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Abstract
Five hundred strains of rhizobacteria were isolated from the rhizosphere of the 
Central Highlands of Vietnam, where black pepper is cultivated. Of these, seven 
potent rhizobacteria were evaluated for anti-Phytophthora activity and 16S rRNA 
gene sequencing and phylogenic analysis classified. Evaluation of their antifungal 
activity was performed both in vitro and in vivo. The results showed that almost all 
potent rhizobacteria possessed anti-Phytophthora activity. The rhizobacteria strains 
displayed over 60% inhibition of Phytophthora during the in vitro test, and six rhizo-
bacteria inhibited Phytophthora by 77.50–98.75% during the in vivo test. Enzymatic 
activities were measured to determine the antifungal mechanisms; these were identi-
fied as protease, chitinase, and β-glucanase. The effects of the rhizobacteria on plant 
growth and antifungal activity were also investigated. Under greenhouse conditions, 
black pepper seedlings treated with rhizobacteria were stronger and had lower rates 
of disease and fatality compared to the control group. The results from the in vitro 
test also showed that the anti-Phytophthora activity of the rhizobacteria was not 
dependent on enzyme activity, but rather on their chemical compounds. GC–MS 
and LC–MS profiles of the culture broth from the promising rhizobacteria strain 
RBDS.29 revealed seven potent antifungal compounds. The data suggest that Bacil-
lus velezensis RB.DS29 is a promising rhizobacterium that promotes plant growth 
and the biocontrol of black pepper.
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Introduction

Vietnam is the biggest producer and exporter of black pepper in the world. The area 
of cultivation is nearly 100,000 ha, with an annual production of 246,000 t, contrib-
uting up to 40% of the world’s black pepper production (http://www.fao.org/faost at/
en/#data/QC). Although black pepper production in Vietnam has expanded rapidly, 
it seems to be unsustainable due to its high use of chemical fertilizers and fungicides 
to control the disease. Wilt diseases, caused by Phytophthora capsici, Fusarium 
spp., and nematodes, are a serious problem in black pepper production. The diseases 
have spread quickly in Vietnam and the rest of the world. In 2016, over 10,000 ha of 
the black pepper crop was infected and lost. Clearly, chemical pesticides and fungi-
cides are unable to control wilt or root-knot diseases in Vietnam.

Diverse soil microorganisms, especially rhizobacteria and endobacteria, play 
a very important role in plant growth and protection against disease and pests 
[1–4]. Rhizobacteria are rhizosphere-competent bacteria able to multiply and col-
onize plant roots at all stages of growth. They can enhance nutrition uptake and 
be used in the biocontrol of crops [2, 5]. Almost all rhizosphere and endophytic 
bacteria possess nitrogen-fixing abilities, phosphorus solubility, and IAA-produc-
ing activity [2, 6, 7]. In recent years, the use of rhizobacteria to promote plant 
growth has received much attention. Rhizobacteria may not only enhance crop 
yield through increased nutrient uptake and regulation of plant growth, but also 
reduce the use of chemical fungicides. In addition, rhizobacteria can help plants 
adapt to climate change and improve stress tolerance to drought, hot weather or 
the heavy rainfall common in tropical regions [8–10], all of which are ongoing 
agricultural challenges in the Central Highlands of Vietnam. As such, research 
into the application of rhizobacteria seems the best method for the sustainable 
production of black pepper and other crops in the Central Highlands of Vietnam.

The purpose of this study is to evaluate anti-Phytophthora activity in both 
in  vitro and in  vivo tests to select the most promising rhizobacteria for further 
investigation and application.

