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Abstract

Introduction: In recent years, there has been a considerable interest in the use of
biological approaches, as an alternative to chemical fertilizers and pesticides to
management of plant pathogens and improvement of crop productivity. Recently,
endophytic bacteria have gained attention due to their efficient bio-control and plant
growth promoting potentials. The objective of this study was to evaluate bio control and
plant growth promoting ability of endophytic bacteria in challenging with Verticillium
dahliae under in-vitro and greenhouse conditions.

Materials and methods: Endophytic bacteria were isolated from tomato plants and their
bio-control activity was screened based on dual culture method. Antifungal and their plant
growth promoting traits such as production of volatile compounds, antibiotics, proteases,
chitinases, hydrogen cyanide, siderophore, indole acetic acid and phosphate solubilizing
were evaluated. Their effects on seed germination and growth parameters of seedlings
under in-vitro condition and on the control of disease and tomato growth were evaluated in
greenhouse.

Results: In dual culture tests, FS67, FS167, FS300 and FS339 isolates showed significant
antifungal activity and they were identified as Pseudomonas mosselli, P. fuorescence,
Stenotrophomonas maltophilia and Acinetobacter calcoaceticus, respectively. All strains
produced several kinds of antifungal and growth promoting agents under in-vitro
conditions. They increased seed germination and growth parameters of seedlings. They
also reduced the disease and improved the growth parameters of the plants in challenging
with V. dahliae in greenhouse.

Discussion and conclusion: The present study has shown that these endophytic bacteria
have the bio-control and bio-fertilizer potentials, which make them suitable candidates as
an alternative tool of chemicals in management of V. dahliae. Results indicated they might
enhance tomato plant growth and health via various mechanisms and most of them
probably employ more than one of these mechanisms.
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Introduction

Verticillium wilt, caused by the soil
born fungus Verticillium dahlia Kleb, is
one of the most important plant diseases
worldwide. It is a devastating plant
disease, which can affect both annual crops
as well as woody perennials, hence
inducing major food losses (1). V. dahliae
invades roots and causes wilt diseases
through colonization in xylem tissue of
host plants. Synthetic chemical fungicides
have been used in reducing the plant
diseases for many years (2). However,
because of the ecological and economical
reasons, the management of Verticillium
wilt by conventional chemical methods is
raising concerns. It seems appropriate to
search for an alternative or supplement
control strategy (3). In recent years, there
has been a considerable interest in the use
of biological approaches, as an alternative
to chemical fertilizers and pesticides to
improve crop productivity (4,5). Using
microbial antagonists such as endophytic
bacteria to control phytopathogens are now
of growing interest (6). Bacterial
endophytes are microorganisms that
colonize living internal tissues of plants
without causing damage (7). They colonize
a large number of plants, including
monocots and dicots. Varieties  of
endophytes have been isolated from
various species of plants (hosts) and are
not in generally organ specific. Thus, they
may be isolated from roots, leaves, and
stems, and a few from inflorescences and
fruits (8). They can act both as growth
promoters and as bio-control agents.
Entophytic  bacteria suppress disease
caused by soil born pathogen such as V.
dahliae (9,10, 11), and have beneficial
effects on plant growth and yield (7). The
beneficial effects of bacterial endophytes
on their host plant occur via variety of
mechanisms  (12) including antibiosis
(antibioticproduction), growth promotion,
inducing  host  defenses  (systemic

resistance), parasitism, competition and
signal interference (quorum  sensing)
(7,13). Considering many beneficial
features of bacterial endophytes, there is an
increasing interest over the last few years
in using them as bio-fertilizers and
biological control agents (12). V. dahliae is
one of the important pathogen of tomato
(Solanum lycopersicum L.) in Iran. In the
present study, we discuss potential
antifungal mechanisms and plant growth
promoting traits of these bacteria and
demonstrate their effects on disease
development in greenhouse experiments,
which can be further developed as bio-
control agents against V. dahliae for
tomato crop.

Materials and methods

Sample collection and isolation of bacteria:
Tomato plants including stem, leaf and
root were collected from different tomato
fields of 14 sites in Hamedan province,
Iran. Endophytic bacteria were isolated
from the internal tissues of roots, leaves
and stems according to Hung and
Annapurna (14).

