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Abstract

Background: Verticillium dahliae is one of the most destructive pathogens in many cotton-growing countries
around the globe. There is still the lack of high-resistant upland cotton cultivars against this pathogen, and the
usage of fungicides is threatening the environment. Biocontrol is an environment-friendly and a green technique in
plant protection. In this regard, the present work was aimed to investigate antagonistic bacterial strains and to
introduce them as new bioinoculants against V. dahliae in cotton.

Main body of the abstract: Numerous bacteria were isolated from cotton roots, and their antagonism was
examined against V. dahliae. Strain SZAD2 which was identified as Bacillus velezensis on the bases of 16S rRNA gene
analysis had significantly high biocontrol potential both in plate assay and under greenhouse conditions. The
biocontrol efficacy in seed treatment was 60.31%, while in the soil drench method, it was 79.19%. Transmission
electron microscopy (TEM) analysis revealed that the strain systemically colonized the roots and lived within the
intercellular space. Hydrogen peroxide staining exposed that the strain increased plant basal defense response by
the accumulation of hydrogen peroxide (H2O2) in both roots and leaves. Furthermore, the bacterization of cotton
roots triggered induced systemic resistance (ISR) in the roots and caused the activation of the antioxidant enzymes
such as phenylalanine ammonia-lyase (PAL), polyphenol oxidase (PPO), peroxidase (POD), and phenol contents.
Moreover, the antifungal extract produced by the strain contained the activity of both cellulase and chitinase,
which were able to suppress fungal mycelia both in the presence and absence of cotton.

Short conclusions: Strain SZAD2 systemically colonized the plant, showed multiple modes of action against the
pathogen which played a vital role in V. dahliae control, and is recommended for commercial exploration as a safe
alternative bioinoculant instead of hazardous chemical fungicides.

Keywords: Verticillium dahliae, Endophytic bacteria, Bacillus velezensis, Antagonistic potential, Induced systemic
resistance
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Background
Cotton is a great economically important crop, and it is
widely cultivated in many countries because of the eco-
nomic value of its fiber and seed oil. Verticillium wilt is
one of the most destructive diseases in many cotton-
producing countries, which is caused by a soil-borne fun-
gus (V. dahliae). Verticillium wilt is notoriously difficult
to be controlled as the fungus has a broad host range and
produces microsclerotia, which are melanized multicellu-
lar survival structures and can remain in the form of dor-
mant in the soil for years (Heale and Isaac 1965).
Conventional and integrate management of Verticil-

lium wilt in cotton include growing resistant cultivars,
proper cultural practices, and proper management of
water and fertilizer (El-Zik 1985). Even though growing
of resistant cultivars are considered as the most effective
and economical mean of controlling this disease but
there is still the lack of high-resistant upland cotton cul-
tivars against this pathogen (Yang et al. 2008). Crop ro-
tation is effective against the pathogen in a few studies
(Xiao et al. 1998), but it is not adopted widely due to the
limitation of agricultural areas. Several fungicides have
been considered effective and are used against V. dah-
liae, but no any selective fungicide is currently registered
for this pathogen in cotton (Göre et al. 2009). Also, fun-
gicides are not going to be able to affect the pathogen
and reduce its severity once it enters the xylem (Fradin
and Thomma 2006). Additionally, extensive use of fungi-
cides has raised public concerns on the environment
and human health (Dias 2012).
In recent years, research on biocontrol and biochem-

ical products from plants, insects, and microorganisms
for pest and pathogen control has been encouraged. Bio-
control is a promising alternative way for soil-borne dis-
eases such as V. dahliae control and management in
sustainable and organic agriculture. In this framework,
numerous of endophytic bacteria have been isolated
from plants and have been used against V. dahliae
(Kavino et al. 2007). Furthermore, some endophytic bac-
terial strains promote plant development by synthesizing
phytohormones such as indole-3-acetic acid (IAA) (San-
toyo et al. 2016). IAA syntheses inside the plants in-
crease the number of lateral and adventitious roots,
which improve root exudation and facilitate access to
more nutrients and water (Spaepen and Vanderleyden
2011). The use of antagonistic species of bacillus has
been widely researched due to the reality that these bac-
teria systemically colonize the plants and trigger ISR
(Rajendran and Samiyappan 2008a), modulate H2O2,
and produce several types of antimicrobial compounds
such as cellulase and chitinase. Cellulase and chitinase
are responsible for the biological degradation of cellulose
and chitin of fungus cell wall, which cause the fungal
mycelia physiological abnormal and reduce their

infection ability and virulence which is one of the crucial
mechanism (Kim et al. 2001). The presence and the spe-
cific activity of cellulase and chitinase in the secondary
extract produced by the antagonistic bacteria is deter-
mined by measuring the amount of reducing sugar liber-
ated dinitrosalicylic acid (DNS), using a substrate of
colloidal chitin or carboxy methyl cellulose (CMC)
(Annamalai et al. 2011).
The process of triggering physiological changes in plants

