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Abstract

The fungus Macrophomina phaseolina, the causal agent of charcoal rot of common beans, damages the roots, stems, and
leaves of seedlings and plants and forms resistant structures, so that chemicals are not sufficient for disease control. Inte-
grated management systems associated with the use of biological control techniques are a sustainable alternative. Here we
collected 37 native bacterial isolates from the common bean rhizosphere and screened them for antagonistic activity against
M. phaseolina. Four isolates (BA97, BN17, BN20, and BR20) identified as Bacillus spp. showed antagonism in vitro against
M. phaseolina, inhibiting its growth by 62.5-85%. In an in planta antagonistic assay, isolate BN20 reduced disease severity
the most. Isolates BA97, BN17, BN20, and BR20 produced volatile compounds as a mechanism of antagonism. They also
produced indole acetic acid in vitro (1.98-3.87 pg/ml). These results suggest that seed bacterization with the rhizobacterial
isolates for field planting may be an effective means to reduce crop damage by M. phaseolina.

Keywords Biological control - Charcoal rot - Common bean - Macrophomina phaseolina

Introduction

Common bean (Phaseolus vulgaris L.) can be affected by a
variety of pathogenic organisms (Singh and Schwartz 2010),
including the fungus Macrophomina phaseolina (Tassi)
Goid. Worldwide, it parasitizes more than 500 plant species
(Kunwar et al. 1986) including several important crops such
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as common bean, soybean, sorghum, maize, alfalfa, and cot-
ton (Islam et al. 2012; Shrivastava et al. 2017). This fungus
is the causal agent of charcoal rot, a disease that can produce
significant yield losses in infested soils (Sabaté et al. 2017).
In common bean, charcoal rot can affect the root at any
growth stage of the plant (Kaur et al. 2012). Fungal diseases
in crop fields are controlled through integrated management
that includes monitoring and preventive control and chemi-
cal products when symptoms of infections occur (Lindsey
et al. 2020). However, the incorrect use of such products
can result in a minimal effect on the control of the pathogen,
a negative impact on the environment, a potential risk for
human health and an unnecessary cost to the grower (Bol-
zonella et al. 2019; Mendoza Canti and Ize Lema 2017).
Other options for prevention are thus needed, such as
resistant common bean varieties, seed treatments, crop rota-
tion, and water management (Radwan et al. 2014). Sustain-
able strategies are needed for more eco-friendly alternatives
to reduce the use of fertilizers and pesticides (Ab Rahman
et al. 2018; Sabaté et al. 2017; Shrivastava et al. 2017). Bio-
logical control by beneficial microorganisms is considered
a promising method for sustainable integrated management
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of diseases (Ab Rahman et al. 2018). For example, root-
associated and endophytic bacteria, known as plant growth-
promoting rhizobacteria (PGPR), can positively influence
plant growth (Ali et al. 2020; Etesami and Maheshwari
2018). These bacteria develop in the rhizosphere or on the
rhizoplane and on the surface and interior of root nodules
(Bhattacharyya and Jha 2012; Kloepper 1978). PGPRs can
also act as biocontrol agents against pathogens (Alijani et al.
2019).

In the present study, we isolated bacteria from the rhizo-
sphere and nodules of common bean plants and analyzed
their antagonistic potential against M. phaseolina in vitro
and in planta.

Materials and methods
Sampling and bacteria isolation

Ten soil samples were collected from different agricultural
crop fields in Guasave, Sinaloa, Mexico. The soil samples
were mixed and placed in 20-cm-diameter pots. Common
bean seeds (var. Azufrado Higuera) were sown in five pots
(five seeds per pot) and used as a trap culture. Pots were then
kept at 25 °C with 16 h light/8 h dark for 30 days. Plants
were then uprooted, and the roots were placed in 50 ml
polypropylene tubes containing 30 ml of 0.85% (w/v) ster-
ile saline solution to make serial dilutions. Dilutions were
spread onto Luria Bertani (LB) agar (Sigma-Aldrich, St.
Louis, MO, USA and incubated at 30 °C for 24 h until bac-
terial colonies were observed. Concurrently, and before roots
were placed in the 50 ml tubes, five nodules were removed
from each plant and disinfected in 95% (v/v) ethanol for
1 min, 3% (v/v) sodium hypochlorite for 3 min, then rinsed
three times with sterile distilled water. Each nodule was
placed in 50 pl of sterile distilled water in a 1.5 ml microcen-
trifuge tube and crushed aseptically. Subsequently, 100 pl
of nodule contents were streaked onto LB agar plates, and
plates were incubated at 30 °C for 24-48 h until bacterial
colonies were observed. Bacterial colonies were chosen
according to differences in colony morphology, then puri-
fied by single-colony streaking on LB plates and incubated
as described. They were maintained at—70 °C in LB broth
with 15% (v/v) glycerol (Daigle et al. 2002; Lakshmi et al.
2015; Patil 2014).