Fungal pathogen: The fungus V. dahliae
used in this study was obtained from
Agricultural Research Centre of Hamadan
province.

Screening of  bacterial isolates for
antagonism against V. dahlia: The total
number of 80 bacterial isolates was
evaluated for their antagonistic activity
against V. dahlia using a dual culture
technique (15). A 5 mm agar disc of a ten-
day old culture of fungal pathogen was
placed in the center of potato carrot agar
(PCA) plates. Bacterial suspension (2 x
10® cfu ml™t) was streaked parallely on
each side of the fungal disc at a distance of
2 cm. The plates with only fungal disc,
without bacterial streaks, were considered
as the control. The inoculated plates were
incubated at 28 + 2°C. Colony diameter of
the fungal pathogen was measured and
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compared with the control. The Inhibition
percentage of the pathogen by the
antagonistic bacteria over the control was
calculated by using the formula as follows
(16):

C—T

I=( ) x 100

Where, I= Inhibition rate of mycelium
growth; C= (a control value) represents the
radial growth of the fungus in control sets
without bacteria, T= radial growth of the
fungus in sets inoculated with the
bacterium.  The  experiments  were
conducted in triplicate in a completely
randomized design.

Identification of potential antagonistic
bacteria: The selected antagonists were
identified based on their reactions to
standard biochemical and phenotypic tests
from Bergey’s Manual of Systematic
Bacteriology (17) and Schaad et al. (18).
Furthermore, the molecular
characterization was done through partial
sequencing of their 16S r-DNA.

Assessments of antagonistic and plant
growth promoting mechanism(s) of antagonist
bacteria:  Bacterial  isolates  showing
significant antagonistic activity against V.
dahliae, were further examined for
explanation of the possible mechanism(s)
underlying their antagonistic behavior.

Screening for the production of fungal cell
wall-degrading activity: Protease activity
(casein degradation) was determined by the
formation of a clear zone around the
bacterial growth, in skimmed milk agar
(19), which indicated a positive proteolytic
activity. Chitinolytic activity was screened
by plating on colloidal chitin agar medium.
Clearance halos indicating the enzymatic
degradation was measured after 5 days of
incubation at 28 + 2°C (20). Cellulase
production was screened in medium
containing 1 g of K;HPO,, 05 g of
NaNQOg3, 0.5 g of KCI, 0.01 g of FeSO, and
1000 ml water. A piece of 9 x 1-cm
wathman filter paper was placed in a tube

containing 9 ml of the cellulose solution
and after inoculation with one loopful of
each bacteria start culture were incubated
at 28+2°C for 3 week (21).

Production of  diffusible  antifungal
metabolites: TO determine the production of
diffusible  antifungal metabolites by
antagonistic bacteria, Montealegre et al.
(22) methods were used (with some
modifications). Overnight activated
antagonistic bacterial suspension (2 x 10°
cfu mI™) were stab inoculated in the center
of the plates covered by a cellophane
membrane and incubated at 28 + 2°C for
72 hours. Afterwards, the membrane with
the bacterial growth was removed from the
petri plate and used two drops of
chloroform in petri plate lids, kept upside
down for 20 minutes. Afterward they were
inoculated with a 5 mmplug of the
pathogen in the center of the plate and the
control PCA plate inoculated with sterile
distilled water in place of bacteria and
further inoculated with the pathogen at 28
+ 2°C. When fungal pathogen was grown
completely in control petri plate, the
colony diameter of treatments was
measured and compared with the control.
Inhibition percentage of fungal growth was
calculated as mentioned before. Three
replicates of each treatment were
performed in a completely randomized
design.