Experimental procedure

Materials

Rhizobacteria strains were isolated from the rhizosphere of black pepper (Piper 
nigrum L.) in the Central Highlands of Vietnam, following the methods of White 
et al. [11]. Among the 500 isolated strains, seven potent strains consistently showed 
strong anti-Phytophthora effects: RB.CS1, RB.CP15, RB.DS29, RB.EK2, RB.EK4, 
RB.BH15, and RB.CJ35. These strains were grown on TSA medium at 30 °C for 
48 h and then stored in frozen glycerol at − 80 °C. The pathogen Phytophthora was a 
fungal strain from the collection of the Institute of Biotechnology and Environment 
at Tay Nguyen University in Vietnam; it was grown on PGA medium at 30 °C.

http://www.fao.org/faostat/en/#data/QC
http://www.fao.org/faostat/en/#data/QC
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Methodology

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

Genomic DNA from an overnight culture of each strain was extracted by the Qia-
gen method [12]. The genomic DNA was used as a template for amplification by 
PCR. A nearly full-length segment of 16S rRNA gene nucleotides was amplified 
in a 100-μL reaction tube using the universal primers 27f (5′-AGA GTT TGATC-
MTGG CTC AG-3′) and 1492r (5′-TAC GGY TAC CTT GTT ACG ACTT-3′). The 
16S rRNA gene was amplified by iCycler thermal cycler (Bio-Rad, USA) using 
the following schedule: 94 °C for 5 min, repeated by 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 separated 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 carried 
out in a CEQ 8000 Genetic Analysis System (Beckman Coulter Inc., USA) using 
a CEQ Dye Terminator Cycle Sequencing Kit (Beckman Coulter Inc., USA).

The nucleotide sequences (from 1300 to 1440  bps) of the 16S rRNA genes 
were compared with known sequences in the DDBJ/GenBank/EMBL databases 
using BLAST (https ://blast .ncbi.nlm.nih.gov/Blast .cgi) to determine the taxo-
nomic positions of the rhizobacteria isolates. A phylogenetic tree was made using 
MEGA version 6.0 software after multiple alignments of data by CLUSTAL W 
[13, 14].

Chitinase activity of the rhizobacteria

The rhizobacteria were grown in LB medium supplemented with 0.1% colloidal chi-
tin for 5 days at 30 °C and a shaking speed of 150 rpm. Cells were separated by cen-
trifugation at 6000 × g and 4 °C for 5 min. The supernatant was dialyzed overnight 
at 4 °C using 20 mM sodium phosphate buffer (pH 6.0). The dialyzed protein solu-
tion was used to measure chitinase activity. The chitinase activity assay was con-
ducted in a 600 μL reaction mixture containing 0.1% colloidal chitin as the substrate 
and an appropriate volume of crude enzyme in 20 mM sodium phosphate buffer (pH 
6.0). The reaction mixture was incubated at 37 °C for 15 min. Chitinase activity was 
determined as per  Imoto’s method [15]. One unit of chitinase activity was defined as 
the amount of enzyme needed to release 1 μmol of reducing sugar per min.

β‑Glucanase activity of the rhizobacteria

Rhizobacteria were cultivated in LB medium containing 0.1% β-glucan for 5 days 
at 30 °C and a shaking speed of 150 rpm. The supernatant was prepared as per the 
procedure described above for chitinase. The reaction mixture contained 250 µL 1% 
β-glucan (laminarin) in 50 mM sodium acetate (pH 5) and 125 µL of crude enzyme. 
The mixture was incubated for 30  min at 37  °C. The amount of reducing sugar 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
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released was measured with DNS reagent at 540 nm (UV–Vis, Jasco V630, Japan), 
as per  Miller’s methods [16].

Protease activity of the rhizobacteria

Rhizobacteria were grown in LB medium for 5 days at 30 °C and a shaking speed 
of 150  rpm. The supernatant was prepared as per the procedures described above 
for chitinase and glucanase activity. The reaction mixture, containing 5 mL of 1% 
casein and 1 mL of the crude enzyme, was kept at 35.5 °C for 10 min. The reac-
tion was stopped by the addition of 10 mL of 5% trichloroacetic acid. After filtra-
tion, 3 mL Folin–Ciocalteu reagent was added to the solution. It was then kept for 
10 min at room temperature before being measured at 660 nm by UV Vis (Jasco 
V630, Japan) following  Anson’s methods [17].

