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Abstract: Decline disease associated with Fusarium fungus is serious damage to black pepper
and other crops. Biocontrol using rhizosphere bacteria is a sustainable and eco-friendly solution to
manage this disease. From the collection, 44 isolates were screened Fusarium antagonistic
acitivity. The results showed that Fusarium mycelium growth inhibition activity ranged from
12.50 to 66.25 %, and six potent isolates were selected to evaluate the Fusarium antagonistic
activity on black pepper seedlings in the greenhouse. These rhizobacterial isolates significantly
affected the growth and the rate of Fusarium disease of the seedlings in the greenhouse. The re-
sults found the most potential isolate to be Bacillus subtilis RB.CJ41. Furthermore, the Fusarium
antagonistic activity of RB.CJ41 was investigated by hydrolysis enzymes and chemical com-
pounds by GC/MS method. It found that chitinase, protease, and beta-glucanase contributed to
almost the inhibition. Nineteen major volatile compounds were detected and identified by the
GC/MS method. Some volatile compounds produced by RB.CJ41 are antifungal compounds
derivatized from Benzoic acid, Triazole, Bromoacetyl, Pyrazole, and Acetamide. Since the
Fusarium antagonistic activity, the Bacillus subtilis RB.CJ41 is a promising bacterial strain to
apply for the sustainable production of black pepper.
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1. INTRODUCTION

Fusarium is a large genus of filamentous fungi, widely distributed in soil and associated with
plant pathogens. The Fusarium diseases are the most common for many crops, such as barley,
tomato, potato, chili, banana, coffee, black pepper, etc. Some the Fusarium species may synthe-
size mycotoxins harm to the health of humans and livestock [1 - 5]. Therefore, they have a con-


mailto:nadzung@ttn.edu.vn

Mai Huong Le, Anh Dzung Nguyen, et al.

siderable economic impact on all countries' agriculture, food security, food industry, and human
health. The Fusarium diseases are a significant impediment to food plant production and are very
difficult to control, especially soil-borne diseases caused by F. oxysporum, and Fusarium solani [5
- 10].

Black pepper (Piper nigrum L.) is one of the most important spices in the world and is cul-
tivated in tropical countries such as India, Viet Nam, Malaysia, Sri Lanka, Indonesia, etc. Of these,
Viet Nam is one of the largest producers and exporters of black pepper, producing around 250,000
- 280,000 tons annually, contributing to nearly 40 % of black pepper productivity in the world
market [11]. However, the production of black pepper in Viet Nam has faced serious diseases such
as quick wilt and slow decline. Quick wilt and yellowing (slow decline) diseases are serious lim-
itations to black pepper cultivation, resulting in yield reduction and a large area of black pepper
loss [12 - 15]. The infection combination of Fusarium and Meloidogyne sp. is the main cause of
the yellowing disease [14]. Nowadays, using chemical fungicides is the most common approach
for the disease management of black pepper. However, this way harms the farmer's health and the
sustainable environment and reduces product quality due to toxicity pollution. Thus, controlling
the diseases is one of black pepper production's most prominent challenges [12, 14].

Biological control has been a component of an integrated pest management strategy that is a
more sustainable approach to managing agricultural pests and diseases of crops such as chili, lettuce,
tomato, coffee, etc. [16 - 23]. In the disease management of black pepper, endophytic and rhizosphere
microorganisms are widely applied to prevent damage caused by quick wilt and yellowing diseases.
Endophytic bacteria and rhizobacteria could suppress the pathogenic fungi and nematodes and possess
bioactivities such as nitrogen fixation, IAA biosynthesis, and phosphate solubilization, promoting the
growth of crops. In addition, endophytic and rhizosphere bacteria may produce extracellular enzymes
(chitinases, proteases, and glucanases) and chemical compounds (volatile substances and antibiotics)
against pathogenic fungi and nematodes [24 - 29]. However, almost previous studies have focused on
using biocontrol to manage Phytophthora and Meloidogyne nematodes for black pepper. This study
aims to isolate and screen Fusarium antagonistic rhizobacteria from random farms in the Central
Highland and then find out the mechanism of their antagonism against the Fusarium fungus.

2. MATERIALS AND METHODS
2.1. Materials

A collection of 269 rhizobacteria isolates, Fungus Fusarium oxysporium F.TNUO02
(LC707983) were isolated from diseased roots of black pepper kept in Institute of Biotechnology
and Environment, Tay Nguyen University (TNU). The black pepper seedlings were Vinh Linh
variety used for bioassay in the green house.