Phytopathogenic fungi

The M. phaseolina strain, kindly provided by the Unidad
Tecnoldgica Fitosanitaria Integral (UTEFI-SAGARPA), was
isolated from common bean plants with charcoal rot symp-
toms from a common bean field located in the El Fuerte
Valley, Sinaloa, Mexico, and stored frozen (—70 °C) as a
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stock in 15% (v/v) glycerol. The strain was previously char-
acterized as a pathogen for common bean plants according
to Koch’s postulates.

Fusarium verticillioides, F. oxysporum f. sp. radicis-
lycopersici, Rhizoctonia solani, and Sclerotium rolfsii were
isolated from different plant species (maize, tomato, and
common bean, respectively) in local agricultural fields by
our work group, but are all considered potential common
bean pathogens (Paparu et al. 2020; Sanchez-Garcia et al.
2017). They were stored frozen (— 70 °C) as a stock in 15%
(v/v) glycerol.

Hemolysis test

For this initial screen to eliminate any bacterial strains that
can be potentially harmful to human health, an individual
bacterial colony from each isolate was grown in LB broth
at 30 °C and 250 rpm for 24 h. Cultures were centrifuged
at 13,000 rpm for 5 min, then 100 pl of a bacterial culture
was added to a 5-mm-diameter well in a blood agar plate
and incubated at 37 °C for 24 h. Isolates that removed the
color from the blood agar around the wells were designated
as hemolytic bacteria; isolates that did not change the color
of the blood agar around the wells were designated as non-
hemolytic bacteria. The experiments were performed with
six replicates per isolate (Forbes et al. 2002).

Antagonistic activity assay

The bacteria were tested for antagonism against M. pha-
seolina using a dual culture technique (Paneerselvam et al.
2012) with modifications. Briefly, a mycelial plug (5 mm in
diameter) from the edge of a 7-day-old colony of M. pha-
seolina on potato dextrose agar (PDA) (Difco, Lawrence,
KS, USA) was placed in the center of a 90-mm-diameter
Petri dish containing. A bacterial isolate was spotted at four
equidistant locations 2 cm from the mycelial plug, and plates
were incubated at 28 °C for 3-5 days. When the mycelial
diameter on the control plates (without bacteria) was 4 cm,
the radius of the fungal colonies on the test plates was meas-
ured. Percentage of inhibition (P1%) was calculated as

P1% = [(C - T)/(C)] x 100, 1)

where C is the radius of the fungus in the control plate and
T is the radius of the fungus in the presence of the bacte-
rial isolates (Paneerselvam et al. 2012). Experiments were
performed twice, with four replicates per bacterial isolate.
Isolates that inhibited the pathogen > 50% were selected for
further testing. Four selected isolates were then evaluated
in vitro using the same dual culture technique described in
this section for antagonistic potential against four potential
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common bean phytopathogenic fungi: F. verticillioides, F.
oxysporum f. sp. radicis-lycopersici, R. solani, and S. rolfsii.

Volatile compounds assay

Two-compartment agar plates were set up with LB agar in
one section and PDA in the other (Fernando et al. 2005). A
bacterial isolate was streaked on the LB agar, then a myce-
lial plug (5 mm in diameter) of M. phaseolina was placed
on the PDA. Plates were then sealed and incubated at 28 °C
for 3-5 days. When the control mycelial growth was 4 cm
in diameter, the radius of the mycelial colony was measured
to calculate PI% (Eq. 1). The experiments were done twice,
with three replicate plates per bacterial isolate.