Production of volatile antifungal
metabolites: The production of volatile
metabolites was tested by the paired plate
technique of Fiddaman and Rossall (23),
with some modifications. A petri plate
containing nutrient agar (NA) medium was
streak inoculated with 500 microliter of
antagonistic bacterial suspension (2 x 10°
cfu ml™). A second petri plate containing
PCA was inoculated with a 5 mm plug of
the activated pathogen at the center of the
plate. Both half plates were sealed together
and the paired plates were incubated at 28
+ 2°C. Control paired plates were designed
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with only the test fungus on PCA half plate
inverted over unstreaked NA half plate.
After incubation period (when tested
fungus was grown completely in the
control plates), colony diameter of the
fungus was measured and compared with
the control set. Inhibition percentage of the
radial growth of the fungus was calculated
as mentioned before. Three replicates of
each treatment were performed in a
completely randomized design.

Siderophore  production: ~ Siderophore
production was determined by the chrome
azurol S agar assay based on change in the
medium color from blue to orange after 3
days (24).

Hydrogen cyanide (HCN) production: HCN
was estimated qualitatively by the
sulfocyanate colorimetric method (25). The
bacteria were grown in NA amended with
glycine (4.4 g L™). One sheet of whatman
filter paper No.1 (7 cm diameter) was
soaked in 1% picric acid (in 10% sodium
carbonate; filter paper and picric acid was
sterilized separately) for a minute and
placed inside petri dish lids. The plates
were covered with cellophane membrane
and were incubated at 28 + 2° C for five
days. Degree of HCN production was
evaluated according to the color change on
the filter paper, ranging from yellow to
reddish brown.

Indole Acetic Acid (IAA) Production: 1AA
production by bacteria was carried out
according to Gordon and Weber (26) by
Salkowsky reagent. Quantification of 1AA
was done by measuring the absorbance in a
spectrophotometer at 530 nm. A standard
curve was plotted to quantify the IAA (pg
ml™) present in the culture filtrate.

Phosphate Solubilizing: To detect the
phosphate solubilizing bacteria, the strains
were streaked onto Pikovskaya’s agar
medium, pH 6.8 (27). Strains that induced
clear zone around the colonies after 3 days
were considered as positive.

Evaluation of the effect of endophytic
bacteria on seed germination and seedlings
growth by seed priming: This test was carried
out using seed bacterization method (28),
with some modification. Tomato seeds
cultivar "CALL j N 3" were surface
sterilized with 1% sodium hypochlorite for
1 min then, they were rinsed 3 times in
sterile water and dried on sterile tissue
paper and then were soaked for 12 h under
shaking (150 rpm) in the antagonists
suspension (108 cfu/ml) and carboxymethyl
cellulose (CMC) then the seeds were dried.
Seeds treated with distilled water were used
as control treatments. The seeds were
placed in glass flasks with 200 mL of water
agar (1%) medium and then placed in a
growth chamber with a photoperiod of 16 h
light/8 h dark and a light intensity of 200
molm?s™® at 22°C. Growth parameters
(length of the stem and main root, fresh and
dry weight of biomass) were recorded two
weeks after sowing. Germination rate of
seed and vigor index of seedling were
calculated using the following formulas
(29).

ination% number of seeds that germinated
germination% =

number of seeds on the tray
x 100
seedling vigor index = germination (%) X
seedling length