2.2. Methods
2.2.1. In Vitro Fusarium Antagonism by the Rhizobacteria

In vitro, the Fusarium antagonism was tested following the method described by Ngo et al.
[26]. The tests were conducted on PDA plates in triplicates. The plates were incubated at 28 °C for
5 days. The antagonistic activity was evaluated by comparing mycelium growth in the control and

the treatment groups. The radial growth of fungal mycelium was measured, and the percentage of
growth inhibition was calculated as follows:
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Rate of mycelium growth inhibition (%) = [(D1 — D2)]/D1] x 100

where D1 = diameter of the fungus mycelium grown on the control disk (cm) and D2 = diameter of
the fungus mycelium grown on the treated bacteria disk (cm).

2.2.2. Bioassay in the Greenhouse

Six potent rhizobacteria selected from in vitro and in vivo tests were used for Fusarium an-
tagonistic activity in the greenhouse. The rhizobacteria were cultivated in LB medium for 72 h at
25 °C with a shaking speed of 150 rpm, and adjusted to 10’ CFU/mL. The evaluation of the
Fusarium antagonism by the rhizobacteria was conducted in a greenhouse in conditions: humidity
of 80 %, temperature of 25 - 30 °C, and light intensity of 2000 - 3000 Ix. The six potent rhizo-
bacteria and two control groups were used for this experiment. The experiment had 8 plots in
triplicates under randomized complete block design (RCBD). The seedlings were planted in
sterilized artificial compost pots and irrigated with 10 mL bacterial suspension (10" CFU/mL)
except for negative and positive control. After three months, the soil and roots were collected from
the pots of the experiment in the greenhouse. 10g soil was ground and put into 90 mL WA medium
(0.1 g agar in 1 L water). Then, it was diluted to 10% 10°. After that, 1 mL of the soil suspension
was inoculated on PPA medium (15 g peptone, 1 g KH,PO,, 0.5 g MgS0,.7H,0, 1 g tetracycline
chloride, 1 g streptomycin sulfate, 0.12 g neomycin sulfate, 1 L water, pH:6.0) for 5 d at room
temperature. The Fusarium colony was identified by the key (N0.632.4/S459) described by Sei-
fert [30]. The growth data on the black pepper seedlings, rate of Fusarium infection roots, and rate
of fatality were also observed; mean values were calculated from six plants.

2.2.3. Biosynthesis of enzymes by strain RB.CJ41 and antagonistic action against Fusarium
oxysporium F.TNU02

The strain RB.CJ41 was grown in LB medium supplemented with 1% casein (1), or 1 %
chitin (2), or 0.1 % B-glucan (3), or 10" spores of Fusarium oxysporium F.TNUO2 (4) as inducers
to promote the production of protease, chitinase, or p-glucanase. And a control had only
RB.CJ41 in LB medium (5). The strain was cultivated at 30 °C for 5 d and 150 rpm. Then, the
culture was centrifuged at 13,000 x g and 4 °C for 5 min to remove the bacterial biomass and
collect the supernatant used as crude enzymes. The activity of protease, chitinase, and -glucanase
was determined as following procedures:

- Chitinase assay: The cells were separated by centrifugation at 13,000 x g and 4 °C for 5
min. The supernatant was used to measure the chitinase activity by Imoto method [31].

- Protease assay: The rhizobacteria were grown in LB medium and added 1 % casein for 5 d,
at 37 °C with a shaking speed of 150 rpm. After that, the culture was centrifuged at 13,000 x g and
4 °C for 5 min. Anson's methods used the supernatant as crude protease [32].

- S - glucanase assay: The rhizobacteria were cultured in LB medium supplemented with
0.1 % B-glucan at 37 °C, 200 rpm for 4 d. After that, the culture was centrifuged at 13,000 x g,
and 4 °C for 5 min, and the supernatant was used as crude enzymes. Enzyme activity was meas-
ured by the reducing sugar produced, determined by the method described by Miller [33].

The fungus was grown on PDA medium and added to 0.5 mL of the supernatant as activated
crude enzymes or the crude enzymes were deactivated by boiling water for 15 min. Each test was
replicated on 5 plates. The rate of mycelium growth inhibition (%) was calculated in section 2.3.
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The correlation index R between the enzymatic activity and antagonistic activity against Fusarium
oxysporium F.TNUO2 was determined by SPSS 16.0 software.

