitive exclusion of pathogenic
bacteria (Barefoot and Klaenhammer, 1983; Kormin et
al., 2001). L. plantarum of Lactobacillus species has been
known to function as an antagonistic agent and exhibit an-
timicrobial activity (Hamed et al., 2011), but little is known
about the potential of L. brevis as a biocontrol agent against
phytopathogens. Additionally, there are no reports on the
nematicidal activity of LAB L. brevis on phytopathogenic
nematodes.

In the course of screening of nematicidal LAB strains,
we found that L. brevis WiKim0069 isolated from kimchi
showed strong nematicidal activity against M. incognita.
Therefore, the objectives of this study were (1) to examine
the in vitro nematicidal activity of the culture filtrate of
WiKim0069 strain against three Meloidogyne species, (2)
to identify and characterize the nematicidal metabolites
produced by WiKim0069, and (3) to evaluate the efficacy
of WiKim0069 as a biocontrol agent in controlling RKNs
on vegetable and fruit plants.

Materials and Methods

Isolation of LAB from kimchi. LAB were isolated from
kimchi prepared in homes and temples across the Repub-
lic of Korea. Kimchi samples (500 g) were ground using
a hand blender for 2 min. The obtained kimchi juice was
filtered through a sterilized cheesecloth, serially diluted
with saline solution (0.85%; 3M, St. Paul, MN, USA), and
spread onto de Man-Rogosa-Sharpe (MRS) agar (Oxoid,
Basingstoke, New Hampshire, England) plates containing
CaCO; (2%, w/v). The plates were incubated 30°C under
anaerobic conditions for 2 days, and the tentatively consid-
ered LAB strains were selected.

Nematode inoculum. The root-knot nematodes M. incog-
nita, M. hapla, and M. arenaria were acquired from the
Korea Research Institute of Chemical Technology (Re-
public of Korea), Seoul National University (Republic of
Korea), and National Institute of Agricultural Science and
Technology (Republic of Korea), respectively (Hwang et
al., 2014; Kim et al., 2001; Park et al., 2014).

Three Meloidogyne species were maintained on tomato
(Solanum lycopersicum Mill. cv. Seokwang) in a green-
house at 25°C with day/night lighting of 16 h/8 h. The
eggs were extracted in 1% sodium hypochlorite solution
from the infected tomato plants and the egg suspension
was immediately rinsed twice with sterile water (Yeon et
al., 2019). The collected eggs was used for in vitro and pot
experiments. The J2 that hatched after 5 days of incubation
at 28°C were collected using the Baermann funnel method
(Viglierchio and Schmitt, 1983) and used to evaluate the
nematicidal effects of LAB.

Screening of nematicidal LAB. The isolated LAB were
added to MRS broth (Becton, Dickinson and Company,
Franklin Lakes, NJ, USA) and grown anaerobically without
shaking at 30°C. One-day cultured LAB (0.1%, v/v) were
inoculated into fresh MRS broth (50 ml) and incubated at
30°C under anaerobic conditions for 24 h. The LAB culture
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was centrifuged at 3,000 rpm for 10 min at 4°C, and the pH
of supernatant was measured using a calibrated digital pH
meter (NeoMet pH-200L, Seoul, Korea). The supernatant
was then filtered (0.20 um). The culture filtrates of LAB
were stored at —20°C until use.

The nematicidal activity of LAB was evaluated using
their effect on the mortality of M. incognita J2. Treatments
were performed in 96 well tissue culture plates using ap-
proximately 50 J2/replicate (Ashoub and Amara, 2010;
Meyer et al., 2000; Terefe et al., 2009). To prevent solution
evaporation, the plates were covered and kept in the dark at
25°C, with gentle shaking. Three days after exposure, the
J2 were observed under a light microscope (Leica DM IL
LED, Leica Microsystems CMS GmbH, Wetzlar, Germa-
ny). Three days after exposure, the J2 were moved to plain
water and grouped into motile and immotile categories
based on observations made after pricking their bodies with
a fine needle. Nematodes that did not move and retained a
stiff and straight body shape even after pricking with a nee-
dle were considered dead (Cayrol et al., 1989). Sterilized
distilled water was used as a negative control. The experi-
ment was repeated twice with three replicates. To analyze
the nematicidal activity of LAB against M. incognita, J2
mortality was converted to percentage mortality and cor-
rected using the formula of Schneider-Orelli (Schneider
and Orelli, 1947): Mortality (%) = [(mortality percentage
in treatment — mortality percentage in the negative control)/
(100 — mortality percentage in the negative control)] x 100.
The nematicidal LAB were first screened based on the
induction of more than 90% mortality at a culture filtrate
concentration of 2.5% against the J2 of M. incognita. The
nematicidal activities of the screened LAB were evaluated
again using M. incognita J2 mortality over a concentration
range of 0.63% to 2.5%.