is termed as “induce systemic resistance” (ISR) (Fatima
and Anjum 2017). Among the different physiological
changes associated with the ISR, the activity of antioxidant
enzymes such as phenyl ammonia-lyase (PAL), polyphenol
oxidase (PPO), peroxidase (POD) (Vaikuntapu et al.
2014), and phenol contents production (Rajendran and
Samiyappan 2008b) act as good indicators of plant ISR
(Han et al. 2016). POD and PPO are reported to be in-
volved in the formation of lignin, which makes the cell
wall resistant to fungal degradation and restricts their en-
trance and their movement inside the infected plant (Sara-
vanakumar et al. 2007). PAL is the main enzyme in the
metabolism of phenylpropanoid and in the production of
phenolic contents and phytoalexins that prevent patho-
gens attack and establishment (Daayf et al. 1997). Phenolic
compounds mechanically strengthen the cell walls of the
plant which inhibits the colonization of the pathogen to
the host plant (M’piga et al. 1997).
Oxidative burst or the production of reactive oxygen

species (ROS), via consumption of oxygen, is called oxi-
dative burst, a controlled release of O2 and H2O2 at the
point of microbe challenge, which is one of the earliest
cellular response and is one of the key components of
plant defense response. The oxidative burst occurs dur-
ing compatible interactions (interaction of compatible
endophytic bacteria or fungi) result in the production of
molecules, which can be employed to create physical
barriers to hyphal growth and entrance to the plants and
have direct detrimental effects to the cells of invading
pathogens (De Gara et al. 2010).
Given the above, the objectives of this study were to

isolate high antagonistic bacterial strains against V. dah-
liae and to characterize them based on morphological,
biochemical, and molecular attributes to screen the
mode of action and to introduce the most effective bioa-
gent as a new bioinoculant in management and control
strategy of Verticillium wilt in cotton.

Materials and methods
Fungal strain and cotton variety
V. dahliae Vd080 (Zhang et al. 2016) which was used in
this study was kept on potato dextrose agar (PDA) medium.
The mycelia of V. dahliae were obtained from growing the
strain in potato dextrose broth (PDB) medium at 28 °C,
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160 rpm for 12 days. The susceptible cotton variety (Jimian
11) was used.

Isolation of endophytic bacteria
Cotton plants were collected from Liu he agricultural re-
search farm, Nanjing, China. Endophytic bacteria were
isolated, following (Wen et al. 2011) method with some
minor modifications. The plants were severed aseptically
just above the soil line, washed under tap water and
were sterilized with 70% ethanol for 1 min followed by
5% sodium hypochlorite (NaClO) for 5 min then,
washed with dH2O for three times. The outer tissues
were removed by a knife, and the remaining parts were
cut into small fragments. The fragments were sterilized
by 70% ethanol and again washed in dH2O for 3 times.
The fragments were semi dipped in Luria Bertani (LB)
agar medium in the Petri dish and incubated at 28 °C
until the colonies appeared around the segments. Dis-
tinct colonies were identified based on the following
traits: color, form, elevation, margin, diameter, surface,
and texture. Every distinct colony was purified by streak
culture in Petri dish on LB agar medium in three repli-
cates. A similar procedure without surface sterilization
was launched as a negative control. As a positive control,
the LB agar medium was inoculated with 0.1 ml of the
last rinsed water. The purified colonies were transferred
to 2 ml centrifuge tubes had 1 ml LB liquid medium and
incubated in a shaker at 37 °C, 160 rpm for 24 h. The
isolates were stored at – 20 °C for a short time and in
40% glycerol at – 80°C for long-term storage.

Antagonistic activity and pathogenicity reduction test in
plate assay
Antagonistic activity of the isolates was tested on PDA
plates in modified agar diffusion assay (Han et al. 2015)
with some major modifications. In details, 2 ml of V.
dahliae mycelial suspension was mixed with 200 ml of
semi-solid (45 °C) 1% PDA medium and was poured into
the Petri dish. Two wells were punched into the PDA
medium with a sterile Pipette tip. Ten microliters of the
overnight culture of isolates were placed into the well,
and only LB liquid medium was added as a control. The
plates were incubated at 25 °C. Five days later, the zone
of inhibition was measured, and the mycelia of fungi
from the zone of interaction were removed from the
plate carefully, mixed with ddH2O, and the changes in
morphology was observed under BX53 Olympus micro-
scope. In the meantime, the mycelia from the interaction
zone (treated-mycelia) and the mycelia from isolate-free
zone (untreated-mycelia) in Petri dish were transferred
to separate tubes, mixed with ddH2O, and their viru-
lence was examined as follows: 2-week-old cotton seed-
ling’s leaves were placed on 0.30% water agar. Ten
microliters droplets of bacterial treated or untreated

mycelial suspension (106 ml−1) was spotted on the sur-
face of the leaves. Seven days later, the viability of the
spotted mycelia was examined under a light microscope,
and their germination on the leaves and the necrosis of
the spotted area was photographed. Each assay was per-
formed in three replicates.