2.2.4. PCR amplification, sequencing, and phylogenetic analysis of the 16S rRNA gene

The genomic DNA of each isolate was extracted and amplified by PCR. A nearly full-length
segment of 16S rRNA gene nucleotides was amplified in a 100 pL reaction tube using universal

primers 27f (5-AGAGTTTGATCMTGGCTCAG-3) and 1492r (5-TACGGYTACCTTGTT

ACGACTT-3). The 16S rRNA gene was amplified by iCycler thermal cycler (Bio-Rad, Hercules,
California, USA) with the schedule: 94 °C for 5 min, repeated in 30 cycles of denaturation at 95 °C
for 30 s, annealing at 55 °C for 30 s, and extension at 72 °C for 2 min. The amplified products were
then collected by electrophoresis on agarose gel (1.5 % w/v). The target bands in the agarose gel
were cut out and purified using a QIA quick PCR purification (Promega Co., USA). Sequencing
reactions were performed in a CEQ8000 Genetic Analysis System (Beckman Coulter Inc., USA)
using a CEQ Dye Terminator Cycle Sequencing Kit (Beckman Coulter Inc., USA). The sequences
(1300 - 1400 bps) were compared to known sequences in the DDBJ/Genbank/EMBL databases
using BLAST (https:// blast.ncbi.nIm.nih.gov/Blast.cgi) to determine the taxonomic positions of
the rhizobacteria isolates. A phylogenetic tree was built by MEGA version 6.0 software using
Kimura two-parameter method [34].

2.2.5. GS/MS analysis

The supernatant was purified by solid-phase extraction using the QUEChERS method. The
analysis procedure was conducted by GC (Thermo Trace GC Ultra, USA) and ITQ900 (Thermo,
USA). GC/MS was equipped with a TG-SQC capillary column (30 m x 0.25 mm % 0.25 um). A
carrier gas, Helium gas (99.999 %) was used at a constant flow rate of 1 mL/min, and 1uL of an
injection volume was employed (a split ratio of 10:1). The injector temperature was maintained at
250 °C, the ion-source temperature was also set 230 °C, the oven temperature was programmed to
70 °C (isothermal for 2 min), with an increase of 15 °C/min to 280 °C, ending with a 10 mins
isothermal at 280 °C. MS data were acquired at 70 eV, a scanning interval of 0.5 s, and fragments
from 50 to 650 Da. The compounds were identified using data from the Mass Spectra Library
(NIST 17.L and Wiley).

2.2.6. Data analysis

Statistical analysis was performed by one-way analysis of variance (ANOVA), followed by
Duncan’s multiple range tests using SAS 9.1 software. o < 0.05 was considered to be significant.

3. RESULTS AND DISCUSSION
3.1. In vitro Fusarium antagonistic activity by rhizobacteria

From the roots of samples collected from three provinces in the Central Highland, Viet Nam,
269 rhizobacteria were isolated and characterized the morphology of their colonies and cells. It
showed the diversity of rhizosphere bacteria of black pepper due to the diversity of soil, ecological
system, and plant varieties. The in vitro Fusarium antagonist activity screening tests were con-
ducted on the plates for 7 days, as shown in Fig. 1. The results (Table 1) showed that 44 isolates
among 269 isolates possessing antagonism against Fusarium fungus.
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Table 1. In vitro screening Fusarium antagonistic activity of the rhizobacteria isolates.

No. Isolates Fusarium mycelium No. Isolates Fusarium mycelium
growth inhibition (%) growth inhibition (%)