Molecular identification of WiKim0069. A WiKim0069
isolate showing nematicidal activity was identified by 16S
rRNA nucleotide sequence analysis. The genomic DNA
of the WiKim0069 isolate was prepared using a DNeasy
Blood and Tissue kit (Qiagen, Hilden, Germany) following
the manufacturer’s recommendations. PCR amplification of
the 16S rRNA gene was performed using the universal bac-
terial primer pair 9F (5'-GAGTTTGATCCTGGCTCAG-
3")/1512R (5'-ACGGCTACCTTGTTACGACTT-3") in
a 20-ul reaction mixture containing genomic DNA (2 pl),
primers (1 pl of each, 10 pM), sterilized distilled water (16
ul), and Accupower PCR premix (1 pl) (Bioneer Corp.,
Daejeon, Korea). The species was identified by compari-
son with the GenBank reference sequence database using
BLASTn. Sequence alignment and phylogenetic analysis

were performed using MEGA 6 with the neighbor-joining
(NJ) method, with the number of bootstrap trials set to
1,000. The Kimura 2-parameter model was selected as
the best model to construct the tree for NJ (Tamura et al.,
2013).

In vitro nematicidal activity of WiKim0069 culture
filtrate. The nematicidal activity of the culture filtrate of
WiKim0069 was evaluated by assessing its effect on M.
incognita, M. arenaria, and M. hapla J2 mortality and
hatching inhibition of M. incognita eggs over a concentra-
tion range of 0.63% to 2.5%. Approximately 50 J2 and 150
eggs per well were used for the bioassay in 96 well tissue
culture plates. Sterilized distilled water was used as the
negative control. The J2 mortality of three Meloidogyne
species was determined in the same method as described in
Section Screening of nematicidal LAB. The ability of LAB
to inhibit M. incognita J2 hatching was determined at 7
days after exposure according to Abbott’s formula (Abbott,
1925): J2 hatching inhibition (%) = [(J2 percentage in the
negative control — J2 percentage in treatment)/J2 percent-
age in the negative control] x 100. All experiments were
conducted with three replicates and repeated twice.

Analysis of organic acids produced by WiKim0069.
The concentrations of organic acids (acetic, citric, fumaric,
lactic, malic, malonic, oxalic, succinic, and tartaric acids)
in the culture filtrate of WiKim0069 were determined. For
organic acid analysis, WiKim0069 was cultured in a flask
(500 ml) containing MRS broth (100 ml) under anaerobic
conditions at 30°C for 24 h, and a seed culture (1%, v/v)
was inoculated in liquid medium (3 1) containing maltose
(4%), yeast extract (2%), sodium acetate (0.5%), dipo-
tassium phosphate (0.2%), magnesium sulfate (0.01%),
and manganese sulfate (0.005%) in a jar bioreactor (5 1,
MARADO-05D-XS, BioCnS, Daejeon, Korea). The cul-
tivation was conducted at 30°C for 24 h with an agitation
speed of 300 rpm and an aeration rate of 1.0 vvm (volume
of air added to the liquid volume per minute). The culture
broth was centrifuged at 5,000 rpm for 10 min at 4°C, and
the supernatant was filtered (0.45 pm) and injected into a
chromatograph with a loop of 50 pl using an autosampler
with a fixed volume of 10 pl.

High-performance liquid chromatography (HPLC; Wa-
ters Alliance €2695 system, Milford, MA, USA) was used
for the analysis of organic acids. Chromatographic separa-
tion was carried out isocratically at 50°C with a mobile
phase of 0.008 N sulfuric acid at a flow rate of 0.6 ml/min
on an Aminex HPX-87H reverse-phase column (300 x 7.8
mm, 9 um particle size; Bio-Rad, Hercules, CA, USA).
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HPLC equipment consisted of a quaternary pump, an on-
line degasser, a column oven, and a UV-visible detector
(2489, Waters). The UV detector was set at 210 nm for the
detection of organic acids. Data were collected and pro-
cessed on a computer with EMPOWER 3 software (Wa-
ters). Quantification was performed using the peak areas
from the external calibration with standard solutions.