Phosphate solubilization assay

The bacterial isolates were incubated in 5 ml of LB broth
for 18 h at 30 °C and 200 rpm, then 1 ml of each culture
was centrifuged three times at 16,000xg for 10 min to
obtain a supernatant. Then 50 ul of the supernatant for an
isolate was placed in each of three 5-mm-diameter wells
in a Pikovskaya’s agar plate [dextrose 10 g; Ca;(PO,), 5 g;
yeast extract 0.5 g; (NH,),SO, 0.5 g; KC1 0.2 g; MgSO,
7H,0 0.1 g; FeSO, 7H,0 0.0001 g; MnSO, 0.0001 g; agar
15 g; distilled water 1 1]. The Petri dishes were incubated
for 8 days at room temperature (25 +2 °C). Isolates with a
clear halo in the medium around the well were selected as
phosphate-solubilizers (Pikovskaya 1948). The experiments
were performed with six replicates per isolate (2 plates/iso-
late, 3 wells/plate).

Siderophore plate assay

One hundred microliters of a bacterial culture was added
to a 5S-mm-diameter well in a chrome azurol S (CAS) agar
plate (Schwyn and Neiland 1987) and incubated at room
temperature (25 +2 °C) in the dark for 16 days. Isolates that
turned the blue CAS agar around the wells to a transparent
orange or yellow color were designated as siderophore pro-
ducers. The experiments were performed with six replicates
per isolate (2 plates/isolate, 3 wells/plate).

Indole-acetic acid (IAA) production

For an TAA colorimetric analysis, an individual bacterial
colony from each isolate was grown in LB broth at 30 °C
and 200 rpm for 24 h. Cultures were centrifuged at 16,000xg
for 10 min, then 100 pl of the bacterial supernatant was
removed, and 100 pl of Salkowski’s reagent [(FeCl; 0.5 M,
HCIO, 35% (v/v)] was added. The mixture was incubated
for 30 min at room temperature (25 +2 °C) in the dark.
IAA was quantified by spectrophotometry at 530 nm, and

concentrations were calculated from an indole-3-acetic acid
(Sigma-Aldrich, St. Louis, MO, USA) standard curve (Gor-
don and Weber 1951). The experiments were performed with
three colony replicates per bacterial isolate.

Disease severity assessment

To evaluate disease severity caused by M. phaseolina on
bean, we planted one common bean seed (var. Azufrado
Higuera) in each of 70 polystyrene pots (355 cm?, 20 cm
diameter) containing a sterile vermiculite—sand mix (1:1).
Ten pots of soil received 1 ml of sterile distilled water for
the absolute controls, and 60 received 1 ml of a suspension
of microsclerotia and hyphal fragments (3.4 x 10* CFU/ml).
The pots were placed on steel shelves and kept in a growth
room (12 m?) at 25 °C under a 16 h light:8 h dark photo-
period for 8 days.

We rated the severity of charcoal rot in common bean
plants 8 days after inoculation with M. phaseolina using
a scale of 0 to 5: 0=no damage; 1 =minor chlorosis and
necrotic lesions on cotyledons; 2 =necrosis on cotyledons,
stem base, and roots, and seedlings with two true leaves (in
some cases deformed); 3 =cotyledons completely necrotic,
with necrosis nearing the stem, small leaves and shorter
plants compared to levels 1 and 2; 4 =seedlings without
leaves, cotyledons and stems necrotic; 5 =seeds not germi-
nated or stems short, roots completely necrotic, and in some
cases, microsclerotia present (Fig. S1a—f).