In vitro Phytophthora antagonism by rhizobacteria

Seven potent rhizobacteria were evaluated for their ability to inhibit Phytophthora 
on agar plates [12]. A mycelial plug of growing Phytophthora was placed in the 
center of the PGA medium, and the rhizobacteria were streaked 2 cm on either side 
of it. The plates were then incubated at 28 °C for 5 days or until the leading edge of 
Phytophthora in the control reached the edge of the plate. The radial growth of fun-
gal mycelium was measured, and the percentage of growth inhibition was calculated 
as follows:

 where R1 is the diameter of the fungus mycelium grown on the control disk (cm) 
and R2 is the diameter of the fungus mycelium grown on the treated rhizobacteria 
disk (cm).

In vivo Phytophthora antagonism by rhizobacteria

In vivo antagonism tests of the rhizobacteria were conducted as per  Dinu’s methods 
[18]. In brief, black pepper shoots (about 8 cm in length with at least one node) were 
excised from healthy black pepper vines (Vinh Linh local variety) and washed thor-
oughly with tap water before surface sterilization with 0.1% sodium hypochlorite for 
10 min. The shoots were rinsed five times with sterile distilled water and then dried 
on sterile paper. The samples were immersed in the rhizobacteria suspension  (107 
CFU mL−1) for 60 min and then spread on sterile paper to remove excess moisture. 
The treated shoots were inoculated with Phytophthora and then kept in a plastic tray 
and incubated at 30 °C for 3 days in the dark. The length of the dark lesions that 
developed along the inoculated spots on the shoots was measured after 96 h. In the 
control group, the shoots were not inoculated with Phytophthora.

 where D1 is the length of shoots not inoculated with fungus (cm) and D2 is the 
length of shoots inoculated with fungus (cm).

rate of growth inhibition in vitro(%) = [(R1−R2)]∕R1] × 100,

The rate of Phytophthora growth inhibition in vivo (%) = [(D1−D2)
]

∕D1
]

× 100,
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Evaluation of Phytophthora antagonism in the greenhouse by rhizobacteria

Black pepper seedlings, a Vinh Linh local variety with five leaves, were used for 
testing in the greenhouse. Rhizobacteria were cultivated in LB (composition  L−1: 
10  g tryptone, 5  g yeast extract, and 10  g NaCl) for 72  h at 25  °C with a shak-
ing speed of 150 rpm. The bacteria culture was adjusted to  107CFU  ml−1 by optical 
density.

Phytophthora was grown on potato dextrose medium for 3 days at 28 °C and a 
shaking speed of 150 rpm; spore density was adjusted to  107 spores  mL−1. Evalua-
tion of Phytophthora antagonism by the rhizobacteria was conducted in the green-
house. The test had 9 plots, with 15 seedlings per plot, designed as a random com-
pleted block design (RCBD), as per Table 1.

All plots except control groups 1 and 2 were treated with 10  mL of rhizobac-
teria suspension  (107 CFU  mL−1). After 15  days, the seedlings were treated with 
10 mL of Phytophthora spore suspension  (107 spores  mL−1). The experiment was 
conducted for 3 months in the greenhouse. The growth of the seedlings, rate of Phy-
tophthora infection, and rate of fatalities were collected; mean values were calcu-
lated from five plants (Fig. 1). 

GC–MS and LC–MS analysis of fungal antagonist compounds produced 
by rhizobacteria

Fungal antagonistic compounds produced by strains RB.DS29 and RB.EK2 were 
analyzed by GC–MS and LC–MS, following the methods described by Lim [19].