Evaluation of the effect of volatile organic
compounds (VOCs) of endophytic bacteria on
growth of seedlings: We evaluated the plant
growth promotion by VOCs emission from
antagonist strains, according to the Orozco-
Mosqueda et al. (28) with some
modification and as mentioned above,
except for bacteria (approximately 10°
cfu/ml) were inoculated in plates with NA
medium. Each plate was placed within the
flasks containing five tomato seeds without
any direct bacteria-plant interaction. Control
experiments did not contain bacterial
inoculum. Four flasks with five tomato
seeds were prepared for each treatment.
Growth parameters were recorded after two
weeks as mentioned above.
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Greenhouse tests:  Three  potential
antagonistic  bacterial isolates (FS67,
FS167, FS300 and FS339) were evaluated
in a greenhouse for their antagonistic
potential against V. dahliae. For the
preparation of the fungal inoculum, a
mixture containing 100 g of quartz sand, 6
g maize meal and 25 ml distilled water was
used. The medium was inoculated with
agar plugs of the fungus and incubated for
2 weeks at a temperature of 25 °C (30). Pot
mixture (1000 g) was prepared by mixing
red soil, sand and farm yard manure at
3:2:2 (autoclaved) and filled in plastic pots
followed by inoculation with V. dahliae
inoculum (20% of the pot weight).
Inoculum was mixed thoroughly with the
pot mixture. Prior to planting , the roots of
twenty day-old seedlings cultivar "CALL j
N 3" were dipped in a suspension of
antagonistic bacteria (2 x 10° cfu ml™) for
20 minutes. The control plants were dipped
in distilled water and planted in infested
soil and negative control was inoculated
with only V. dahliae. Three replicates of
each treatment were performed in a
completely randomized block design. The
experiments  were conducted under
greenhouse conditions (18 h light periods,
100 mEm? s* 25 + 2°C) in six-week
period. The symptoms were rated one
month after inoculation on a 0 to 4 scale
according to Tjamos et al. (31) with some
modifications. A scale 0-4 was used
according to the percentage of plant tissue
affected by chlorosis and necrosis (0=
absence of symptoms, 1= light chlorosis in
1-9% of plant canopy, 2= moderate
chlorosis and necrosis (10-25%), 3=
severe chlorosis and moderate necrosis
(26— 50%) and 4= plant death). The
percent disease index (PDI) was calculated
as follows (32):

Disease index %= (> (ratingxnumber of
plants rated) / Total number of plants x
highest rating) x 100

In  addition, growth  parameters

including stem and root length and fresh

and dryweight of tomato plants were
recorded.

Statistical analysis: The data obtained in
this study was subjected to the analysis of
variance (ANOVA), using the SAS 9.1.3
statistical software, for a completely
randomized design and completely
randomized block design. The means were
separated by Duncan’s multiple range tests
with P< 0.05 being accepted as significant.

Results

Screening of  bacterial isolates for
antagonism against V. dahlia: Among a total
number of 80 isolates, obtained from
internal tissues of tomato, FS67, FS167,
FS300 and FS339 strains (isolated from
root) showed in-vitro antifungal activity
against V. dahlia (Figure 1). Inhibition was
clearly discerned by limited growth of
fungal mycelium in the inhibition zone
surrounding a bacterial colony. Average
inhibition percentage of the pathogen was
varied significantly between the isolates
(P< 0.05) and strain FS300 had the highest
inhibition percentage of radial growth (96.6
%) of V. dahliae (Table 1).

Identification of antagonistic bacteria:
According to the morphological and
biochemical characteristics and molecular
identification FS67, FS167, FS300 and
FS339 isolates identified as Pseudomonas
mosselii, P.fluorescens,
Stenotrophomonasmaltophilia and

Acinetobactercalcoaceticus, respectively.
Table 1- In-vitro average inhibition percentage of
Verticillium dahliae by antagonistic bacteria
isolated from tomato root, based on dual culture
technique on agar plates.

Isolate Inhibition percentageof radial growth
FS300 96.6 +0.7°%*
FS339 90.3+0.4°"
FS167 833+13°
FS67 639+1.3¢
Control 0
CV% 2

*The values given are mean (n= 3) with standard
deviation. Values with different letter indicate significant
differences (P < 0.05) according to Duncan’s multiple
range tests. FS67 (Pseudomonas mosselii), FS167 (P.
fluorescens), FS300 (Stenotrophomonas maltophilia) and
FS339 (Acinetobacter calcoaceticus)
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Fig. 1- In-vitro inhibition of Verticilum dahliae by antagonistic bacteria; FS67 (Pseudomonas mosselii), FS167
(P. fluorescens), FS300 (Stenotrophomonas maltophilia) and FS339(Acinetobacter calcoaceticus) on the basis of

dual culture technique. (C) control plate

Assessments of antagonistic and plant growth
promoting mechanism(s) of antagonist bacteria:
All of four bacterial isolates were able to
produced more than one kind of antifungal
compounds and plant growth promoting
traits under in-vitro conditions but these
traits were varied among isolates. All
bacterial isolates were able to produce
chitinase, its production was higher in
P.fluorescens.  Protease and HCN
production were observed in all isolates
except P. mosselii and A. calcoaceticus,

respectively. According to our results from
phosphate solubilizing ability of studied
bacteria, all of them could solubilize
phosphate but there were no significant
differences among isolates. There was
significant difference (P< 0.05) in IAA
production by isolates and FS167 had
highest amount of IAA (Figure 2). None of
the isolates produced cellulase. The results
have been shown in table 2.