1 RB.DC6 12.50 + 0.07" 24 RB.BH14 12.50 + 0.04"
2 RB.DC16 43.75 £ 0.05° 25 RB.KN4 25.00 £ 0.03°
3 RB.CP5 17.50 £+ 0.17° 26 RB.KN5 23.75 £ 0.04°
4 RB.CP12 37.50 + 0.07" 27 RB.KN6 23.75 £ 0.04°
5 RB.CP15 26.25 + 0.01" 28 RB.KN9 23.75 £ 0.04°
6 RB.CP17 18.75 + 0.04' 29 RB.KN10 15.00 + 0.02'
7 RB.CS21 12.50 + 0.07" 30 RB.CJ1 15.00 + 0.01'
8 RB.CS33 12.50 + 0.05" 31 RB.CJ2 12.50 + 0.07"
9 RB.EK2 66.25 + 0.02° 32 RB.CJ3 12.50 + 0.06"
10 RB.EK3 17.50 + 0.00° 33 RB.CJ4 42.50 + 0.07°
11 RB.EK4 31.25 +0.03 34 RB.CJ10 12.50 + 0.01"
12 RB.EK5 35.00 + 0.01 35 RB.CJ12 41.25 + 0.06°
13 RB.EK6 31.25 +0.02 36 RB.CJ13 12.50 + 0.00"
14 RB.EK7 23.75 £ 0.00° 37 RB.CJ27 47.50 + 0.06°
15 RB.EK8 25.00 + 0.01° 38 RB.CJ32 15.00 + 0.00"
16 RB.EK9 40.83 + 0.01' 39 RB.CJ41 43.75+0.03°
17 RB.EK10 21.25 +0.02¢ 40 RB.DS1 35.00 + 0.09’
18 RB.EK11 30.00 + 0.01' 41 RB.DS22 12.50 + 0.00"
19 RB.EK12 18.75 £ 0.02" 42 RB.DS28 25.00 £ 0.07°
20 RB.EK13 36.25 + 0.00' 43 RB.DS32 23.75 £ 0.05°
21 RB.EK14 36.25 + 0.01' 44 RB.DL3 37.50 + 0.01"
22 RB.EK15 40.00 + 0.03° 45 Control 0.0
23 RB.EK17 27.50 +£ 0.03" - - -

P <0.01

CV% 0.41

The tests were conducted on PDA plates in triplicates. The plates were incubated at 28 °C for 5 d. The antagonism
activity was evaluated by comparing mycelium growth in the control and the treatment groups. The data were analyzed
via the simple variance (ANOVA) then Duncan’s multiple range test at p = 0.01 was evaluated. Values in the same
column with different letters are significantly different. CV - Coefficient of Variation.

Their values of Fusarium mycelium growth inhibition ranged from 12.50 to 66.25 %. The
highest activity was RB.EK2 isolate. From these results, there were six potential isolates selected
to be RB.EK2, RB.DC16, RB.CJ4, RB.CJ12, RB.CJ27 and RB.CJ41 isolate with activity from
41.25 10 66.25 % (Table 1). Compared to previous studies, our study's activity is the same as those
others, even though higher. Ann (2012) isolated rhizobacteria and evaluated the antagonism of
pathogenic fungi causing the diseases of black pepper. The in vitro Fusarium solani antagonistic
activity of six potent rhizobacteria was 15 % to 25 %, lower than in this study [12]. Kota et al.
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isolated seven bacterial strains from soil and seawater and evaluated Phytophthora and Fusarium
antagonistic activity in vitro. The Phytophthora and Fusarium solani cause quick wilt and slow
decline in black pepper in Malaysia. The results showed that Bacillus amyloquefaciens pp3 in-
hibited up to 50 % of the growth of Fusarium fungus [6]. Morsy et al. reported that Bacillus sp
could inhibit 34 % of the growth of Fusarium solani caused by wilt disease of tomato [21]. Wang
et al. showed Bacillus licheniformis CHM1 had an inhibition of 51.61 % against Fusarium
oxysporum [22]. In recent, Khalifa et al. isolated 17 Pseudomonas strains from the rhizosphere of
chickpea, and found that these rhizobacteria inhibited from 4.66 to 33.03 % of the growth of Fusarium
oxysporium causing wilt disease of chickpea plant [9].

3.2. Effect of the potential rhizobacteria on the growth of black pepper seedlings in the
green house

Usually, endophytic and rhizosphere microorganisms have multiple activities, such as pathogen
fungal antagonism, anti-bacteria, anti-nematodes, nitrogen fixation, IAA production, and phosphate
solubilization [17 - 24].

Table 2. Effect of the potential rhizobacteria on the growth of black pepper in greenhouse.