The rhizobacteria strain RB.DS29 was cultivated in LB medium supplemented 
with deactivated Phytophthora spores for 5 days at 30  °C and a shaking speed of 
150 rpm. The culture was centrifuged at 13,000 × g and 5 °C for 5 min. The sam-
ples were extracted and purified by solid phase extraction using the Quech-
ers method. Ten milliliters of the sample was heated to 50  °C for 30 min, before 

Table 1  Phytophthora 
antifungal activity of 
rhizobacteria

The in vitro tests of the rhizobacteria’s antagonistic activity to Phy-
tophthora were conducted on PDA medium for 5  days at 28  °C. 
In vivo tests were conducted on black pepper shoots cultivated in the 
dark for 3 days at 30 °C. The shoots were immersed in a rhizobacte-
ria suspension  (107 CFU mL−1) for 60 min before inoculation with 
Phytophthora

Strains Phytophthora growth 
inhibition in vitro (%)

Phytophthora growth 
inhibition in vivo (%)

RB.DS29 65.33 98.75
RB.EK2 62.67 97.50
RB.CJ35 63.67 0.00
RB.CS1 63.00 77.50
RB.CP15 62.67 90.00
RB.EK4 64.33 92.50
RB.BH15 62.67 98.25
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500  uL of the solution was analyzed by GC (Agilent 6890  N) and MS5972 
(Agilent, USA). GC–MS was equipped with a HP-5 MS capillary column 
(30 m × 0.25 mm × 0.25 μm). He was the carrier gas (1 mL min−1), and the detec-
tor temperature was 250 °C. The column was held for 2 min at 50 °C and then pro-
grammed to increase to 300 °C for 20 min at a rate of 15 °C  min−1. The source pres-
sure was 7 Pa, the filament voltage was 70 eV, and the scan rate was 1.9 scan s−1. 
The compounds were identified using data from the Mass Spectra Library (NIST 
14.L, “ChemStation Integrater” Agilent Technologies).

LC–MS analysis

The RB.DS29 isolate was cultivated in LB medium supplemented with denatured 
Phytophthora spores for 5 days at 30 °C and 150 rpm. Five milliliters of the bacte-
rial culture was centrifuged at 13,000 × g and 4 °C for 10 min. Two milliliters of the 
supernatant was transferred to the tube, 2 ml acetonitrile was added, and the mix-
ture was vortexed for 30 s. The mixture was then centrifuged at 6000 × g for 10 min. 

 Bacillus velezensis YK50 (KY887769)
 Bacillus subtilis IBFCBF-1 (KX467568)
 Bacillus methylotrophicus HB25 (KM659226)
 Bacillus methylotrophicus HB26 (KM659227)
 Bacillus subtilis DGT7 (KX768309)
 Bacillus velezensis RA-9 (MG371986)
 Bacillus siamensis FH-1 (KY807037)
 Bacillus velezensis S141 (AP018402)

 Bacillus velezensis RBDS29
 Bacillus sp. RBCJ35

 Bacillus amyloliquefaciens BA31 (MG548650)
 Bacillus amyloliquefaciens JNL (MH588397)
 Bacillus amyloliquefaciens B19 (KY685069)
 Bacillus amyloliquefaciens BA31 (MG548650)(2)

 Bacillus amyloliquefaciens RBEK4
 Bacillus amyloliquefaciens RBCS1

 Bacillus amyloliquefaciens LI24 (MH719378)
 Bacillus amyloliquefaciens SP6 (MH719374)

 Bacillus pumilus ATCC 7061 (NR_043242)
 Bacillus sp. Z68 (MG470719)
 Bacillus cereus JXJGS201608-6 (MG452794)
 Bacillus wiedmannii C1 (MH157240)
 Bacillus thuringiensis LJOSL (MH793366)
 Bacillus proteolyticus MCCC 1A00365 (NR_157735)

 Bacillus megaterium MMA1023 (KY580802)
 Bacillus macroides JPL-4 (AY030319)

 Bacillus lehensis RCP 2 (KU179441)
 Brevibacillus brevis SWSS-3.23 (LC326489)