In vitro nematicidal activity of organic acids. Based on
the HPLC analysis of organic acids, an artificial mixture of
organic acids was prepared with the same composition as
the mixture produced by WiKim0069. The mixture of or-
ganic acids contained acetic acid (11,190 pg/ml), lactic acid
(7,790 pg/ml), malic acid (470 pg/ml), and succinic acid
(660 pg/ml) in a liquid medium. The effect of the organic
acid mixture on J2 mortality of M. incognita was evaluated
over the range of 0.63% to 10%. Sterilized distilled water
and the culture filtrate of WiKim0069 were used as the
negative control and the positive control, respectively. The
effects of the four organic acids produced by WiKim0069
on J2 mortality of M. incognita were assessed in two-fold
serial dilutions at concentrations of 0-10,000 pg/ml. All
experiments were repeated twice with three replicates.

Efficacy of WiKim0069 for biocontrol of M. incognita
on tomato plants in pot experiments. Pot experiments
were carried out to evaluate the efficacy of WiKim0069
against RKN infection on tomato. Seokwang tomato
seeds were sown in horticultural nursery soil at 25°C for
4 weeks. Tomato seedlings at the five-leaf stage were
transplanted in 9.5 cm diameter pots containing a sterilized
nursery soil-sand mix (1:1, v/v) and inoculated with M.
incognita (10,000 eggs); this was followed by treatment
with WiKim0069 culture filtrates (20 ml, 5- and 20-fold
dilutions) by soil drench. Each treatments were compared
with Tween 20-treated tomato plants (20 ml, 250 pg/ml,
Sigma-Aldrich Co., St Louis, MO, USA), which were used
as the untreated negative control. Commercial nematicide
Sunchungtan containing 30% fosthiazate (20 ml, SL, 4,000-
fold dilution; Farm Hannong Co., Seoul, Korea) was used
as the positive control. Six weeks after inoculation, the
plants were uprooted, washed to remove the soil, and rated
for galls. Galling of root systems was rated using a 0-5
severity scale (Barker, 1985). The galling index (GI) was
assigned as follows: 0 = 0-10%, 1 = 11-20%, 2 = 21-50%,
3 =51-80%, 4 = 81-90%, and 5 = 91-100% root galls. The
control value was determined using the following equa-
tion (Seo and Kim, 2014): Control value (%) = [(GI of un-
treated negative control — GI of treatment)/GI of untreated
negative control] x 100. The number of egg masses was

counted after staining in phloxine B solution (Holbrook et
al., 1983). Galled roots were placed in an aqueous solution
of phloxine B (0.15 mg/ml tap water) for 15 min and rinsed
with tap water to remove the residual stain on the roots.
The number of egg masses was converted to the control
value using the following formula: Control value (%) =
[(the number of egg masses of untreated negative control —
the number of egg masses of treatment)/the number of egg
masses of untreated negative control] x 100. Each treat-
ment was replicated twice, and each replicate consisted of
four tomato plants. The experiment was repeated twice.

Efficacy of WiKim0069 for biocontrol of Meloidogyne
spp. on melon plants under field conditions. The field
experiment was performed in June-August 2017 in a
melon greenhouse naturally infested with Meloidogyne
spp., located in Jawang-li, Buyeo-eub, Buyeo, Chungnam
Province, Republic of Korea. The initial population den-
sity of Meloidogyne spp. was 1,105 £ 287/100 g of soil.
Melon (Cucumis melo cv. Earls Favorite) seeds were sown
in seed trays containing nursery soil in a greenhouse and
then transplanted into the plots after 3 weeks. The plants
were arranged according to a randomized complete block
design. Each treatment consisted of three replicates, with
15 melon plants in a 4 m* (1 x 4 m®) plot/replicate. The
treatments were (1) untreated control, (2) 5-fold dilution of
the fermentation culture of L. brevis WiKim0069, and (3)
4000-fold dilution of fosthiazate (30% SL, Sunchungtan).
Based on the results of the pot experiments, L. brevis Wi-
Kim0069, which had the best efficacy against RKNs (5-
fold diluted culture filtrates), was used in the field trials.
Tween 20 (250 pg/ml, Sigma-Aldrich Co.) was used as the
untreated control. Fosthiazate (30% SL, Sunchungtan) was
used as the positive control. Four days after transplanting,
each treatment (100 ml) was applied four times to each
plant by soil drench at 10-day intervals. Sixty days after
the first treatment, the plants were harvested, and the root
systems were rated for galls. Additionally, 30 and 60 days
after the first treatment, soil samples (200 g) were taken
from around the melon roots at a depth of 25-30 cm us-
ing a 30 cm diameter auger (three samples/replicate) and
transported to the laboratory in polythene bags for further
processing. The RKN population density in the soil was
determined using the Baermann funnel method (Hwang et
al., 2014; Jenkins, 1964).