In planta assays of bacterial antagonism of M.
phaseolina

Common bean seeds were surface-disinfected by soaking in
a 1% (w/v) NaOCl solution for 3—6 min, then rinsed six times
in sterile distilled water and allowed to dry at room tempera-
ture before inoculation (Somasegaran and Hoben 1994). To
produce the bacterial inoculum, we started a fresh culture
of each strain using the frozen glycerol stock (— 70 °C): one
colony was placed in an assay tube with 5 ml of LB broth
and grown on an orbital shaker at 200 rpm and 30 °C for
18 h. A 500-ml Erlenmeyer flask containing 100 ml of LB
medium was then inoculated with 1 ml of this culture (1%
v/v) and incubated at 30 °C and 200 rpm for 14 h. To pro-
duce the fungal inoculum, we subcultured M. phaseolina
in Petri dishes for 7-10 days, then flooded the dishes with
sterile distilled water and agitated the surface with a sterile
glass rod to obtain a suspension of microsclerotia and hyphal
fragments, estimating the CFUs by dilution on PDA. Then
1 ml of the bacterial suspension (1 X 10 CFU/ml) and 1 ml
of the fungal suspension (3.4 x 10> CFU/ml) were poured
onto the seeds. The treated seeds were sown in pots contain-
ing sterile vermiculite/sand substrate (1:1, v/v). Two con-
trol treatments were included: an absolute control, in which
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the seeds were treated in the same way with LB broth; and
a pathogen control, in which seeds were treated only with
M. phaseolina. The trial was done twice in a completely
randomized design, with five replicates per treatment in a
growth room at 25 °C with 16 h light/8 h dark for 8 days.
Each pot received 15-20 ml of sterile distilled water every
48 h. Disease incidence (/) was calculated using Eq. 2 (Eke
et al. 2016).

No. infected plants

I(%) = 100. )

Total no. plants

The disease index (DI) was calculated based on the dis-
ease severity index (described above) using Eq. 3 (Eke et al.
2016).

DI(%) =

2@ o0, @)
AK
where ais the number of plants with the same disease sever-
ity scale, bis the disease severity scale, A is thetotal number
of plants, and Kis the highest disease severity scale.
The biocontrol effect (BE%) was calculated using Eq. 4
(Chen et al. 2010).

DIP — DIB
—X

BE (%) = =5

100, )
where DIP is the disease index for the pathogen control and
DIB is the disease index for the bacterial treatment plus
fungal inoculation. In addition, shoot and root length were
measured, and plant fresh mass was recorded.

Molecular identification

The bacterial isolates were identified by sequencing the 16S
rRNA gene. The isolates were grown in LB broth for 18 h at
200 rpm and 30 °C. Genomic DNA was extracted using the
DNA-zol kit (Thermo Fisher Scientific, Carlsbad, CA, USA),
according to the manufacturer’s recommendations. The 16S
rDNA gene was amplified by polymerase chain reaction
(PCR) using oligonucleotides F,C (5'-AGAGTTTGATCA
TGGCTC-3') and C (5'- ACGGGCGGTGTGTAC-3’) (Shi
et al. 1997), which amplify a region of ~ 1400 bp. The PCR
mix contained 1 pl (50-100 ng) of DNA, 1 X of reaction
buffer, I mM of MgCl,, 0.5 mM of each oligonucleotide,
500 pM of deoxynucleotide triphosphate (ANTPs) and 0.5
U of Taq DNA polymerase (Invitrogen, Carlsbad, CA, USA)
in a total volume of 25 pl. The PCR was performed using a
MyCycler thermal cycler (BioRad; Hercules, CA, USA) with
one cycle of 95 °C for 4 min; 30 cycles at 95 °C for 1 min,
60 °C for 1 min and 72 °C for 2 min; and a final extension at
72 °C for 5 min. The PCR products were electrophoretically
separated in agarose (0.8%, w/v) in 0.5 X Tris—acetate-EDTA
(TAE) buffer and visualized with UV light after ethidium
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bromide staining. The PCR products were sequenced in both
directions using an ABI 3730XL sequencer (Applied Bio-
systems, Foster City, CA, USA) at the National Genomic
Laboratory (Langebio, CINVESTAV-Irapuato, Mexico).
The sequences were edited using BioEdit, version 7.0.5.3
and compared with the NCBI database using the BLASTn
platform and the megablast algorithm.

For identifying M. phaseolina, the ITS region was
amplified with the oligonucleotides ITS-1 (5’-TCC GTA
GGT GAA CCT GCG G-3') and ITS-4 (5'-TCC TCC GCT
TAT TGA TAT GC-3'), which amplify a region of ~600 bp
(White et al. 1990). The thermocyling program consisted of
one cycle of 4 min at 95 °C; 34 cycles of 1 min denaturation
at 95 °C, 1 min at 55 °C, and 2 min at 72 °C; and a final step
at4 °C for 5 min.