16S rRNA gene analysis
The isolate was identified by partial analysis of 16S
rRNA gene as follows: the total genomic DNA was ex-
tracted using TIANamp bacteria DNA Kit (TIANGEN
Biotech Co., Ltd., Beijing, China). Universal primers
(F27; 5′-AGA GTT TGA TCC TGG CTC AG-3′ and
R1492; 5′-GGT TAC CTT GTT ACG ACT T-3′) (Ed-
wards et al. 1989) were used to amplify 16S rRNA gene
using PCR (GeneMate series). A total volume of 25 μl
reaction mixture was prepared into the PCR tubes as fol-
lows: 1 μl DNA template, 0.5 μl forward primer, 0.5 μl
reverse primer, 12.5 μl rTaq (Sigma chemical company),
and 10.5 μl dH2O. The amplification process was carried
out in a thermal cycle with the following reaction condi-
tions: the PCR process began initial denaturation at 95 °C
for 1 min, primers annealing 53 °C for 30 s, and primer
extension at 72 °C for 1 min. The PCR products were ana-
lyzed with 2% gel agarose. The amplified gene was se-
quenced by (Beijing Liuhe Huada Gene Technology Co.
Ltd., China). The sequence was compared with other re-
lated sequences in the national center for biotechnology
information (NCBI) and was aligned using Clustal X. The
phylogenetic tree was constructed using mega X software
by the maximum likelihood method with the maximum
parsimony options and 1000 bootstrap replicates for the
support estimation of each branch. Morphological proper-
ties were examined by a general protocol as described by
Kamlage (1996). The physiological and biochemical char-
acteristics were examined using the API 20NE system
(bioMerieux, Inc., Marcy l’Etoile, France).

Greenhouse experiment
The seeds were washed, sterilized with 5.5% sodium
hypochlorite (NaClO) for 1min, then washed with
ddH2O for three times and were kept in ddH2O for 24 h
for germination initiation. To make the bacterial solu-
tion, a fresh culture of bacteria was centrifuged, and the
pellets were washed by ddH2O for three times. Then,
the pellets were dissolved in 0.5% carboxy methylcellu-
lose (CMC) solution, optical density (OD) = 0.3 for seed
treatment. The pellets were dissolved in ddH2O (7 × 109

cell ml−1) for soil drench method. For seed treatment,
the seeds were dipped in bacterial solution for 4 h. As a
control, the seeds were dipped in the same volume of
CMC solution without bacteria and were then grown in
300 ml plastic cups filled with sterile vermiculite
medium and watered accordingly. Five days after the
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treatment, the development of the lateral roots were ran-
domly recorded for 10 plants from each treatment. As a soil
drench method, 10 ml of the bacterial solution was added
to every cup of 1-week-old seedlings grown in 300 ml plas-
tic cups or the same volume of only dH2O was added (con-
trol) following the procedure of Selim et al. (2017).
The seedlings were challenged inoculated at the 6th

true leaves stage with V. dahliae spore solution as de-
scribed by Wang et al. (2015) with some modification.
0.5 ml of fungal spore was inoculated in 200 ml PDB
medium in 500 ml flask and incubated in 150 rpm, 37
°C for 7 days. Ten milliliters of spore solution
(6.107 ml−1) was applied to the soil around the plant in
every cup. Fifteen days after the inoculation, the disease
severity was assessed for each plant. A scale from 0 to 4
was used to classify plants according to the percentage
of plant leaves effected by chlorosis, necrosis or defoli-
ation (0 = no symptoms, 1 = slight marginal chlorosis, 2
= moderate marginal chlorosis, 3 = moderate wilt and
visible necrosis, 4 = severe wilt and defoliation). The leaf
wilt index (LWI) was calculated as follows: leaf wilt
index = Σ (number of plants with a disease scale × value
of the corresponding scale)/(total plants rated × the
highest scale value) (Li et al. 2012). Biocontrol efficacy
was calculated as follows: Biocontrol efficacy = [(LWI of
control plants–LWI of treated plants)/disease incidence
of control] × 100 (Huang et al. 2006). The experiment
was designed in three replicates with 19 to 25 plants
(each cup had 1 or 2 seedlings).

Hydrogen peroxide (H2O2) staining in the leaves
Overnight culture of the isolate was centrifuged at
12000 rpm for 10 min, the supernatants were discarded,
the pellets were mixed with ddH2O and centrifuged
again in 12000 rpm for 10 min (repeated this step for 3
times). Finally, the pellets were mixed with ddH2O (OD
= 0.2). In the 6th true leave stage, the bacterial solution
was sprayed on the whole plant (only ddH2O was
sprayed on the CK group). Five days later, ROS (H2O2)
was assessed as described by Kumar et al. (2009). The
experiment was designed in three replicates.

Hydrogen peroxide (H2O2) staining in the roots
For hydrogen peroxide staining and to visualize bacterial
internalization and their infections in the roots, the cot-
ton seeds were sterilized with NaClO and were treated
with the bacterial solution as described above. The seeds
were then grown on a 0.5% water agar medium. One-
week-old seedlings roots were stained with a solution of
100 mM potassium phosphate buffer, pH 7.0, 2.5 mM 3,
3′-diaminobenzidine tetrachloride (DAB), and 5 units/
mL purpurogallin of horseradish peroxidase (Type VI,
Sigma Chemical Company) (Pick and Keisari 1980). The
roots were excised, placed on a slide contained aniline

blue/lactophenol (0.012 g aniline blue dye, 5 g phenol
crystals, 10 ml glycerol, 5 ml lactic acid, 5 ml H2O), and
examined under bright field microscopy.