 Brevibacillus brevis SWSS-3.24 (LC326490)
 Serratia plymuthica SWSY-3.47 (LC326503)
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100
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Fig. 1  Phylogenetic analysis of the strains based on the 16s rRNA gene sequences. The phylogenetic tree 
was drawn using the Mega software version 6.0 after multiple alignments of the data by CLUSTAL W. 
The tree was made using  Kimura’s method. The numbers at the branches are bootstrap confidence per-
centages (%)
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Twenty microliters of supernatant was taken for LC–MS analysis. Samples were 
injected and analyzed by micrOTOF-QII Bruker Daltonic (Germany) with Agilent 
1290 UPLC and Dual AJS ESI ion sources. ACE 3  C18 (150 mm × 4.6 mm × 3,5 µm) 
column and pre-column (Phenomenex Security Guard™) were used to separate the 
samples. The column temperature was held to 40 °C, and the flow rate was 0.5 ml/
min. The mobile phase used deionized water containing 0.1% formic acid and meth-
anol containing 0.1% formic acid at a 90:10 ratio for 0–20 min, and then a ratio of 
5:95 for 20–30 min. Acquisition range was from 50 to 1500 m/z, and the scan rate 
was 1.00 spec s−1. MS was set as follows: capillary voltage 4500 V, nebulizer pres-
sure 1.2 bar, drying gas 8 L/min, gas temperature 200 °C, funnel 1RF 350 V, funnel 
2RF 360 V, hexapole RF 350 V, ion energy 8.0 eV, collision RF 300 V, transfer time 
120 m/s, and pre-Puls storage 5.0 m/s.

Data analysis

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

Results and discussion

Evaluation of Phytophthora antagonist activity by potent rhizobacteria strains

Phytophthora is an oomycete plant pathogen that causes wilt disease in black pep-
per, as well as blight and fruit rot in peppers and other important crops. Currently, 
using fungal antagonist bacteria to control Phytophthora is the best choice for green 
and sustainable agriculture [20–22]. Phytophthora has infected and destroyed much 
of the cultivation area of black pepper in the Central Highlands of Vietnam. Soil and 
roots were collected in five provinces of the Central Highlands to isolate and screen 
for bacteria possessing high anti-Phytophthora activity. Five hundred strains of 
black pepper rhizobacteria were isolated and characterized. After screening, seven 
potent rhizobacteria were selected, as summarized in Table 2. All potent rhizobac-
teria were highly antagonistic against Phytophthora, both in vitro and in vivo. The 
in  vitro results showed that rhizobacteria greatly inhibited Phytophthora growth 
by over 60% (see Table  1). The potent rhizobacteria were evaluated continuously 
in vivo on black pepper shoots. For five of the rhizobacteria, Phytophthora growth 
inhibition was greater than 90%. While strain RB.CJ35 did not inhibit Phytophthora 
growth in vivo, strain RB.DS29 had the highest activity both in vitro and in vivo.

In addition, the results showed that all seven strains were plant-growth-promoting 
rhizobacteria (PGPR), demonstrating nitrogen-fixing, phosphorus solubilization, 
and IAA production abilities (unpublished data). The activities of rhizobacteria were 
also mentioned in previous studies. Toh et al. [22] isolated 129 bacterial endophytic 
strains from the roots of black pepper. Three strains, KDKS5-49, KRBR-15, and 
BR(1)6, demonstrated anti-Phytophthora activity of 40.32–48.39% [22]. These 
results were lower than ours. In another study, 19 rhizobacteria were isolated from 
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black pepper, but their anti-Phytophthora activity ranged widely from 4.7 to 77.4%; 
10 of the isolates showed antifungal activity over 50% [18].

Classification by sequencing and phylogenetic analysis of the 16S rRNA gene

The seven potent rhizobacteria were further classified by sequencing the 16S rRNA 
gene. The results of the phylogenetic analysis are shown in Table 3 and Fig. 2. All 
potent rhizobacteria belong to the genus Bacillus. Three strains, RB.EK2, RB.EK4, 
and RB.CS1, are 99% similar to Bacillus amyloliquefaciens. Strains RB.DS29 and 
RB.CJ35 are the closest to Bacillus velezensis. RB.BH15 is 100% similar to Bacillus 
subtilis, and RB.CP15 is similar to Bacillus cereus. All bacteria strains have been 
reported as antagonistic to plant pathogen fungi and promote plant growth [19–23]. 
Among these, Bacillus velezensis was recently used in sustainable agriculture. 
Bacillus velezensis FZB42 was able to form biofilm, in order to increase biocon-
trol [24, 25]. This strain can also synthesize antifungal compounds such as fengycin, 
bacillomycin D, difficidin, bacilysin, and amylocyclicin [26–28]. Bacillus velezensis 
has been used in the biocontrol of both wheat powdery mildew disease, caused by 
the fungus Blumeria graminis, and Wilt disease of strawberries, caused by Fusarium 
oxysporium [19, 29, 30]. However, no research has reported on the use of Bacillus 
velezensis in the biocontrol of black pepper. It is interesting that both RB.DS29 and 
RB.CJ35 belong to Bacillus velezensis, but are isolated from two different regions, 
and their anti-Phytophthora activity is quite different (Table 1). 