Table 2- Production of various antifungal compounds by antagonistic bacteria isolated from tomato root against
Verticillium dahliae.

Antagonist isolates
Character FS67 FS167 FS300 FS339
Siderophore production +* ++ + +
Protease production - + + +
Chitinase production + ++ + +
Cellulase production - - - -
HCN production + ++ ++ -
IAA production ++ +++ + ++
Phosphate production + + + +

*-: Nil; +: Low production; ++: Medium production, +++: High production. Antagonist isolates: FS67 (Pseudomonas
mosselii), FS167 (P. fluorescens), FS300 (Stenotrophomonas maltophilia) and FS339 (Acinetobacter calcoaceticus)
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Volatile and diffusible antifungal
metabolites: All the antagonistic isolates
produced diffusible and volatile antifungal
metabolites and the level of inhibition of
mycelial growth of V. dahliae was varied
significantly among them (P <0.05).
Isolates A. calcoaceticus and P. mosselii
showed maximum and minimum inhibition
of 64% and 57 %, respectively due to
diffusible antifungal metabolites. In
volatile antifungal metabolite tests, isolates
of A. calcoaceticus and S. maltophilia gave
maximum and minimum inhibition of
73.5% and 55.8%, respectively (Table 3).

25 -
20 -

15 -

a
b
bc
10 -
d
| N
0 - T T r

FS167 FS339 FS67 FS300

TAA Concentration (pug/mL)

Antagonistic bacteria

Fig. 2- Production of indole acetic acid (IAA) by
antagonist isolates; FS67 (Pseudomonas mosselii),
FS167 (P. fluorescens), FS300 (Stenotrophomonas
maltophilia) and FS339 (Acinetobacter
calcoaceticus, value (mean =3) with same letter
indicate no significant differences (P< 0.05)
according to Duncan’s multiple range tests.

Table 3- Inhibition of Verticillium dahlia by diffusible and volatile antifungal metabolites produced by
antagonistic bacteria isolated from tomato root.

Percentage inhibition of radial growth
Antagonist isolates Diffusible antifungal metabolites Volatile antifungal metabolites
FS339 64+0.7° 73.5+0.46°
FS167 62.8+1% 61.6+0.8"
FS300 60+0.8° 55.8+1.3°
FS67 57+0.4° 58.9+0.8
CV% 2.6 2.7

*The values given are mean (n= 3) with standard deviation. Values with different letter indicate significant differences
according to Duncan’s multiple range tests (P< 0.05). Antagonist isolates; FS67 (Pseudomonas mosselii), FS167 (P.
fluorescens), FS300 (Stenotrophomonas maltophilia) and FS339 (Acinetobacter calcoaceticus)

Evaluation of the effect of endophytic
bacteria on seed germination and growth of
seedlings by seed priming: We tested capacity
of the bacterial strains for inducing the
growth of seedlings by seed bacterization
in vitro directly (Figure 3). Tomato seeds
priming  with  antagonistic  bacteria,
increased seed germination and all growth
parameters (stem and root length, fresh and
dry weight and vigor index). The plant
growth promoting efficiency of antagonist
isolates monitored by measuring seedlings
biomass and results showed variation
among seedlings treated with antagonists
and the untreated control. Average fresh
and dry weight and vigor index of tomato
seedlings were significantly higher (P<

0.05) in seedlings treated with FS167 (P.
fluorescens), FS300 (S. maltophilia) and
FS67 (Pseudomonas mosselii) compared
with the control (Table 4). However fresh
and dry weight and vigor index of
seedlings were higher in FS339 (A.
calcoaceticus) treatment than control, there
were no significant differences according
to Duncan’s multiple range tests (P< 0.05),
between them. The highest effect on all
growth parameters were obtained from the
seedlings inoculated with P. fluorescens
isolate.