Statistical analysis. The parameters measured in this study
were designed to evaluate the nematicidal activity and ef-
ficacy of organic acids and WiKim0069 against RKNs.
Analyses were conducted separately for the in vitro and the
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Fig. 1. Phylogenetic trees derived from the distance analysis of the 16S rRNA gene sequences of WiKim0069. Sequences were aligned
using MEGA 6.0 software. Phylogenetic trees were constructed using the neighbor-joining method with bootstrap analysis (1,000 trials).

Bars indicate the percentage of sequence divergence.

pot and field experiments. All data were analyzed for the
homogeneity of variance using SPSS statistical analysis
software version 21.0 for Windows (IBM Corp., Armonk,
NY, USA). Data are expressed as the mean + standard
deviation of replicates, and they were evaluated by one-
way analysis of variance (ANOVA). Statistical differences
among the treatments were determined according to Dun-
can’s multiple-range test (P < 0.05).

Results

Screening and identification of nematicidal LAB. A
total of 237 LAB strains were isolated from kimchi col-
lected in the Republic of Korea. Among these, 16 strains
exhibited distinct nematicidal activity against M. incognita
J2 with the induction of more than 90% mortality at a cul-
ture filtrate concentration of 2.5% (Supplementary Table
1) and the pH of their culture was between 3.6 and 4.4
(Supplementary Table 2). Among these strains, the culture
filtrate of LAB strain 291 showed the strongest nematicidal
activity against M. incognita J2 at day 3 of exposure, with
98.03% mortality at a culture filtrate concentration of 1.25%
(Supplementary Table 2). The selected LAB strain 291 was
designated as WiKim0069 and identified as L. brevis based
on BLASTn and phylogenetic analyses of the amplified
16S rRNA gene sequence (Fig. 1). The amplified genes
were registered in GenBank under the accession number
MH842143. L. brevis WiKim0069 was deposited in the

KCCM (Korean Culture Center of Microorganisms, Seoul,
Korea) as KCCM12134P.

In vitro nematicidal activity of L. brevis WiKim0069.
The effects of WiKim0069 culture filtrate on M. incognita
J2 mortality and hatching inhibition were determined at
concentrations of 0.63% to 20%. The culture filtrate of Wi-
Kim0069 exhibited strong nematicidal activity against M.
incognita J2 at day 3 of exposure, with 98.0% and 100.0%

=3 Mortality

—e— Hatch inhibition

100 g 2 2 2 - 100
2 / g
% 8o £q {80 5
a 3
e c 5
< eof i H60 =
~ =4
> —
s w0 <
g4 =S
b= b g
20} 120 2

ol_ld d 4/ 0
0.63 1.25 25 5 10 20

Culture filtrate of WiKim0069 (%)

Fig. 2. Effect of the culture filtrate of Lactobacillus brevis Wi-
Kim0069 on the mortality of second-stage juveniles and inhibi-
tion of the hatching of Meloidogyne incognita. Values are the
mean + SD of two runs with three replicates. Means with the
same letter are not significantly different (P < 0.05) according to
Duncan’s multiple range test. DAT, days after treatment.
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Fig. 3. Effects of Lactobacillus brevis WiKim0069 on second-stage juveniles (J2s) and eggs of Meloidogyne incognita. J2s were treated
with the culture filtrate of 2.5% L. brevis WiKim0069 (A, C) and sterilized distilled water (B, D).

mortality at concentrations of 1.25% and 2.5%, respec-
tively (Fig. 2). WiKim0069 also induced significant inhibi-
tion of M. incognita hatching in a dose-dependent manner.
Treatment with 5%, 10%, and 20% of the WiKim0069
culture filtrate resulted in 56.2%, 85.2%, and 100.0% inhi-
bition, respectively, of M. incognita hatching after 7 days
of exposure (Fig. 2).