Treatments Diameter of the| Plant height | Fresh biomass | Leaf number/ Leaf area
shoot (mm) (cm/plant) (g/plant) Plant (cm?/plant)
RB.EK2+Fusarium  |3.17 +0.05® |55.57 +4.80% [17.24 +4.63" |11.67 +0.71* [36.12 + 4.51"
RB.DC16+Fusarium [3.17 + 0.05® |48.67 +7.12%® [15.95+2.50® |11.67 + 1.88° [38.25 + 4.91*
RB.CJ4+Fusarium  [3.30 +0.03° |53.27 +7.53" [18.17+2.39* |12.00 + 1.91° |40.12 +2.81*
RB.CJ12+Fusarium |3.30 + 0.06°  |52.27 + 10.54% [19.38 +3.35% |11.33 +1.23% [41.37 +2.72°
RB.CJ 27+Fusarium [3.03+0.24° |49.67 +6.15® [18.35+4.17* |12.33+0.45° [38.73 + 4,50®
RB.CJ 41+Fusarium [3.23+0.07® |54.63+6.46° [19.80+2.46° |12.33+1.42° [37.38+0.56®
Without Fusarium 3.17+0.14%" |52.97 +7.77% (17.24 +2.68%® |10.67 + 0.59" |40.07 + 4.34%
With Fusarium 3.10+0.11* |42.73+5.75° [12.69 +0.65" [8.67 +0.55" |36.13 +0.13"
CV% 3.59 13.74 16.17 11.45 8.21
P <0.01 <0.05 <0.05 <0.01 <0.05

A bioassay in the Greenhouse was conducted following the method presented in section 2.4. The data were analyzed
via the simple variance (ANOVA) then Duncan’s multiple range test at p = 0.01 was evaluated. Values in the same
column with different letters are significantly different. CV - Coefficient of Variation.

The impact of the rhizobacteria on the growth of black pepper was shown in Table 2. The
diameter of the shoot, plant height, fresh biomass, number of leaves, and leaf area of the black
pepper in the plots treated with the rhizobacteria was significantly higher than in the control (with
Fusarium or without Fusarium) at p < 0.05 and 0.01. Among the six isolates, the RB.EK2 and
RB.CJ41 showed better effects than the others because these isolates possess higher bioactivities.
The plant height and fresh biomass of the plots treated the RB.EK2 and RB.CJ41 were 27 - 56 %
higher than the control with the Fusarium and 3 - 17 % higher than those without the Fusarium.

The six potential rhizobacteria also strongly affected the growth of roots and the rate of root
disease (Table 3). The results showed that the length, weight, and number of roots in the treatment
were significantly higher than the control with Fusarium treatment. Although all plots treated the
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rhizobacteria and Fusarium, the roots' growth data were the same as the control without Fusarium
treatment at p < 0.05 and p < 0.01. In particular, the rate of root disease in control with Fusarium
was 8.23 %, whereas others were lower, only from 1.63 to 5.88 %. In the rhizobacteria group,
using RB.CJ41 isolate was 2.06 %, the lowest rate of root disease. It means that using
rhizobacteria not only promotes the plant's growth but also protects the roots from Fusarium
attack due to a decrease in the density of Fusarium in soil. The results (Table 3) indicated that the
density of Fusarium in the soil treated with the rhizobacteria was lower by approximately 10 times

than the control with Fusarium.

Table 3. Effect of rhizobacteria treatment on the growth and disease rate of the roots.

Treatments Length of root| Weight of root | Number of R-ate of root Fusarium (-103
(cm) (g/plant) roots/plant disease (%) CFU/qg soil)
RB.EK2+Fusarium |21.81+1.41%| 1.35+0.44® |8.00+1.54® | 3.42+0.004°° 0.83
RB.DC16+Fusarium|19.34 + 0.64™| 1.33+0.20° | 7.33+0.25% | 5.88+0.007"" 1.21
RB.CJ4+Fusarium |22.48 £2.62%| 1.39+0.38" | 8.00+0.43® | 4.10 £ 0.006° 0.91
RB.CJ12+Fusarium |21.45+1.00°| 1.34+0.17® | 10.00 £0.25* | 3.41+0.008°° 1.29
RB.CJ 27+Fusarium [21.23 + 1.74®| 1.39+0.99® |8.67+1.95® | 4.28+0.007™ 0.89
RB.CJ 41+Fusarium | 22.68 + 0.90* | 1.66 +0.26° | 9.67 £ 0.58" | 2.06 + 0.002* 0.78
Without Fusarium | 23.19+1.58* | 1.61+0.22® |7.67+1.38% | 1.63+0.006° 0.08
With Fusarium 1858+ 0.59°| 1.14 +0.25" | 7.00+0.78" | 8.23+0.014° 8.90
CV% 7.09 19.39 17.23 1.42 -
P <0.01 <0.05 <0.05 <0.01 -

The data were analyzed via the simple variance (ANOVA) then Duncan’s multiple range test at p = 0.01
was evaluated. Values in the same column with different letters are significantly different. CV - Coefficient
of Variation.