Evaluation of plant growth promotion by
VOCs emission of endophytic bacteria: With
regard to the effect of VOCs on plant
growth promotion, all strains except FS67
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(P. mosslii), improved seed germination
and increased tomato seedling biomass in
comparison with the control, but only
FS167  (P.  fluorescens) increased
significantly vigor index, fresh and dry
weight of seedlings (Table 5 and Figure 3).

Greenhouse evaluation of antagonist isolates
for Verticillium-wilt disease control:  In
greenhouse evaluation, all four antagonist
isolates reduced significantly Verticillium-
wilt with compared to pathogen inoculated
treatment. Disease index was 40.90, 53.5,
61.3, 63.9 and 86.1 with antagonist FS167
(P. fluorescens), FS339 (A. calcoaceticus),

FS67 (P. mosselii), FS300 (S. maltophilia)
and pathogen treatment, respectively.
FS167 (P. fluorescens) isolate had highest
disease inhabitation (Figure 4-A). The
plant growth promoting efficiency of
antagonist isolates was monitored by
measuring plant biomass. Average fresh
and dry weight of tomato plants were
significantly higher (P< 0.05) for plants
treated with antagonist isolates compared
with the pathogen-inoculated control
(Figure 4-B).

Table 4- Effects of antagonist strains FS67, FS167, FS300 and FS339 isolated from tomato root, on growth

parameters of tomato seedlings in seed priming evaluation.

Antagonist isolates

Character FS67 FS167 FS300 FS339 C CV%
ES(%) 9555 1000° 100+10° 95+10° 80+ 8° 6.9
RL(cm) 4.3+1P 5.7+0.4° 4+0.5° 3.3+0.5 2.9+0.7° 13.7
SL(cm) 6+0.9™ 9+1° 6.2+1™ 7.241% 3.120.6° 10.6
VI 405.3x16.5° | 583.2+16° 430.410° 329.39+19 303.7£13° 14.2
FW(mg) 30.2+1.6° 4414132 28.8+1.7° 23.5+1.7° 16.62.4° 10
DW(mg) 3.120.3° 4.9+0.5° 3x0.5° 3+0.3™ 1.840.6°¢ 173

*Values (n=20) with the different letter(s) indicate that means differ significantly by Duncan’s multiple range test (P<
0.05).C: (un-inoculated control), Character; ES: mean emergence of seedling (%), RL: mean root length, SL: mean shoot
length, FW: mean fresh weight, DW: mean dry weight and VI: mean vigor index (was determined (mean root length + mean
shoot length) x % germination). Antagonist isolates; FS67 (Pseudomonas mosselii), FS167 (P. fluorescens), FS300
(Stenotrophomonas maltophilia) and FS339 (Acinetobacter calcoaceticus).

Table 5- Effects of antagonist strains FS67, FS167, FS300 and FS339 isolated from tomato root on growth
parameters of tomato seedlings by volatile organic compounds produced by antagonist in-vitro evaluation.

Antagonist isolate
Character FS67 FS167 FS300 FS339 C CV%
ES(%) 00+ 1% 100+0.8? 95+1.7° 95+0.7° 80+0.8" 9.9
RL(cm) 37+06° 4.3+0.4° 3.520.6° 3.6+0.6° 2.9+0.72 15.9
SL(cm) 4.2+0.8° 7.7+0.8° 5.3+0.9° 4.9+0.7° 3.1+0.6° 16.1
VI 347.1£11.3° 496.5x17% | 331.4+15.2° | 316.5x152° | 303.7x13° 16.8
FW(mg) 16.4+2.6° 32.6+1° 22.6+0.7° 21.6+1.7° 16.6+2.4° 13
DW(mg) 1.9+0.5® 3.3267+0.4° 2.940.6% 27417 1.840.6+0.4° | 19.2