Transmission electron microscope
To explore systemic colonization and the precise loca-
tion of the endophytic isolate, the seeds were dipped in
bacterial solution for 4h. As a control, the seeds were
dipped in the same volume of CMC solution without
bacteria as described previously. Then, the seeds were
sown in 500 ml glass flask contained sterilized vermicu-
lite medium (all the procedure was performed under
laminar flow hood). After 1 week, the seedlings were
harvested, the roots were cut into small pieces and kept
in 2.5% glutaraldehyde solution in potassium phosphate
buffer (PB), pH 7 until transmission electron microscope
analysis (Quadt-Hallmann et al. 1997).

Plant systemic resistant enzymes assessment in the roots
The seeds were surface sterilized by NaClO and were
treated with a fresh culture of the bacterial solution and
were sown in 300 ml plastic cups as described above.
One week after cultivation, the seedlings were inoculated
with fungal spores and the roots samples were collected
at 0, 24, 72, 96, and 168 h time interval, ground in liquid
nitrogen, and kept in − 70°C until use.

Determination of phenylalanine ammonia-lyase (PAL)
activity
0.5 g nitrogen ground roots were homogenized with 1 ml
of 0.1 M phosphate buffer (pH 7.0), centrifuged at 12,000
rpm for 20 min at 4 °C. The supernatants were used as an
enzyme source. One hundred microliters of enzyme ex-
tract was mixed with 1.2 ml of 0.1 M borate buffer (pH 9)
and 1.5 ml 12 M L-phenyl alanine and was incubated at
30 °C for 30 s. 0.1 ml of HCl at a concentration of 5 M
was added to terminate the reaction. The absorbance at
OD290 was measured by a spectrophotometer. Enzyme
activity was expressed as mmol trans-cinnamic acid min−1

gr−1 of tissues (Dickerson et al. 1984). The experiment
was set up for three replicates, and each replicate was
measured in parallel for three times.

Determination of peroxidase (POD) activity
0.5 g nitrogen ground roots were homogenized with 1
ml of 0.1 M phosphate buffer (pH 7.0). The mixture was
shaken and centrifuged at 12,000 rpm for 15 min at 4
°C. The supernatants were used as an enzyme source
and were transferred to another centrifuge tube. 1.5 ml
of 0.05 M pyrogallol at a concentration of 0.05 M and
0.5 ml of 1% H2O2 were added to 0.5 ml of enzyme ex-
tract. The changes in absorbance (OD) at 420 nm were
recorded every 60 s for 5 min. The enzyme activity was
expressed as changes in OD of the reaction mixture
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min−1 gr−1 as enzyme activity (Mayer et al. 1966). The
experiment was set up three times and every time the
optical density was also measured three times.

Determination of polyphenol oxidase (PPO) activity
0.5 g of the stored ground roots were mixed with 1 ml of
0.1 M sodium phosphate buffer (pH 6.5), Shaken and
mixed. Afterward, centrifuged at 12,000 rpm for 15 min at
4 °C. The supernatants were transferred to another centri-
fuge tube and were used as an enzyme source. The reac-
tion mixture contained 200 μl enzyme extract and 1.5 ml
of 0.1M sodium phosphate buffer (pH 6.5). To start the
reaction, 200 μl of 0.01 M catechol was added, after mix-
ing, the absorbance was measured immediately at 495 nm
every 1 min for 5 min. The changes in absorbance at 495
nm min−1 g−1 was used as enzyme activity unit (U) (Ham-
merschmidt et al. 1982). The experiment was set up for
three repetitions and optical density (OD) measurements
were also repeated three times.

Total phenolic contents
The total phenolic contents in the roots were assessed as
described by Zieslin and Ben-Zaken (1993). In detail, 0.5
g of liquid nitrogen ground roots were homogenized
with 5 ml of 80% methanol. One milliliter of methanolic
extract was mixed with 5 ml of distilled water and 250
μl of Folin–Cioalteau reagent (1 N), and the solution
was kept at 25 °C for 3 min. Then, 1 ml of sodium car-
bonate saturated solution and 1 ml of sterile distilled
water were added and were incubated at 25 °C for 1 h.
The OD was measured at 725 nm. The soluble total
phenol contents were calculated based on a standard
carve from Folin–Cioalteau reagents with the phenol so-
lution and were expressed as catechol equivalent per
gram of tissue weight.

Hydrolytic enzymes activity test
To examine cellulase activity of the strain, water agar
plates containing 1% CMC were prepared. The strain was
spotted in the middle of the plate and incubated at 30 °C
for 2 days. The plates were flooded with 0.1% Congo red,
and 20 min later, the Congo red was poured off and
washed with 1 M NaCl for 10 min. To examine chitinase
activity, colloidal chitin was prepared as described by Joe
and Sarojini (2017). Agar plates containing 1% colloidal
chitin was prepared, and the strain was spotted in the
middle of the plate and incubated at 30 °C for 3 days.