For phylogenetic analysis of the bacterial isolates,
multiple sequence alignments were performed using the
CLUSTAL W software (Larkin et al. 2007). A phylogenetic
tree based on the 16S rRNA sequence was constructed in
MEGA X (Kumar et al. 2018) using the maximum likeli-
hood method and the Kimura two-parameter model (Kimura
1980), with starting values based on 1000 repetitions. The
16S rRNA sequences of the four bacterial isolates (BA97,
BN17, BN20, and BR20) and reference strains of the clos-
est genera were included, and Streptomyces sp., Escherichia
coli, Rhizobium leguminosarum and Pseudomonas sp. were
used as outgroups.

Statistical analyses

All data were analyzed using SPSS software (IBM SPSS
Statistics for Windows, version 25.0. IBM, Armonk, NY,
USA). The data obtained from in vitro antifungal assays, vol-
atile compounds and biochemical assays were analyzed by
one-way ANOVA and Tukey’s test. The data from in planta
antagonism tests were analyzed using the Kruskal-Wallis
test and Dunn’s procedure with Bonferroni’s correction. Sig-
nificance was evaluated using a < 0.05 in all tests.

Results

Isolation and selection of antagonistic bacteria,
in vitro assays of antagonism

Of the 243 isolates obtained from roots and nodules and
screened in the hemolysis assay, 37 isolates were non-
hemolytic and tested further for antagonism against M. pha-
seolina. Six of the 37 isolates inhibited the growth of M.
phaseolina by 55-85% (Table 1); the four best antagonists
comprised two rhizospheric isolates (BA97 and BR20) and
two isolates from nodules (BN20 and BN17), which inhib-
ited radial growth of the fungus by 85-62.5% compared to
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Table 1 Effect of 37 bacterial isolates on mycelial growth of Mac-
rophomina phaseolina in vitro

Isolate Inhibition Isolate Inhibition Isolate Inhibition (%)
(%)* (%)
BA14 0 BA103 0 BRI5 0
BA35 0 BA104 0 BR20 62.5
BA48 0 BA105 0 BR41 0
BA89 0 BA106 0 BR52 35.0
BA90 0 BA108 0 BR53 235
BA91 0 BA109 0 BR56 45.0
BA92 0 BA110 0 BR95 0
BA93 55 BA111 0 BN2 0
BA94 0 BN13 35 BN3 350
BA95 0 BN14 0 BN5 0
BA97 85 BN16 0 BN8  30.0
BA100 60 BN17 85
BA101 0 BN20 80.0

#Inhibition %=[(C—T)/C]x 100, where C=radius of mycelium in
the control, T=radius of mycelium in the presence of the bacterium

the fungus with no bacteria (Fig. 1a, b; Table 2). Addition-
ally, the selected isolates did not inhibit mycelial growth of
the four other fungi as effectively as they did M. phaseolina;
inhibition percentages ranged from O to 52%, depending on
the fungus (Table 2).

In planta assays

In the in planta assays using seeds inoculated with iso-
lates BA97, BN17, BN20, and BR20 and the fungus or
the fungus alone, BA97 and BN17 had positive effects on
plant root length, whereas BN20 had a positive effect on
root fresh mass and root and shoot length, as compared to
the Mp treatment. Nevertheless, the increase in plant root
and shoot length was similar to the control plants without
treatment. Plants treated with BR20 did not differ signifi-
cantly from the Mp control plants (Table 3); thus, BR20
did not provide any disease control. For plants inoculated
with isolates BA97, BN17, and BR20, the disease index
(DI) >50% (54.4-68.6%) and biocontrol effect (BE%) <50%
(11.1-14.8%). Isolate BN20 gave the highest control over the
pathogen; the DI% was 34.3% and BE was 55.5% (Table 3).