After treatment with 2.5% WiKim0069 culture filtrate,
all M. incognita J2s were observed to be dead with rigid
and straight bodies, whereas the J2s in the untreated control
were vigorous and still moving (Fig. 3). The intestinal tract
of nematodes treated with 2.5% WiKim0069 culture filtrate
exhibited pathological changes, as some unusual patch-like
structures were clearly visible, which were possibly newly
created vacuoles following the destruction of internal or-

100 [

80

60 [

Mortality (%) ( 3 DAT)

20 —4&— M. hapla
—e— M. arenaria

0 1 L I L
0.63 1.25 25 5 10

Culture filtrate of WiKim0069 (%)

Fig. 4. Effect of the culture filtrate of Lactobacillus brevis Wi-
Kim0069 on the mortality of second-stage juveniles of Meloido-
gyne hapla and Meloidogyne arenaria. Values are the mean + SD
of two runs with three replicates. Means with the same letter are
not significantly different (P < 0.05) according to Duncan’s mul-
tiple range test. DAT, days after treatment.

gans by the nematicidal activity of WiKim0069. Addition-
ally, WiKim0069 showed toxicity against M. incognita
eggs and impaired the normal embryonic development of
the juveniles by producing extensive vacuoles inside eggs.

WiKim0069 also showed strong nematicidal activity
against other RKN species, M. hapla and M. arenaria. J2
mortality after 3 d of exposure at 0.63%, 1.25%, and 2.5%
of WiKim0069 culture filtrate was 6.8%, 76.2%, and 100%
against M. hapla and 27.8%, 83.1%, and 100% against M.
arenaria, respectively (Fig. 4). Thus, based on the J2 mor-
tality, WiKim0069 exhibited similar nematicidal effects
against the major three RKN species M. incognita, M. hap-
la, and M. arenaria at concentrations of 1.25% and 2.5%.
However, at a concentration of 0.63%, the nematicidal
effect of WiKim0069 against M. incognita was somewhat
higher than that against the other two RKN species.

Analysis of organic acids produced by L. brevis Wi-
Kim0069. HPLC analysis was used to identify the organic
acids produced by WiKim0069 strain cultured in liquid

Table 1. Organic acids produced by Lactobacillus brevis Wi-
Kim0069 in Lactobacilli MRS broth

Organic acid Production (pg/ml)
Acetic acid 11,190
Citric acid ND
Fumaric acid ND
Lactic acid 7,790
Malic acid 470
Malonic acid ND
Oxalic acid ND
Succinic acid 660
Tartaric acid ND

ND, not detected.
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Table 2. Effect of the culture filtrate of Lactobacillus brevis Wi-
Kim0069 and the artificial mixture of organic acids on Meloido-
gyne incognita J2 mortality

Concentration L. brevis Mixture of
(%) WiKim0069 organic acids
0.63 7.86+894b 11.74+6.78 b
1.25 98.03+1.75a 98.05+2.76a
2.50 100 a 100 a
5.00 100 a 100 a

Values are the mean + SD of two runs with three replicates. Means
with the same letter are not significantly different (P < 0.05), accord-
ing to Duncan’s multiple range test.

broth. After 1 day of incubation in a jar bioreactor, the
fermented culture of WiKim0069 had a pH of 4.2 (Supple-
mentary Table 2) and contained 2% acids, which consisted
of acetic acid (11,190 pg/ml), lactic acid (7,790 pg/ml),
malic acid (470 pg/ml), and succinic acid (660 pg/ml)
(Table 1).

In vitro nematicidal activity of artificial mixture of or-
ganic acids. In order to examine the potential of organic
acids as nematicidal metabolites, the effects on M. incogni-
ta J2 mortality was compared between the culture filtrate of
WiKim0069 and the artificial mixture containing the same
amounts of organic acids produced by WiKim0069. After
3 days of exposure, the culture filtrate of WiKim0069 in-
duced dose-dependent mortality, and the artificial mixture
of organic acids also showed a statistically similar activity

—#— Acetic acid
—&— Lactic acid
100 =0~ Succinic acid
—@— Malic acid

@
o

Mortality (%) (3 DAT)
5 3

N
(=]

98 195 391 781 1563 3125 625 1,250 2,500 5,000 10,000

Concentration (ng/ml)

Fig. 5. Effect of acetic acid, lactic acid, malic acid, and succinic
acid on the mortality of second-stage juveniles of Meloidogyne
incognita. Values are the mean + SD of two runs with three rep-
licates. Means with the same letter are not significantly different
(P < 0.05) according to Duncan’s multiple range test. DAT, days
after treatment.

against M. incognita (Table 2). Furthermore, at concentra-
tions of 1.25% to 5%, both the WiKim0069 culture filtrate
and the artificial mixture of organic acids exhibited same
effects against the M. incognita J2, suggesting that the
nematicidal activity of the culture filtrate of WiKim0069
came from the organic acids.