The impact of effective microbes on black pepper's growth and disease resistance has been
also reported [35 - 36]. Based on the 16S rDNA gene sequence analysis, the three potential strains
were further identified as the Bacillus amyloliquefaciens RB.EK2, Bacillus subtilis RB.CJ 27, and
Bacillus subtilis RB.CJ41 The 16s rRNA gene sequence of these identified strains was submitted
in DDBJ/EMBL/Genbank with the accession numbers of the LC705187 (Bacillus amyloliquefa-
ciens RB.EK2), LC705188 (Bacillus subtilis RB.CJ 27), and LC602155 (Bacillus subtilis
RB.CJ41) (see Fig.S1 supplement).

3.3. Effect of the bacterial extracellular enzymes on the Fusarium inhibition

The cell walls of Fusarium fungus contain chitin, a-1,3-glucan, -1,3-glucan, and protein
(Schoffelmeer et al. [37]). Therefore, chitinase, protease, and p-1,3-glucanase play an important
role in the antifungal activity of the bacteria. The results shown in Table 4 indicated that inducers
such as casein, chitin, and p-glucan play very important roles in inducing the production of ex-
tracellular enzymes. In this case, using the Fusarium spore in the culture medium stimulated three
enzymes protease, chitinase, and B-glucanase. The roles of the extracellular enzymes in the growth
inhibition of Fusarium are clear. The Fusarium mycelium growth inhibition in vitro was from
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18.3 to 20.8 % at the No.1-4 test and decreased to 3.3 % at No.5 test. The enzymatic effect on
Fusarium antagonistic activity was also demonstrated in No. 5 experiment of Table 4. In this
experiment, strain RB.CJ41 was cultivated in LB medium without inducers such as chitin, casein,
or the Fusarium spores. Therefore, there was no chitinase, protease, and p-glucanase in the su-
pernatant, resulting in Fusarium mycelium growth inhibition being only 3.3 %. The role of chi-
tinase, glucanase and protease in fungal antagonistic activity has been reported. Figueroa-Lopez et
al. [38] screened three Bacillus strains from maize which possessed chitinase, glucanase, and
protease. These strains were very potential for Fusarium verticillioides antagonism. Ngo et al.
isolated and selected six potent endophytic bacterial strains from black pepper. They exhibited
chitinase, protease, and B-glucanase activities and showed strong Phytophthora inhibition in vitro
and greenhouse [26].

Table 4. Relationship between the enzymes of strain RB.CJ41 and Fusarium inhibition.

Enzyme activity Fusarium
] mycelium
No. Medium content Protease Chitinase B-glucanase rowth
(U/ml) (U/ml) (U/ml) g
inhibition (%)
1 LB+casein+RB.CJ41 0.36 £ 0.03 - - 18.3°
2 LB+chitin+RB.CJ41 - 3.96 £ 0,08 - 18.3%
3 LB+B-glucan+RB.CJ41 - - 0.41+0.04 20.8°
4 .
LB+Fusarium spore+ 015+001 | 1324005 | 0.29+0.02 20.8°
RB.CJ41
5 LB+RB.CJ41 - - - 3.3°

The data were analyzed via the simple variance (ANOVA) then Duncan’s multiple range test at p =0.01 was evaluated.
Values in the same column with different letters are significantly different.

The correlation (R) indexes between the enzymatic activities and the fungal antagonistic
activity were calculated. It found positive correlations between chitinase, protease, B-glucanase,
and Fusarium oxysporium F.TNUO02 antagonism with R = 0.515, R = 0.680, and R = 0.640 (P <
0.05, n = 25). Some recent works also reported these findings, but these are not the same results.
The chitinase, protease, and B-1,3 glucanase were strongly inhibited mycelium growth of
Fusarium oxysporum and determined the R index to be 0.991, 0.703, and 0.644 [39]. Ngo et al.
reported that the correlation index (R) between chitinase and Phytophthora antagonism was de-
termined to be 0.32, but the negative correlation index with protease (R= - 0.23) [26]. The chi-
tinase from B. subtilis NPU 001 exhibited an antifungal activity of the Fusarium oxysporium [40].