Assays for volatile compounds, phosphate
solubilization, siderophores, and IAA

The four selected bacterial isolates produced inhibitory vola-
tile compounds in the in vitro antagonistic assays; mycelial
diameters were inhibited between 37.5 and 75% (Table 4).
On the other hand, none of the four isolates solubilized
phosphate or produced siderophores. The isolates produced
between 1.98 and 3.87 pg/ml indole acetic acid (Table 4).

(a)

Radius of mycelium (cm)
-
1

BN17
Isolate

BN20  BR20

Mp  BA97

Fig. 1 Inhibitory effect of bacterial isolates BA97, BN17, BN20, and
BR20 against Macrophomina phaseolina (Mp) in vitro. a Assay of
selected isolates after 5 days. A mycelial plug is in the center of the
PDA; four bacterial colonies are at the outer edge. b Radius of myce-
lium after 5 days in the assay shown in (a). Error bars at the top of
histobars are standard deviation of the mean. Different letters indicate
significant differences between isolates (P <0.05)

Identification of the selected isolates

The PCR of the 16S rDNA regions from the BN20, BA97,
BN17, and BR20 isolates yielded products of 1242—-1297 bp.
Based on comparison of the sequences with the NCBI
GenBank database, all isolates are members of the genus
Bacillus. Tsolates BA97 and BR20 shared high identity
(99.06-99.72%) with Bacillus sp. and B. cereus (100% cov-
erage, E-value =0.0). Isolate BN17 had the highest identity
(96.83%) with B. aryabhattai and B. megaterium (100% cov-
erage, E-value =0.0), isolate BN20 had 95.94-96.00% iden-
tity with B. aryabhattai (99—100% coverage, E-value =0.0).
All sequences were deposited in the GenBank database
(accessions MW269582-MW269585).

In the phylogenetic analysis of several Bacillus spe-
cies, isolates BA97 and BR20 clustered with B. cereus, and
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Table 2 In vitro antifungal activity of bacterial isolates against Macrophomina phaseolina and other common bean fungal pathogens

Sclerotium rolfsii

Rhizoctonia sp.

F. oxysporum f. sp. lycopersici

Fusarium verticillioides

M. phaseolina

Isolate

Inhibition (%)

Inhibition (%) Colony diameter Inhibition (%) Colony diameter

Inhibition (%) Colony diameter

Inhibition (%) Radial growth

Colony diameter

(cm)

(cm)

(cm)

(cm)

(cm)

2.00+0.00* 2.00+0.00* 2.00+0.00° 2.00+0.00

0.36+0.07 ¢

Control 2.00+0.00*

2.00+0.00*

30.0

1.18+0.01°

1.41+0.08°

40.0

85.00 0.96+0.09° 52.0 1.20+0.14°

85.00
80.00

62.50

BA97

2.00+0.00*

26.5

1.34+0.17°

41.5

1.20+0.07°

1.18+0.08"

46.5

1.04+0.05

1.08+0.07°

0.32+0.15°¢

BN17

44.5
0

1.11+0.08"
2.00+0.00

35.0

40.0

1.23+0.04°

48.5

1.06+0.07°

0.41+0.08 ¢

BN20

30.5

1.40+0.10°

39.0

47.0

0.80+0.16°

BR20

Control plate was inoculated only with the fungus. Different letters after means within a column indicate a significant difference between bacterial isolates (P <0.05)

isolates BN17 and BN20 clustered with B. megaterium and
B. aryabhattai (Fig. 2).

The PCR of the ITS rDNA region of the phytopatho-
genic fungus yielded a 505-bp product. Comparison of the
sequence with the GenBank database, confrmed that the fun-
gal isolate is M. phaseolina (99.8% identity, 100% coverage,
E-value =0.00). The sequence was deposited in GenBank as
accession MW559069.