Isolation and antifungal activity of the secondary extract
The antifungal compounds produced by the isolate were ex-
tracted from the supernatant’s fluid as follows: 500 μl of the
bacteria was inoculated in 1 L LB medium and incubated at
37 °C, 160 rpm. The culture was harvested after 48, 72, 96,
and 120 h of incubation by centrifugation at 12,000rpm for 15

min. The antifungal ability of the supernatant was tested in
Petri dish. Subsequently, the extracts were precipitated by am-
monium sulfate 80% saturation and were kept at 4 °C over-
night. After centrifugation at 12,000 rpm for 20 min, the
precipitates were collected and dissolved in methanol. The
methanol was evaporated, and the extracts were dissolved in
ddH2O and were freeze-dried. The antifungal activity of the
enzyme extracts was examined by agar well diffusion method
as described by Balouiri et al. (2016) with some modifications.
In details, Petri dishes were filled with PDAmedium. Approxi-
mately (107 ml−1) V. dahliae spores were spread on the sur-
face of the media with a glass spreader, wells were punched
with a sterilized 0.5 cm in diameter Pipette tip. The extracts
were filtered (0.2 μm) and were applied to the wells. Only li-
quid LB medium was applied to the wells as a control. The
plates were incubated at 28 °C; 3 days later, the diameter of
the inhibited clear zone around the wells was measured and
was directed as antifungal activity of the secondary extract. To
determine the specific active fractions of the secondary extract,
cellulase, and chitinase specific activities were assessed.

Detection of cellulase
The specific activity of the total cellulase was determined
by measuring the amount of reducing sugar produced
during the enzymatic reaction by dinitrosalicylic acid
(DNS) as described by Miller (1959). A reaction mixture
contained 0.5 ml enzyme extract, 0.5 ml 0.05 M citrate-
phosphate buffer (pH 7.0) and 1.0 ml of 1% (w/v) CMC
(Sigma-Aldrich) in 0.05 M citrate-phosphate buffer (pH
7.0) was prepared and incubated in 37 °C for 15 min. 1.5
ml DNS reagent was added to terminate the reaction,
boiled for 15 min in a water bath, and the absorbance
was measured at 540 nm. The mixture without the reac-
tion enzyme was used as a blank (Saowapar et al. 2014).
Each unit of cellulase activity was determined as the
amount of the enzyme required for releasing 1 μmole of
glucose produce per min per ml of the enzyme solution.

Detection of chitinase
For chitinase activity measurement, colloidal chitin was
used as a substrate and was examined by the release of
glucose. One milliliter of enzyme solution was mixed
with 1 ml of substrate solution (1% colloidal chitin in
phosphate buffer, pH 7.0). The reaction mixture was in-
cubated in 50 °C for 60 min, and then 2 ml of 1% 3, 5-
dinitrosalicylic acid (DNS) (sigma) was added to stop the
reaction. The mixture was boiled in a water bath for 15
min and was cooled to room temperature. The absorb-
ance was measured at 530 nm.

Antagonistic potential of the secondary extract
In the absence of cotton
Fifty milliliters of liquid LB medium was prepared in 150
ml flasks containing 25 μ/ml and 50 μ/ml concentration
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of the extract. Only dH2O was added in control. The
flasks were inoculated with 50 μl of V. dahliae mycelia
and incubated at 28 °C, 80 rpm. Six days later, the num-
ber of living mycelia was counted using hemocytometer.

In the presence of cotton plant
The greenhouse experiment was conducted to investigate
the antagonistic potential of the extracts against V. dahliae
mycelia in the presence of cotton. Sterile soil was mixed with
V. dahliae microsclerotia with a concentration of 2% (w/w)
and placed in 250 ml plastic cups. Twenty-five micrograms
per milliliters and 50 μg/ml concentration of the enzyme ex-
tract was dissolved in dH2O and were used as the secondary
extract solution. Cotton seeds were surface sterilized as
above and were grown in the soil in three replicates then
were placed at 27 °C with 14 h photoperiod. After germin-
ation, 20 ml of the extract solution was poured into every
cup (only dH2O was added for control). Diseases severity
and leaf wilt index (LWI) were calculated at 6th true leaves
stage as described above. The experiment was designed in 3
replicates with 20 plants (every cup had 1 or 2 plants). Subse-
quently, 4 cups from each treatment were selected randomly
and investigated for the quantification of microsclerotia in
the soil and their extension into the plants as follows: 100
mg of the soil was pestled in 1 ml of 0.85% NaCl solution
and then was diluted with the same concentration of NaCl
solution. The mixture was placed on PDA medium amended
with 100 μg ml−1 hygromycin B and the number of micro-
sclerotia was assessed following the procedure of Guo et al.
(2011). To recover V. dahliae from the plants, the stem was
sectioned in 2-cm-long fragments from the base to the first
node and washed under tap water. The fragments were sur-
face sterilized with 75% ethanol, then in 1% NaClO for 1
min, followed by 3 washes with dH2O. The fragments were
then cut into 2–3 mm cross-sectional cuttings. Ten cuttings
were placed on every PDA plate amended with 100 μg ml−1

hygromycin B and incubated at 28 °C for 5 days. Plant
colonization ability of V. dahliae where the soil was amended
with different concentrations of the extract was calculated by
comparing the number of the stem cuttings from which the
fungus germinated with those which the fungus was not ger-
minated (Zhang et al. 2011).

Statistical analysis
Statistical analysis was performed using ANOVA, and the
significance of the difference between the treatments was de-
termined by fisher’s protected least significant difference
PLSD (statView 5.0.1). P < 0.05 was considered significant.