When the four organic acids produced by WiKim0069
were treated individually with M. incognita J2 at higher
concentration (10,000 pg/ml), they completely killed J2 at

Table 3. Effect of Lactobacillus brevis WiKim0069 culture filtrate on gall index and egg mass on tomato plants infected by Meloido-

gyne incognita

Treatment Fold Gall index (GI)  Control value (GI, %) Egg mass (EM) Control value (EM, %)
WiKim0069 x5 1.0£0.0c 579+0.0b 36.8+15.1b 789+8.7b
WiKim0069 x20 1.8+0.3b 263+122¢ 46.0+97.0b 73.6+21.2b
Fosthiazate x4,000 0.0+0.0d 100.0£0.0a 25+1.7b 986+1.0a
Untreated control - 24+03a - 1743+ 683 a -

Values are the mean + SD of two runs with two replicates (four tomato plants/replicate). Means with the same letter are not significantly differ-

ent (P < 0.05), according to Duncan’s multiple range test.

Table 4. Efficacy of the fermentation culture of Lactobacillus brevis WiKim0069 on melon plants in a field naturally infected by

Meloidogyne spp.
No. of nematodes in 100 g of soil L
Treatment Galling index Control value (%)
30 Days 60 Days
WiKim0069 (x5) 408 +84a 744 +559 a 08+02b 628+65a
Fosthiazate (x4,000) 267+67a 886+47a 1.5+0.6 ab 32.8+27.1b
Untreated control 729+510a 1,189 £910a 23+04a -

Values are the mean + SD of three replicates (15 melon plants/replicate). Each treatment consisted of 45 melon plants. Means with the same let-
ter are not significantly different (P < 0.05), according to Duncan’s multiple range test.
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day 3 of exposure (Fig. 5). In addition, treatment with 5,000
ug/ml acetic acid, lactic acid, malic acid, and succinic acid
induced 100%, 91.96%, 83.76%, and 36.44% mortality at
day 3 of exposure, respectively. These results indicated that
among the four organic acids analyzed in this study, acetic
acid showed the strongest nematicidal activity, with 100%
J2 mortality at a concentration of 156.3 pg/ml.

Efficacy of WiKim0069 for biocontrol of M. incognita
on tomato plants in pot experiments. The treatments
with 5-fold and 20-fold dilutions of the culture filtrate of
WiKim0069 reduced gall formation by 57.9% and 26.3%,
respectively, compared to the untreated control treatment
(Table 3). The inhibitory activity of WiKim0069 on gall
and egg mass formation on tomato was weaker than that of
fosthiazate. However, WiKim0069 (5-fold dilution) sup-
pressed gall formation on tomato with significantly lower
gall index values than those of the untreated control. Addi-
tionally, the egg mass formation on tomato treated with the
culture filtrate of WiKim0069 was significantly lower than
that on the untreated control.

Efficacy of WiKim0069 for biocontrol of Meloidogyne
spp. on melon plants under field conditions. The fer-
mentation culture of WiKim0069, at 5-fold dilution, ef-
fectively suppressed gall formation on melon by 62.8%
in fields naturally infested with Meloidogyne spp., which
was significantly higher than that observed for fosthiazate
(32.8%) (Table 4). The RKN density in the soil (100 g)
treated with WiKim0069 was significantly lowered to 408
and 744 nematodes 30 and 60 days after first exposure,
respectively, than the RKN density in the untreated soil
of 729 and 1,189 nematodes, respectively. Additionally,
the RKN density in the soil treated with WiKim0069 (408
nematodes/100 g) was 1.5 times higher than that in the soil
treated with fosthiazate (267 nematodes/100 g) 30 days
after first exposure. However, 60 days after first exposure,
the RKN density in the soil treated with WiKim0069 (744
nematodes/100 g) was slightly lower than that in the soil
treated with fosthiazate (886 nematodes/100 g).