Table 2  Enzymatic activities of rhizobacteria

Crude proteases of the culture broths of rhizobacteria were measured via the Anson method using 1% 
casein as substrate. Crude chitinase of rhizobacteria was stimulated with 0.1% chitin colloid, colored 
using DNS and then determined by  Imoto’s method. Beta-glucanase was tested using 1% laminarin as a 
substrate and DNS reagent, as per Miller’s methods
CV%, coefficient of variation
All data are mean values of triplicate samples. Superscripts a, b, c, and d denote comparison with LSD 
0.05 (least significant difference at alpha 0.05). Different letters in the same column indicate significant 
differences (5%) between treatments, according to Duncan’s multiple range test

Strain Protease activity (U ml−1) β-Glucanase activity (U ml−1) Chitinase 
activity 
(U ml−1)

RB.EK2 0.228a 0.114a 2.90f

RB.CS1 0.224b 0.112a 5.70a

RB.BH15 0.151c 0.076b 5.48b

RB.EK4 0.149c 0.075b 3.87c

RB.DS29 0.141d 0.070c 3.23e

RB.CJ35 0.127e 0.064d 3.60d

CV% 0.676 0.982 1.898
LSD 0.05 0.003 0.0022 0.2027
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Determination of enzymatic activities of rhizobacteria

It is well known that the antifungal activity of bacteria relates to enzymes, including 
chitinase, protease, and glucanase, since these enzymes can degrade the cell walls of 
pathogenic fungi [12, 31, 32]. As such, the rhizobacteria were tested for enzymatic 
activities; the results are shown in Table 2.

The results indicate that all potent rhizobacteria had three enzymatic activities. 
Protease activity ranged from 0.127 to 0.228 U mL−1, with RB.EK2 showing the 
highest activity. Compared to other recent studies, protease activity of the rhizo-
bacteria was as high as that of Bacillus licheniformis TKU004 (0.09–0.14 U mL−1) 
[33], Bacillus mycoides TKU 038 (0.240  U  mL−1), Bacillus cereus TKU022 
(0.03–0.12  U  mL−1) [34], and Serratia marcescen TKU016 (0.370  U  mL−1) and 
TKU011 (0.477 U  mL−1) [35], but lower than that of Brevibacillus parabrevis 
TKU046 (3.2–6.4 U  mL−1) [36].

Chitinase activity in the tested rhizobacteria (Table 2) ranged from 2.90 U  mL−1 
(RB.EK2) to 5.70 U  mL−1 (RB.CS1). It was clear that chitinase activity in the seven 
potent strains was higher than that of other bacteria. For instance, Tran et al. [12] 
isolated chitinolytic bacteria from Sakata Lake in Niigata, Japan, and found that 
the chitinase activity of Aeromonas hydrophila was 0.1–0.3 U mL−1. This demon-
strated that chitinase activity was related to antifungal activity against Trichoderma 
reesei. Another study reported that chitinase activity of Bacillus amyloliquefaciens 
V656 was 0.44 U  mL−1 [37]. In our study, chitinase activity was similar to that of 