3.4. Identification of antifungal compounds from RB.CJ41 by GC/MS

Volatile compounds produced by microbes play an important role in fungal antagonistic
activity. Khan et al. [41] reported that B. subtilis 30VD-1 possessed Fusarium antagonistic
activity by its chitinase and some compounds such as phenol, 1-decanol, 1-dodecanol, and
benzaldehyde. Chaurasia et al. also indicated that Bacillus subtilis (NRRL B-30408) isolated from
the rhizosphere of tea plants produced some volatile compounds which had a strong impact on the
mycelium and spores of Fusarium oxysporum [42].

To identify the volatile compounds produced by the Bacillus subtilis RB.CJ41, this strain was
cultivated in LB medium supplemented with the Fusarium spores. The supernatant of the culture
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was used to identify antifungal compounds by GC/MS. Based on GC/MS analysis, 19 major
volatile compounds were detected and identified (Table 5).

Table 5. Profile of volatile compounds produced by Bacillus subtilis RB.CJ41 detected by GC/MS.

No Chemical compounds RT (min) Area (%)
1 4,5-Bromoacetyl benzocyclobutene 3.15 5.35
2 Octanoic acid, 2-methyl- 3.38 7.83
3 4-Ethylbenzoic acid, cyclopentyl ester 3.77 7.94
4 Pyrazole-4-carboxaldehyde, 1-methyl- 4.31 2.36
5 Acetamide, N-(5-benzofuroxanyl)- 4.52 6.00
6 Pyrazinecarboxamide 5.00 2.06
7 Benzeneacetaldehyde 5.31 8.81
8 Benzene,1-chloro-3,5-bis(1,1-dimethylethyl)-2-(2-propenyloxy)- 5.63 10.21
9 1H-Pyrrole, 1-(2-furanylmethyl)- 6.93 2.08
10 Piperidine, 1-methyl- 6.98 3.17
11 Benzeneacetic acid 7.60 3.55
12 Vitamin B1 8.02 1.02
13 3-Aminothiophenol, N,S-diacetyl- 10.20 1.45
14 5-Hydroxy-2-indolecarboxylic acid 10.48 8.76
15 2-(4'-Methylphenyl)-1,2,4-triazolo[1,5-a]pyridine - 1-oxide 10.71 1.32
16 Uric acid (Thermolysis Product) 11.98 1.45
17 Glycyl-L-proline 12.34 10.06
18 Cyclo(L-prolyl-L-valine) 12.81 1.64
19 Bromocriptine 13.64 1.06

The spectra of GC/MS of the identified compounds were presented in the supplementary section
(Fig. S2 — Fig. S22). The results indicated that some main volatile compounds produced by the
Bacillus subtilis RB.CJ41 are antifungal compounds such as compound 1, 5, 6, 7, 8, 10, 11, 15. They
are derivatized from benzoic acid, triazole, pyrazole, and acetamide. Benzoic derivatives were
previously reported with potential antifungal effects against various fungi, including Candida
albicans, Cochliobolus lunatus, Aspergillus niger and Pleurotus ostreatus [42 - 44].
1,2,4-Triazole with heterocyclic rings was reported to show broad activities such as fungicidal,
insecticidal, herbicidal, and bactericidal effects [45]. Pyrazole ring were found as new therapeutic
antifungal agent related to phenylpyrazole system [46]. Synthesised acetamide derivatives also
showed antibacterial and antifungal activity [47]. However, these compounds have not been re-
ported to show the Fusarium oxysporium antagonistic activity. LC/MS was detected but, there
was no fungal antagonist chemical compounds identified.

4. CONCLUSIONS

From the rhizobacteria collection of black pepper, it found a rhizobacteria Bacillus subtilis
CJ41 has great potential for Fusarium antagonism. The mechanism action of the Fusarium an-
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tagonism is mainly hydrolysis enzymes such as chitinase, protease, p-glucanase and volatile
compounds. The volatile compounds produced by RB.CJ41 are potent antifungal compounds to
be benzoic acid, triazole, pyrazole, and acetamide derivatives. Additionally, strain CJ41 promotes
growth and decreases the root disease rate caused by Fusarium in green house. Therefore, the
Bacillus subtilis CJ41 is a potent biological agent for biocontrol and sustainable production
of black pepper.

Supplementary Materials: The following supporting information can be downloaded at: www., Figure
S1-S22.
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