Discussion

It has been widely demonstrated that lactobacilli exert an
inhibitory effect on enteropathogens in human intestinal
epithelial cells as well as on phytopathogenic bacteria and
fungi. Recent studies have revealed that LAB can inhibit
infection by phytopathogenic and spoilage bacteria and
fungi, such as Xanthomonas campestris, Erwinia carotovo-
ra, Aspergillus flavus, Colletotrichum capsici, Penicillium

expansum, Monilinia laxa, and Botrytis cinerea, and inhibit
mycotoxin production (EI-Mabrok et al., 2012; Ghazvini et
al., 2016; Khanafari et al., 2007; Trias et al., 2008). Given
the antagonistic activity of LAB against pathogenic micro-
organisms, the industrial application of LAB as a biocon-
trol microbe could be an effective strategy for phytopatho-
gen management (Choi et al., 2018; Trias et al., 2008).

Lactobacillus plantarum has been considered as an an-
tagonistic agent with antimicrobial activity, whereas little
research has been performed on the potential of L. brevis
as a biocontrol agent. Here, we evaluated the efficacy of
LAB derived from the plant-based fermented food kim-
chi against RKNs. Of those tested, L. brevis WiKim0069
showed very strong in vitro mortality against J2 of M.
incognita, M. arenaria, and M. hapla, and effectively sup-
pressed gall formation on the roots of tomato and melon
plants in pot and field experiments, respectively. We can
suggest that L. brevis WiKim0069 is a novel bionematicide
candidate and that L. brevis strains could be effective and
eco-friendly alternatives to reduce the use of chemical ne-
maticides in agriculture.

The artificial mixture of the four main organic acids pro-
duced by WiKim0069 caused 98% J2 mortality of M. in-
cognita at a 1.25% concentration, similar to that of the cul-
ture filtrate of L. brevis WiKim0069. These results indicate
that the organic acids such as acetic acid, lactic acid, malic
acid, and succinic acid are responsible for the nematicidal
activity of the culture filtrate of L. brevis WiKim0069. Or-
ganic acids produced by LAB can decrease microbial pop-
ulations by reducing the environment pH and subsequently
reducing the internal pH of cells following the disruption
of membrane permeability (Wodzki and Nowaczyk, 2001).
The acidification of plant tissue can reduce the postharvest
decay caused by Penicillium expansum and Alternaria al-
ternate (Prusky et al., 2006). Furthermore, Choi et al. (2018)
proposed that organic acids, especially lactic acid, may be
more closely associated with the antagonistic activity of the
LAB strains than other known antimicrobial compounds.
However, of the four main organic acids produced by Wi-
Kim0069, acetic acid exhibited the strongest nematicidal
activity against M. incognita J2 in vitro. Thus, our findings
indicate that acetic acid may be a key nematicidal factor for
RKN management, unlike the results of a previous study
(Choi et al., 2018).

L. brevis WiKim0069 mainly produced acetic acid as the
metabolic end product in MRS broth medium, followed by
lactic acid, succinic acid, and malic acid. LAB generally
produce lactic acid as the major metabolic end product of
carbohydrate fermentation, whereas L. buchneri when add-
ed as an inoculant to whole maize crop silage was found
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to produce significantly more acetic acid than lactic acid
(Drichuis et al., 1999). Although LAB are named after their
ability to produce lactic acid, some lactobacilli, such as L.
plantarum, L. brevis, L. buchneri, and L. bifermentans, are
able to produce acetic acid from lactic acid under anoxic
conditions at a pH > 4.0 (da Cunha and Foster, 1992; Kan-
dler et al., 1983; Lindgren et al., 1990). Here, the culture
filtrate of L. brevis WiKim0069 had a pH of 4.2 and con-
tained more acetic acid than lactic acid, indicating that L.
brevis WiKim0069 may also degrade lactic acid to acetic
acid.

Organic acids released during the decomposition of
organic soil amendments have long been considered as
alternative nematicides because they can decrease nema-
tode populations (Akhtar and Malik, 2000; McBride et al.,
2000). Additionally, studies on the nematicidal activity of
microbial metabolites revealed that organic acids produced
by several fungi exhibit strong nematicidal activity. Kojic
acid produced by Aspergillus oryzae showed nematicidal
activity against M. incognita (Kim et al., 2016). Among
the 4. niger culture metabolites, citric and oxalic acids
were also demonstrated to have nematicidal activity (Jang
et al., 2016; Zuckerman et al., 1994). Specifically, oxalic
acid destroys internal bodies in M. incognita and produces
numerous vacuoles in the nematode body. Acetic acid
produced by the hyphomycetes Paecilomyces lilacinus and
Trichoderma longibrachiatum was found to paralyze the
J2 of M. incognita (Favre-Bonvin et al., 1991). Acetic acid
also inhibits J2 hatching and affects embryogenesis (Bansal
and Bajaj, 2003). In the case of bacteria, lactic acid isolated
from Lysobacter capsici culture was also found to inhibit
J2 hatching (Lee et al., 2014). However, the nematicidal
activity of LAB against phytopathogenic nematodes has
not been previously reported.