Table 3  Antagonistic activity of enzymes to Phytophthora 

Each rhizobacterium was grown on the medium for 5  days at 30  °C and a shaking speed 150  rpm. 
Culture broths were centrifuged at 6000 × g, 4  °C. The supernatant was then filtered by bacterial filter 
syringe (Millex-FG, 0.2 μm, Millipore). The crude enzymes were denatured at boiling temperature for 
10 min and then used to evaluate antagonism against the fungus
CV%, coefficient of variation
Superscripts a, ab, b, c, and d denote comparison with LSD 0.05 (least significant difference at alpha 
0.05). Different letters in the same column indicate significant differences (5%) between treatments, 
according to Duncan’s multiple range test

Strains 
medium

RB.DS29 RB.BH15 RB.EK2

Active 
enzymes

Deac-
tivated 
enzymes

Active 
enzymes

Deac-
tivated 
enzymes

Active 
enzymes

Deactivated 
enzymes

LB + 1% 
casein

16.00a 9.00b 10.67ab 9.33b 15.00a 7.33ab

LB 14.33ab 8.33b 17.67a – 9.67b 4.33ab

LB + 1% chitin 13.00ab 17.67a 8.67b 12.00a 15.33a 11.33a

Peptone 11.67ab 0.67c 10.67ab 7.00c 6.67c 3.00b

LB + 0.1% 
β-glucan

11.33b 7.67b 14.33ab 8.33b 2.33d 4.33ab

LSD 0.05 4.528 2.318 8.774 1.190 1.5564 7.4763
CV% 18.1270 14.209 37.581 7.027 8.4351 65.451
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Fig. 2  GC–MS profiles of the chemical compounds produced by Bacillus velezensis RB.DS29. Sam-
ples were analyzed by GC (Agilent 6890 N) and MS5972 (Agilent, USA); HP-5 MS capillary column 
(30 m × 0.25 mm × 0.25 μm). Operating conditions: He as the carrier gas (1 mL min−1) and a detector 
temperature of 250 °C. The column was held for 2 min at 50 °C and then increased to 300 °C for 20 min 
at a rate of 15 °C min−1. Compounds were identified using data from the Mass Spectra Library (NIST 
14.L, ChemStation Integrater Agilent Technologies)
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Streptomyces thermocarboxydus TKU045 (1–3 U  mL−1) [38], but lower than that of 
Serratia marcescens PRNK-1 (10–15 U  mL−1) [31].

It is well known that fungal cell walls consist of two main components: glucan 
and chitin. Therefore, chitinase and β-glucanase play very important roles in inhibit-
ing the growth of pathogenic fungi. The β-glucanase activity of the rhizobacteria 
(Table 2) ranged from 0.064 U  mL−1 (RB.CJ35) to 0.114 U  mL−1 (RB.EK2). These 
results were higher than that of Delftia tsuruhatensis MV01 (0.035 U mL−1) [39], 
but a little lower than that of Agrobacterium sp. ZX09 (0.30 U g−1) [40].

There is no clear correlation between the enzymatic activities (Table 2) and the 
antagonistic activity to Phytophthora (Table 1). Therefore, further investigation was 
needed to determine the fungal antagonist mechanism. The results (Table 3) indicate 
that Phytophthora growth inhibition (%) in mediums supplemented with 1% chitin 
or 0.1% β-glucan is no different between those with active enzymes and those with 
enzymes deactivated by boiling. This confirms that chitinase and β-glucanase play 
little part in the antagonistic activity against Phytophthora. These results are very 
similar to those shown in Table 2.

Efficacy of rhizobacteria on the growth of black pepper seedlings and antagonism 
to Phytophthora in the greenhouse

The potent strains of rhizobacteria possessed both antifungal and plant growth-pro-
moting activity. Rhizobacteria were applied to black pepper seedlings in the green-
house to detect promising strains for further application. After 90 days, as per the 
results shown in Table 4, all rhizobacteria strongly affected the growth, disease, and 
fatality rates. Leaf number, plant height, length of roots, and fresh biomass were 
significantly higher in treated plots than in the control group 1 (no treatment with 
Phytophthora) or control 2 (treatment with Phytophthora) because all potent rhizo-
bacteria displayed nitrogen-fixing, phosphorus-solubilizing, and IAA-producing 
abilities. Among the seven strains, RB.DS29 had the greatest impact on growth data, 
generating results 20–50% higher than the others and twofold that of control group 
2. In plots that received strain RB.DS29, the leaf number of the seedlings was 9.66, 
approximately 50% higher than the others and 300% higher than control 2. Plant 
height was 42.8 cm, compared to 18.3 cm for the control. The control group that was 
treated with Phytophthora but not rhizobacteria had the highest rate of root disease 
and fatalities. After 90 days, the fatality rate in control 2 was 33.3%, double and tri-
ple that of plots treated with rhizobacteria.