Discussion

In our study, four of 37 non-hemolytic bacterial isolates
inhibited mycelial growth of M. phaseolina in vitro and
enabled infected plants to grow as well as the control plants
without the fungus. These four Bacillus sp. isolated showed
potential effectiveness in controlling four other phytopatho-
genic fungi in vitro. Species of Bacillus are among the most
frequently used biological agents to control phytopathogens
(Fira et al. 2018), and they are widely distributed and well
adapted to soil environments (Liu et al. 2019). They can also
be found in root nodules as reported by Ferreira et al. (2020),
who identified a broad diversity of bacterial genera such as
Bacillus, Paenibacillus, Burkholderia, and Pseudomonas
that cohabit nodules of common bean, cowpea bean (Vigna
unguiculata), and siratro (Macroptilium atropurpureum).
Even though we isolated BN17 and BN20 from nodules in
this study, we still need to demonstrate the endophytic origin
of these bacteria. Bacillus species are. In particular, they
have diverse strategies to control plant fungal pathogens,
such as the production of extracellular antibiotics and lytic
enzymes and release of volatile organic compounds (Abdel-
moteleb et al. 2017; Khan et al. 2018). Abdelmoteleb et al.
(2017) reported that Bacillus subtilis produced antibiotics
and hydrolytic enzymes that provided a broad spectrum
of antifungal activities against the phytopathogenic fungi
Alternaria alternata, Macrophomina sp., and Colletotrichum
gloeosporioides. In our two-compartment assays to test for
the production of volatile compounds, exposure to volatiles
produced by the four best antagonistic isolates significantly
inhibited (37.5-75%) the development of the phytopatho-
genic fungus. This inhibition is greater than that obtained
by Gacitda et al. (2009), who reported a growth reduction
of M. phaseolina of 4-44% by volatile compounds produced
by B. stearothermophilus strain TM 008 and B. amylolique-
faciens strain VIII 016. Volatile compounds are secondary
metabolites that can alter the structure of hyphae and reduce
their growth and eliminate the production of sclerotia (Ab
Rahman et al. 2018; Sridharan et al. 2020). More studies are
needed to identify the type of volatile and diffusible metabo-
lites produced by the bacterial strains that we isolated.
Bacteria can promote plant growth by enhancing the
absorption of nutrients such as P and producing IAA and
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Table 3 Effect of bacterial isolates BA97, BN17, BN20, and BR20 on charcoal rot disease and seedling development in common bean

Treatment Shoot length (cm) Root length (cm) Seedling fresh mass (g) Root fresh mass (g) DI (%) BE (%)
Control 9.74 +1.26 20.80+1.94% 2.587+0.220° 1.334+0.260° - -
Mp+BA97 7.02+0.27% 23.30+4.29* 2.093 +0.267% 0.888 +0.386™ 54.42 33.30
Mp+BN17 7.40+1.77% 19.12+5.53* 1.402 +0.525° 0.533+£0.217% 68.57 11.11
Mp+BN20 9.64+2.04% 24.14+2.36* 2.037 +0.520® 1.077£0.412% 34.28 55.50
Mp +BR20 7.18£1.95% 14.30 +£6.37% 1.513+0.789° 0.720+0.599% 65.71 14.81
Mp 4.92+2.47° 5.50+5.81° 1.381+0.295° 0.209+0.213° 77.14 -
Control =seedlings without Macrophomina phaseolina or bacteria, Mp=M. phaseolina. Disease severity index, DI(%) = Z@) 100 where

AK

a=number of plants with the same severity rating, b =severity rating, A =total number of analyzed plants, K =highest severity rating. Biocontrol
effect, BE (%) = % X 100, where DIP =disease severity index in the control with pathogen only, DIB =disease severity index with bacte-
rial treatment. Different letters after means within a column indicate a significant difference between isolates (P <0.05)

Table 4 Inhibitory effect of volatile compounds (VOCs) and amount
of indolacetic acid (IAA) produced by bacterial isolates BA97, BN17,
BN20, and BR20

Isolate Inhibition (%) TAA (pg/ml)
Control 0° 0°

BA97 75.0+0.0° 2.16°

BN17 55.0+0.0° 3.87°

BN20 62.5+0.5" 2.67°

BR20 37.5+0.5¢ 1.98¢

Controls: Plates for VOC tests contained only Macrophomina phase-
olina; tubes for IAA production contained only culture medium with-
out bacteria. Different letters after values within a column indicate
significant differences between isolates (P <0.05)

siderophores and indirectly help control fungal diseases
(Alijjani et al. 2019; Rodriguez et al. 2019). IAA, the most
commonly produced auxin by several endophytic and rhizos-
pheric bacteria, stimulates cell division, cell and tissue
differentiation, cell elongation, and lateral root formation
(Bhutani et al. 2018). In our study, we demonstrated that
the four selected isolates produced IAA (1.98-3.87 pg/ml),
similar to seven Bacillus isolates from maize that Zahid et al.
(2015) found produced IAA (0.9-5.39 pg/ml) and promoted
plant growth. These findings suggest that the bacterial iso-
lates might protect the plant against the pathogen indirectly,
through the promotion of root development. However, fur-
ther study is required to confirm this hypothesis.