In bipolar ion-exchange membranes, the permeation of
organic acids through the membrane appears to be com-
petitive, and acetic acid among the carboxylic acids has a
much higher permeability, followed by propionic, tartaric,
lactic, oxalic, and citric acids (Wodzki and Nowaczyk,
2001). In M. incognita, exogenous treatment with acetic
acid was found to damage the cuticle, degenerate the nu-
clei, and vacuolize the cytoplasm of nematodes (Ntalli
et al., 2016). Application of L. brevis WiKim0069 also
showed significant toxicity against M. incognita J2 and
completely destroyed the internal organs by forming exten-
sive vacuoles in the nematode body (Fig. 5). The target site
of L. brevis WiKim0069 in the nematode body provided
additional evidence that its nematicidal activity is mainly
attributed to the organic acids it produces, including acetic
acid. Based on the analysis of organic acids and their ne-

maticidal activities, acetic acid was identified as the major
nematicidal component of WiKim0069.

Seo and Kim (2014) reported that the mixture of acetic
acid and lactic acid showed higher mortality against J2 of
M. incognita than each organic acid of the two organic ac-
ids, and the nematicidal activity of the mixture was mostly
derived from acetic acid. It has also been known that the
nematicidal activity of organic acids highly depends on
acidic pH. However, we observed that the culture filtrates
of LAB strains selected by primary screening showed dif-
ferent mortality each other and had pH in a range of 3.6 to
4.4 (Supplementary Table 2). Even though the culture fil-
trate of L. brevis WiKim0069 culture showed the strongest
nematicidal activity among the test 237 LAB strains in this
study, its pH (4.2) was not the most acidic, but relatively
less acidic among the 16 LAB culture filtrates. Therefore,
it is considered that there would be a great variation in the
acid profiles from different bacteria and the antagonistic ef-
fect or synergy effect between the organic acids may affect
their nematicidal activity. As a similar instance, the culture
of different LAB strains with the same pH showed various
inhibitory efficacy in vivo, suggesting that other factors in-
volved in suppression of phytopathogens (Limanska et al.,
2015).

WiKim0069 exhibited pronounced nematicidal activity
against M. incognita compared with the untreated control.
However, the inhibitory activity of L. brevis WiKim0069
was weaker than that of fosthiazate, a chemical nemati-
cide, in pot experiments. Contrastingly, in melon field tri-
als, the nematicidal activity of L. brevis WiKim0069 was
higher than that of fosthiazate. It is difficult to clarify the
mechanism of disease control under field conditions due
to various synergistic interactions among soil microbes
and their metabolites (Naseby et al., 2000). Several studies
suggest that LAB can protect the host plants against soil-
borne diseases by root colonization and supply nutrients
for plant healthy (Abdel-Aziz et al., 2014; Shrestha et al.,
2014; Visser and Holzapfel, 1992). Treatment with various
Lactobacillus strains can also improve the innate immunity
of plants through a systemic acquired resistance, resulting
in the upregulation of defense-related metabolites and lead-
ing to resistance to phytopathogens (Hamed et al., 2011;
Konappa et al., 2016). Accordingly, the precise nematicidal
mechanism of L. brevis WiKim0069 against RKNs has not
yet been elucidated, but the high nematicidal efficacy of L.
brevis WiKim0069 in the field trials provides the possibil-
ity that it may not only exhibit nematicidal activity but also
interact with microorganisms in rhizospheric soil and/or
activate plant defenses against RKNGs.

Collectively, an RKN management strategy using LAB
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and their metabolites would meet the world’s growing de-
mand for eco-friendly nematicides that can replace synthet-
ic chemicals and toxic pesticides in agriculture. However,
prior to the commercial application of nematicidal LAB
in agriculture, further studies on L. brevis WiKim0069 are
needed to clarify the mechanism involved in the action of
LAB against RKNs and develop the formulations of LAB
for optimal performance under field conditions.
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