*Values (n=20) with the different letter(s) indicate that means differ significantly by Duncan’s multiple range test (P< 0.05).C: (un-
inoculated control), Character; ES: mean emergence of seedling (%), RL: mean root length, SL: mean shoot length, FW: mean fresh
weight, DW: mean dry weight and VI: mean vigor index (was determined (mean root length+mean shoot length)x% germination).
Antagonist isolates; FS67 (Pseudomonas mosselii), FS167 (P. fluorescens), FS300 (Stenotrophomonas maltophilia) and FS339
(Acinetobacter calcoaceticus).
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Fig.3- General view of the tomato seedlings after two weeks of interaction with antagonist strains FS67
(Pseudomonas mosselii), FS167 (P. fluorescens), FS300 (Stenotrophomonas maltophilia) and FS339
(Acinetobacter calcoaceticus) to evaluating of their effect on seedlings growth. A: Seed priming test (direct
interaction) and B: effect of volatile organic compounds test.

1009 25 - Fresh wigh
90 - u Fresh wight
80 - a = Dry wight

70 A

a
b b >
60 -
501 ¢
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FS167 + FS339+ FS67+V FS300+  V
v Y v
A

Treatments Treatments

percent disease index (PDI)

Mean fresh and dry weight ()

Fig. 4- A: Antagonistic effects of endophytic bacteria on tomato Verticillium-wilt disease in greenhouse. B: Plant
growth promoting effect of antagonist strains on fresh and dry weight of tomato plants in challenging with
Verticillium dahliae in greenhouse conditions. Bars represent the mean + standard error values. Values with
different letter indicate significant differences (P< 0.05) according to Duncan’s multiple range tests. Treatments:
FS67 (Pseudomonas mosselii), FS167 (P. fluorescens), FS300 (Stenotrophomonas maltophilia) and FS339
(Acinetobacter calcoaceticus) in combination with pathogen. V: Verticillium dahliae inoculated control.
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Discussion and conclusions.

Nowadays, sustainable agriculture is an
important subject in crop production and
applications of chemical pesticides and
being attempted to find alternative ways to
reduce the use of chemicals in agriculture.
For this purpose, plant growth-promoting
bacteria as well as endophytic bacteria are
one of the promising tools. Bacterial
endophytes are able to lessen or prevent
the deleterious effects of certain
pathogenic organisms. There are similar
reports of antagonistic activity of
endophytic bacteria against V. dahliae (3;
33,34).

In most plants, roots have the higher
numbers of endophytes compared with
aboveground tissues (35). In this study, we
reported  antifungal properties  of
endorhizoplane bacteria against V. dahliae,
an important soil born fungus. P. mosselii,
P. fluorescens, S. maltophilia and A.
calcoaceticus strains inhibited V. dahliae
growth in vitro and in greenhouse
conditions. There are several reports about
the plant growth promoting and antifungal
activity of P. mosselii (36, 37) P.
fluorescens (38) S. maltophilia (39) and A.
calcoaceticus (40) strains in many crops.

The diversity of endophytic bacteria
might reflect the large number of probable
mechanisms of action to disease
suppression. (12). Antagonism is known to
be mediated by a variety of compounds of
microbial  origin, e.g., bacteriocins,
enzymes, toxic substances, volatiles, and
indirectly by antagonizing pathogenic
fungi by the production of siderophores,
chitinase, antibiotics, fluorescent pigments
and cyanide (41). In this study, bacterial
strains produced at least one of the
antagonistic  agents such as HCN,
siderophores, chitinase and protease that
are involved in their bio-control activities.
Production of chitinase, (a hydrolytic
enzyme capable of degrading fungal cell
wall components) is one of the bio-control
mechanisms in many bio-control agents
(42). Furthermore, in the present study

fertilizers have caused many
environmental problems, since most
research is

these strains produced antibiotics and
volatile compounds that significantly
inhibited fungal mycelia growth. Volatiles
produced by some bacterial strains trigger
growth promotion and induce systemic
resistance in plants (43, 44).

These metabolites make chemical
communication between plant and bacteria
resulted to induce the growth of plants and
decreased disease severity. In addition,
they enhance root colonization by these
bacteria and have effect on primary root
growth and development (44). Seed
priming results showed all endophytic
bacteria significantly increased seed
germination and growth of seedlings.
Although, in VOCs emission test, only P.
fluorescens significantly increased seed
germination and growth of seedling as well
as seed priming. These results, suggested
that volatile components of P. fluorescens
are capable of increasing seedling growth,
but in other strains production of diffusible
and volatile compounds and their co-
stimulation effects might be the efficient
mechanism to promote seedlings growth.