Optimum VOCs and IAA concentrations are required
for these compounds to be effective in promoting growth
and inhibiting pathogens (Campos et al. 2010; Ogwu 2018),
but the biosynthesis of VOCs and IAA by bacteria varies
depending on the environmental conditions (Nieto-Jacobo
et al. 2017). In the present study, four Bacillus strains
inhibited mycelial growth of M. phaseolina by VOCs and

produced different quantities of IAA in vitro. However, the
relationship between the production of these compounds
and the biocontrol effect on charcoal rot of common bean
in growth room experiments was unclear. Although BA97
reduced mycelial growth of M. phaseolina the most in the
VOC assay and BN17 produced the most IAA, BN20 was
the most effective at controlling charcoal rot in planta. This
observation suggests that either the type of VOCs produced
in vitro and in planta are not the same or that additional
mechanisms not evaluated in this study are present in the
interaction of the bacteria with the fungus and the plant.
In fact, bacteria that are highly antagonistic in vitro do not
necessarily have the same effectiveness when tested in the
plant host or field (Egamberdiyeva 2007; Fan et al. 2012).
Additional research is needed to identify and quantify the
VOCs and TAA synthesized by Bacillus isolates BA97,
BR20, BN17, and BN20 in growth room assays and deter-
mine the bacterial mechanisms that affect pathogen growth
and establishment during its interaction with common bean
plants.

In summary, our study of the in vitro and in planta con-
trol of M. phaseolina by Bacillus sp. BN20 isolate provides
evidence that this control might be due to the production of
diffusible and volatile compounds. To our knowledge, no
disease index had yet been developed to assess the sever-
ity of charcoal rot disease for the conditions of our tests;
therefore, we developed a scale of disease severity and used
it to show that seed bacterization with isolate BN20 reduces
charcoal severity and enhances the biocontrol efficacy in
growth room tests of plants grown from the treated seeds.
Our results indicate that seed bacterization with these rhizo-
bacterial isolates may be an effective way to reduce crop
damage by M. phaseolina in common bean fields. Studies
are now needed to determine the efficacy of the selected
isolates as seed treatments in the field.

@ Springer
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Fig.2 Maximum likelihood tree
based on 16S rDNA sequences
of Bacillus sp. and isolates
BA97, BR20, BN20, and BN17.
The tree was constructed with
MEGA X. Bootstrap percent-
ages were calculated using

1000 replicates and the Kimura
2-parameter model and six

gamma categories to model 85

Baciflus cereus (MT065770.1)
Baciflus cereus (MT427643.1)
Bacillus sp. (MH191109.1)
Baciflus sp. (EU070379.1)
|BA97

Baciflus cereus (KU522189.1)

96

the among-site rate variation.
Streptomyces sp., Escherichia
coli, Rhizobium leguminosarum,
and Pseudomonas sp. were used
as outgroups. Bootstrap percent-
ages are shown at the branches.
The scale bar (0.050) indicates
the number of nucleotide substi-
tutions per site

100

92

56

Baciflus cereus (EU239115.1)

L BR20
L__ Bacillus thuringiensis (KC414686.1)

Bacifius megaterium (MN826585.1)
Bacillus megaterium (MK307786.1)
aciflus aryabhattai (MN515105.1)

aciflus megaterium (MF977353.1)
aciflus megaterium (MF802485.1)
acillus aryabhattai (MN062928.1)

aciflus megaterium (KY029077.1)

BN20
L BN17
Streptomyces sp. (KC814697.1)

100

Escherichia coli O157:H7 (KX984112.1)

Rhizobium lequminosarum (KF662889.2)
Pseudomonas sp. (KR856235.1)

0050
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