Results and discussion
Isolation of endophytic bacteria and their antagonistic
activity in vitro assay
In the present investigation, overall, 66 endophytic bac-
teria were extracted from healthy cotton’s roots and

their antagonistic potential was evaluated in vitro assay
in modified agar diffusion method. Out of them, the iso-
late, which had the highest suppressive ability on V. dah-
liae mycelia in vitro was selected for this study. When
the isolate suspension was added to the wells containing
V. dahliae mycelia, a distinctive zone of inhibition was
observed around the bacterial suspension (Fig. 1 a). In
contrast, the wells, which were exposed with only liquid
LB medium as control, were normal and the mycelia
were growing normally. Microscopic observation of fun-
gal mycelia within the isolate interaction zone (treated-
mycelia) showed changes in morphology such as
enlargement, melanization, and septa were observed in
the swollen mycelia (Fig. 1 c). The mycelia from the
interaction zone (treated-mycelia) lost their virulence
against plant tissue and were non-pathogenic, which
could not form germ-tube and seemed to be inactive on
the surface of the leaves. In contrast, the mycelia from
the isolate-free zone or untreated-mycelia (control) were
morphologically normal without any abnormal changes
and were highly virulent which germinated on the spot-
ted part of the leaves, germ tube elongated, and formed
new hyphae. Because of the high pathogenicity of the
untreated-mycelia, the spotted area became black and
necrotic around the germinating mycelia (Fig. 1b). The
findings were correlated as documented by Kevan et al.
(2011) who demonstrated that some endophytic bacteria
are antagonistic against plant pathogens, which could be
used as effective bioagents in plants pest and diseases
control. The obtained results confirm the report of Tja-
mos (2000) who researched several antagonistic bacteria
due to their control capacity of fungal microsclerotia and
mycelia which are the primary targets regarding control
measures and capacity, and they are essential for the ini-
tial infection, host colonization, and fungus survival.

Strain identification and characterization
The total length of the partial amplified 16S rRNA gene
nucleotide sequence was 980 bp and its identity percent-
age was 99% with other nucleotides in NCBI. The phylo-
genetic tree analysis showed the evolutionary relationship
between the isolate in our study and other similar strains
(Fig. 2). The isolate was identified as B. velezensis based on
homology analyses and 16S rRNA gene sequences, which
is a well-identified method for bacterial genus and species
level identification (Shen et al. 2004) and was adjacent as
B. velezensis SZAD2. The physical, morphological, and
physiological characterizations of the isolate are shown in
Table 1.

Bio-efficacy under greenhouse conditions
As in vitro experiment has certain limitations in biocon-
trol effectiveness, which could not be used as an alterna-
tive way instead of planta conditions (Inam-ul-Haq et al.
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2003). Therefore, the biocontrol potential of the strain
was assessed under greenhouse conditions. Seeds treat-
ment of cotton with strain SZAD2 caused a remarkable
reduction of chlorosis, necrosis, and defoliation. The leaf
wilt index (LWI) in control plants was 62.49%, while in
seed treated plants, the LWI reduced to 24.8% and the
biocontrol efficacy of the isolate was 60.31%. In soil
drench method, the LWI was significantly reduced to
13% and the biocontrol efficacy was 79.197%, indicating
that strain SZAD2 was more effective in the soil drench
method than seed treatment. These results are in ac-
cordance with previous studies reporting some B. vele-
zensis strains as potential candidates for biocontrol
under greenhouse conditions, such as B. velezensis strain
NKG-2 had shown biocontrol potential against Botrytis
cinerea in tomatoes (Myo et al. 2019), and our findings
had indicated that the correlation between in vitro and
in planta was correspondent as documented by Gupta
et al. (2010).

Lateral roots stimulation, plant defense response, and
internal colonization
Seed treatment caused to remarkably stimulate and de-
veloped lateral roots in cotton seedlings (Fig. 3a). Fur-
thermore, the endophytic isolate caused to activate plant
defense response by H2O2 accumulation both in the

leave and in the roots. Spraying of cotton leaves with
bacterial solution caused H2O2 accumulation in the
leaves, which was seen as brown coloration under light
microscope (Fig. 3b). In addition, roots treatment with
bacterial solution caused systemically colonization of the
roots and enhanced plant defense response by the accu-
mulation of H2O2 in the roots. ROS staining of cotton
roots showed the existence of bacterial infection close to
the surface of hair roots and seemed to be located within
the cells of the roots. Roots cells showed the internal
presence of bacteria stained brown indicative presence
of hydrogen peroxide in the tissues (Fig. 3c). In contrast,
untreated roots had no evidence of bacterial infection and
had no signs of H2O2 production. Transmission electron
microscope analysis showed the precise location of the
strain, and that B. velezensis SZAD2 cells systemically col-
onized cotton roots and were mainly located within the
intercellular spaces of the roots (Fig. 4). The obtained re-
sult was similar to Low and Merida (1996) who reported
that plant tissues produce H2O2 during the avirulent
interaction of symbiotic endophytic bacteria and fungi
with plants, which has a key role in plant defense re-
sponse. The findings were in accordance with Chin-A-
Woeng et al. (1997) who demonstrated that the root
colonization is the important factor needed to screen or
select strains possessing good biocontrol activity which

Fig. 1 Antifungal activity of the isolate against V. dahliae. a The antagonistic activity of the isolate in plate assay. (a) The black arrowhead
indicates the bacterial interaction zone (b) Microscopic image of mycelia from bacteria free zone (CK). Bar = 10 μm. (c) Microscopic image of
mycelia in the zone of interaction, the white arrowhead shows the swollen mycelia where septa are appearing. Bar = 10 μm. b Virulence
reduction of mycelia against cotton leaves. The black arrow indicates the untreated mycelia germinated on the leaves; the white arrow indicates
the necrosis of the spotted part of the leaf. The black arrowhead indicates the treated mycelia (CK) which has no germination ability