Seed vigor is mainly determined based
on the seedling length. Vigor index reflects
the seedlings health, establishment and the
state of final productivity of the plant (46).
According to the results obtained here,
since the seedling length was significantly
increased by bacterial inoculations, the
seed vigor enhancement was anticipated,
as it was. This has been approved by other
researchers who said the effective plant
growth promoting bacteria must be able to
establish themselves and colonize plant to
reach at an appropriate density sufficient to
produce beneficial effects (47).

Vegetative growth is an important
growth phase in many crops as it
determines the amount of biomass
production. There is evidence that bacterial
influence on the plant growth is also an
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important determinant in bio-control (48).
In the present study, all antagonistic
bacterial ~ strains  increased  growth
parameters of tomato and reduced disease
in greenhouse evaluation. Therefore, the
increase of tomato biomass, following
inoculation by P. mosselii, P. fluorescens,
S. maltophilia and A. calcoaceticus might
be one of their bio-control mechanisms.
Plant growth enhancement mechanisms
induced by plant growth promoting
bacteria (PGPB) include the production of
phytohormones such as indole-3-acetic
acid (IAA), nitrogen fixation, phosphate
solubilization and iron sequestration by
bacterial siderophores (41). The beneficial
effects of PGPBon growth of many plants
can be partly explained by their ability to
produce phytohormons. Production of IAA
from all treated bacteria can explain the
different  effectiveness of  beneficial
bacteria on tomato growth. There are
reports that showed IAA produced by
endophytic bacteria Pseudomonas,
Acinetobacter and  stenotrophomonas
involved in root growth regulation and
protecting  plants  against  adverse
conditions (49, 50). In addition,
solubilizing of phosphate can be another
reason for growth enhancement of tomato
by these bacteria. Phosphorus is one of the
major nutrient requirements for plant
growth (51). According to our result from
phosphate solubilizing ability of studied
bacteria, all of them could solubilize
phosphate but there was not a significant
difference between them.

Siderophores are involved in both plant
growth promotion and plant protection
(52). Most microorganisms are competing
to acquire available resources. Some
evidences are available to show that
bacterial siderophores do play a role in
competition in  rhizosphere  which
indirectly becomes beneficial for plant
growth by endophytes (53). Most
microorganisms are competing to acquirt
various limiting nutrients in the plant
rhizosphere, one of them is iron.

Siderophore  production by PGPB,
sequester most of the available Fe3+ in the
rhizosphere, force the pathogens for iron
starvation, and caused pathogen
suppression (54). In addition, siderophores
are also involved in the induction of plants
defense against pathogens and improved
plants health and growth indirectly (55).

It is assumed that endophytic organisms
are better bio-control agents compared to
rhizospheric  bacteria based on the
following reasons:

(A) They do not compete for nutrition
and/or niche in the apoplast and are also
more adapted to environmental changes
(56); (B) bacterial endophytes are able to
colonize an ecological niche similar to that
of vascular wilt pathogens favors them as
potential bio-control agents against wilt
diseases. (57); (C) The endophytic niche
offers a unique habitat to control pathogens,
since the endophyte is not subject to
influence the environment directly and
bacterium is within a stable environment
.

In the present investigation, functional
characteristics of P. mosselii, P.
fluorescens, S. maltophilia and A.
calcoaceticus have been determined. All
strains could control the Verticillium-wilt,
due to the plant growth promoting and
antifungal activity and they may be
considered as inoculants for plant growth
and plant protection against tomato
Verticillium-wilt disease. Several possible
disease  suppression mechanisms  of
beneficial bacteria were proposed. The
optimization and improvement of the
strategies employed in the endophytic
research can help finding effective and
competent bio-control bacterial
endophytes. Additionally, using genomic
technologies in investigating the bio-
control potential of bacterial endophytes
can deepen our knowledge of their mode of
action and understanding their potential in
agro-ecosystem as biological control
agents.
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