It is interesting that disease and fatality rates in black pepper treated with strain 
RB.DS29 were 14.33% and 9.00%, lower than both other strains and the control. 
The results showed that some strains, such as RB.CJ35, RB.CS1, and RB.BH15, 
had high enzymatic activities (Table 2), but there were also very high disease and 
fatality rates in the greenhouse, mostly due to control group 2. These results were 
similar to previous works. Dastager et al. [7] isolated Serratia nematodiphila NII-
0928, a black pepper rhizobacteria. This strain was able to solubilize phosphorus, 
produce IAA, and enhance nutrient uptake. Nitrogen content was enhanced up to 
34.6%, phosphorus by 100%, and potassium by 42.8%. The roots and shoot length 
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also increased by 59–77.7%, respectively, compared to the control [7]. Bacillus 
amyloliquefaciens Y1 was reported to improve soil fertility, promote black pepper 
growth, and reduce disease rate [20]. To date, few works have researched the impact 
of rhizobacteria on the growth and disease resistance of black pepper in  vivo, in 
the greenhouse or in fields. Based on the results of this study, Bacillus velezensis 
RB.DS29 is a promising strain for use in the biocontrol of black pepper.

The chemical compounds of strain RB.DS20 were identified by GC–MS and 
LC–MS. The GC–MS profile (Fig.  2) found five chemical compounds: pregn-4-
ene-3,20-dione, 17-hydroxy-6-methyl-, bis(O-methyloxime); disulfide, methyl 
1-(methylthio)propyl; propanoic acid, 2-methyl-, decyl ester; 1-propanone, 
1-(2-benzofuranyl)-3-[(4-methoxyphenyl) amino]; and propanethioic acid, S-pentyl 
ester. The LC–MS profile (Table 5) also identified two antibiotic compounds: met-
ronidazole-OH and sulfadiazine. These compounds have been reported as possess-
ing potent antibacterial and antifungal activities [41–45]. But no works have been 
reported that these compounds were produced by Bacillus velezensis. 

Conclusions

Based on the obtained results, rhizobacteria significantly affect the growth of black 
pepper and are strongly antagonistic against the Phytophthora fungus that causes 
wilt disease. After screening both in vitro and in vivo under greenhouse conditions, 
a promising strain for biocontrol and plant growth promotion is Bacillus velezensis 
RB.DS29. Not only does this strain demonstrate nitrogen fixing, phosphorus solubi-
lizing, and IAA production, but also it possesses several chemical compounds that 
have great potential as biofungicides.
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Table 5  LC–MS profile of chemical compounds produced by the promising rhizobacteria Bacillus 
velezensis RB.DS29

Samples were analyzed on micrOTOF-QII Bruker Daltonic (Germany) with Agilent 1290 UPLC and 
Dual AJS ESI ion source. ACE3-C18 (150 mm × 4.6 mm × 3.5 µm) column and pre-column (Phenomenex 
Security Guard™) were used to separate the samples. The column temperature was held to 40 °C, and 
the flow rate was 0.5 ml/min. Mobile phase: deionic water containing 0.1% formic acid/methanol con-
taining 0.1% formic acid at 90:10 from 0 to 20 min, and then 5:95 from 20 to 30 min

No. Compounds Chemical formulas RT (min) Molecular mass Area

1 Metronidazole-oh C6H9N3O4 4.1 188.0686 3739.4
2 Sulfadiazine C10H10N4O2S 4.3 250.1196 26,293.1
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