Fig. 2 Phylogenetic tree based on 16S rRNA gene sequence.
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delivers the antagonistic bacteria at the right place in the
plants. The result was parallel to Quadt-Hallmann et al.
(1996) who studied bacterial colonization and localization
inside the plants using TEM which is a well-known tech-
nique for the bacteria internal colonization and
localization study and reported that endophytic bacteria
live and spread inside the plants. Roy et al. (2013) defined
that some beneficial microbes are well-recognized for
their ability to modulate root growth and development.

Increase in plant systemic resistance
Bacterization of cotton seeds significantly expressed a
higher amount of defense enzymes in the root such as
PAL, POD, PPO, and phenol contents. Although, the
defense enzymes’ activities were also increased in non-
bacterized plant inoculated with V. dahliae, but their

activities in bacterized plants were much higher than
non-bacterized plants (Fig. 5). PAL activity began to in-
crease after 24 h and reached its peak 48 h after inocula-
tion. PAL activity in bacterized plants was transient and
was almost two times higher than in non-bacterized
plants. POD activity was also higher in bacterized plants
then non-bacterized plants, and its activity reached its
peak after 96 h of challenging inoculation. PPO activity
was significantly higher in bacterized plants then non-
bacterized plants, which reached its peak after 72 h.
Also, a significant increase in phenol contents was
expressed in bacterized plants. The accumulation of phe-
nol contents reached to 332.98 mg/g after 48 h of inocu-
lation. The results were correlated as recorded by
Ramamoorthy et al. (2001) who reported that inducing
the plants’ resistance by application of a biological

Table 1 Physiological, morphological, and biochemical characterization

Indices Characteristic Indices Characteristic

Morphology White, round, and smooth Lactic acid +

Anaerobic growth − Urease +

Gram stain + Melibiose +

Growth in Nacl concentration (3–8) % + Salicin +

Growth at pH (5–10) + D-Ribose +

Growth at temperature (20–45) °C + D-Sorbitol +

Malic acid + Arginine dihydrolase −

Sucrose + Trisodium citrate +

L-Rhamnose + Adipic acid −

Sodium acetate − Valeric acid −

β-Galactosidase − Nitrate reduction to nitrite +

L-Histidine + Propionic acid −

Inositol + Arabinose −

+ = positive, − = negative

Fig. 3 Lateral roots stimulation and plant defense response mediate by the isolate. a Lateral roots stimulation in seedlings. Bar = 100 μm. b H2O2

assessment in the leaves, the white arrowhead shows ROS accumulation along the veins. Bar = 50 μm. c Roots colonization and H2O2

assessment, the black arrow indicates the isolate within the roots. Bar = 100 μm
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Fig. 4 Transmission electron microscopy screening of the isolate inside the roots. a The white arrows indicate the strain within the intercellular
space. Bar = 2 μm. b The white arrowhead indicates the strain attached to the host cell wall. Bar = 1 μm

Fig. 5 Changes in the activity of enzymes related to induced systemic resistance in the roots
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inducer is a novel plant protection strategy. Increase in
activity of PAL (Raj et al. 2003), PPO (Nandakumar
et al. 2002), POD (Chen et al. 2000), and phenol accu-
mulation (Meena et al. 2000) have been well-investigated
induced by antagonistic bacteria in plant tissues against
various pathogens which are associated with ISR.

Hydrolytic enzyme activity
The isolate was examined for hydrolytic enzyme produc-
tion. Respectively, it produced both cellulase and chiti-
nase based on the clearance zone on agar plates
contained CMC or chitin (Fig. 6). Obtained result was
similar as noted by Mohammed (2020) who used CMC
and chitin for cellulase and chitinase activity tests.

Antifungal potential of the secondary extracts and their
active components in different time of incubation
The antifungal activity of the supernatants began at 48 h
and reached its peak in 72 h of incubation but lost their
antifungal potential when the isolate was incubated in

the culture medium for 96 h, 120 h, or longer (Fig. 7a).
The secondary extracts isolated from the supernatants
fluid in different time intervals had also different anti-
fungal potential and had different colors. The extract
isolated in 48 h of incubation had black yellowish color
and had very less antifungal activity but had the highest
antifungal potential in 72 h of incubation which had a
bright yellowish color. In contrast, the extract isolated in
96 and 120 h of incubation had no antifungal activity,
which had gray and dark colors (Fig. 7b). To determine
and estimate the active components exist in the second-
ary extracts obtained in different time intervals, cellulase,
and chitinase-specific activities were examined. The spe-
cific activity of cellulase enzyme 48 h after incubation
was 0.058 U/ml and reached to its peak by day 3 (72 h
after incubation) (3.1 U/ml), then continuously reduced
its activity by day 4 and by day 5. Chitinase activity also
began 48 h after the culture (0.57 U/ml) and reached to
its peak by day 3 (72 h) (1.69 U/ml). Then, reduced its
activity by day 4 and by day 5 (Fig. 8). As the secondary

Fig. 6 Hydrolytic activity of the isolate. a The hydrolytic area around the isolate in plates contained CMC shows its cellulase activity. b The
hydrolytic area around the isolate in plates contained chitin shows its chitinase activity

Fig. 7 Antifungal potential of the supernatants and their crude extracts in different time interval of incubation. a Antifungal ability of the
supernatants after incubating the strain in LB medium for different times. The clear area indicates the inhibited area. b The color difference of the
crude extracts in different time interval
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extract obtained from the supernatant fluid of the isolate
in 72 h of incubation had the highest activity of hydrolytic
enzymes such as cellulase and chitinase and also had the
highest antagonistic potential against V. dahliae in Petri
dish, so we speculated them as active secondary extract
which is complex hydrolytic enzymes. In this study, the
specific activities of cellulase and chitinase indicated that
the active components of the secondary extract are com-
plex hydrolytic enzymes such as cellulase and chitinase as
recorded by Ashwini and Srividya (2014).

Suppressive potential of the hydrolytic enzyme extract
against V. dahliae
Number of living spores was much lower in V. dahliae
liquid culture contained hydrolytic enzyme extract than
control (CK). After 5 days, the number of living spores/
ml in control where no active extract was added reached
to 15. 103 spores/ml, but when 25 μg ml−1 and 50 μg
ml−1 active enzyme extracts were added the number of
living spores was 4 (103) and 1.5 (103)/ml, which indi-
cated that the active extract from B. velezensis SZAD2

can directly suppress V. dahliae spores and reduce its
germination and viability (Fig. 9a).
The greenhouse experiment showed that the active ex-

tract had highly suppressive potential against V. dahliae
microsclerotia in the presence of cotton. The number of
microsclerotia in the soil amended with 25 and 50 μg
ml−1 active extract was significantly lower than the con-
trol soil. In the control group, the amount of fungal
microsclerotia reached to 202 × 102 CFU/g of soil, while
the number of microsclerotia was 141 CFU/g × 102 and
7 × 1002 CFU/g, when the soil was amended with 25
and 50 μg ml−1 active enzyme extract. Further analysis
showed that soil treatment with the active extract signifi-
cantly reduced the extent of V. dahliae colonization in
cotton plants, which caused the symptoms and disease
severity reduction in plants, and only the plants, which
were grown in control soil (without the active enzyme
extract) showed severe wilt and defoliation. The number
of stem fragments from which the fungus grew was
much lower in treated soil plants than in the CK group.
In control plants, 9 out of 10 stem fragments showed
colonies appearance. While in treated plants where the

Fig. 8 Cellulase and chitinase activities of the extracts in different time of incubation

Fig. 9 Suppressive effects of the active extracts in the presence and absence of cotton a Antagonistic potential of the active extract in vitro. CK
has white color which shows the high number of mycelia. In contrast, the treated group has a small number of mycelia. b Antagonistic potential
of the active extract in the presence of cotton. The number of stem cuttings from which fungus grew was used to determine the extent of
fungal colonization (a) CK (b), and (c) 25 and 50 μg ml−1 active extract was poured into the soil. The white arrows indicate leaf defoliation; the
black arrows indicate the stems from which the fungi grew
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soil was amended with 25 μg ml−1 and 50 μg ml−1 active
enzyme extract, only 4 and 1 stem segments showed
fungal colonies appearance (Fig. 9b). In addition, treat-
ment of soil with 25 μg ml−1 and 50 μg ml−1 of active
extract reduced significantly leaf wilt symptoms, which
demonstrated 61.90 and 87.96% biocontrol efficacies
against V. dahliae in cotton. These results in the present
study indicated that the active extract from the strain
SZAD2, which is a complex hydrolytic enzyme, caused
to suppress the microsclerotia and reduce their number
both in vitro and soil or in the presence/absence of cot-
ton plants, which has been proved to be an effective
mechanism in controlling the fungal pathogens (Chet
et al. 1990). Ahmadi et al. (2008) reported that a wide
range of organisms including bacteria are important for
their hydrolytic enzymes production such as cellulase
and chitinase, which are produced by bacteria and have
the most important roles in biological control of patho-
genic fungi and play a major role in degrading fungal cell
wall. These findings were in a close correlation with Rais
et al. (2018) who reported that the most important fac-
tor for a better bioagent against soil-borne diseases is to
produce antibiosis and lysis, which kill the pathogen and
inhibit its proliferation in host tissue.

Conclusion
The study revealed that the strain SZAD2, which was
isolated from cotton roots and was identified by 16S
rRNA gene sequencing analysis had a significantly high
biocontrol potential against V. dahliae. The strain sys-
temically colonized the roots and caused the production
of H2O2 both in the roots and leaves, and also activated
antioxidant enzyme such as PAL, PPO, POD, and the ac-
cumulation of phenol contents in the roots, which indi-
cated that it can stimulate the basal defense response
and induced systemic resistance. In addition, the second-
ary extract produced by the strain had the highest activ-
ity of cellulase and chitinase which reduced the number
of mycelia both in the presence and absence of cotton.
This study is the first report regarding B. velezensis
SZAD2 biocontrol potential against Verticillium wilt in
cotton, which demonstrated multiple modes of action,
and it could be a potential candidate as a new bioagent
in management of this critical soil-borne fungus and
could be used for commercial exploration.
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