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Bacillus Induces Phenolic Compounds and Enhances
Resistance to Uncinula necator Infection in Grapevine Leaves

Sihem Ben Maachia' « Noura Omri? - Samir Chebil® ¢
Majida El Hassni‘« Ismail El Hadrami‘s Mohamed Chérif®

1 Centre Régional de Recherche en Agriculture Oasienne de Degache, Laboratoire d’Horticulture, 2260, Dégache, B.P. 62 Tozeur, Tunisia

2 Institut National de Recherche Agricole de Tunis, Laboratoire de Céréale, Rue Hedi karray 2049 Ariana, Tunisia

3 Institut National de Recherches Scientifiques et Techniques, Ben Arous, Tunisia

4 Laboratoire de Biotechnologies, Protection et Valorisation des Ressources Végétales, Equipe Biotechnologies, Ecophysiologie et Valorisation des Plantes,

Département de Biologie, Faculté des Sciences-Semlalia, B.P. 2390, 40 000, Marrakech, Morocco

5 Institut National Agronomique de Tunisie, Laboratoire de phytopathologie, 1082, Tunis, Tunisia

Corresponding author: * maachiasihem@yahoo.fr

ABSTRACT

Thirty bacteria, identified as Bacillus sp., were tested for their biocontrol effects against Uncinula necator in vivo by using a leaf disc
bioassay. Six bacteria were selected and tested in the greenhouse. Among these bacterial isolates B27 and B29 reduced disease
development significantly compared to the untreated control. Isolates B27 and B29 revealed a mass disease index (MDI) of 50 and 60%,
respectively, while the infected plants showed an MDI of 115%. From our study it also appears that isolate B27 has the advantage of
influencing the host’s response to pathogen attack. In fact, HPLC analysis demonstrated that B27 isolate induces the accumulation of
phenolic compounds in grapevine leaves, particularly flavonoids, that are toxic to the pathogen.
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INTRODUCTION

Grapevine (Vitis vinifera) is economically the most impor-
tant fruit species globally because of the numerous uses of
its fruit in the production of wine, juice, table grapes, dried
fruit and organic compounds. Fungal pathogens are a major
problem affecting grapevine yield either by a direct infec-
tion of berries or by a reduction of plant vigor (Pool ef al.
1984; Gadoury et al. 2001). Gray mold caused by Botrytis
cinerea, downy mildew caused by Perenospora viticola and
powdery mildew caused by Uncinula necator are probably
the most common and widely distributed diseases of grape
vine throughout the world (Viret 1996). Powdery mildew is
of economic importance in all grape-producing areas in the
world (Gadoury ef al. 1995; Ypema and Gubler 1997). In-
fected vines show generally low pruning weight, reduced
winter hardiness of canes (Pool et al. 1984), low yield and
reduced fruit quality, because of higher acidity, resulting
often in the production of wines of lower quality. Control of
U. necator through chemical sprays has been only partially
successful (Ypema et al. 1997). The economic costs and
negative environmental impact associated with these ap-
plications has led to a recent search for alternative strategies
involving biological stimulation of host defense mecha-
nisms (Ait Barka ez al. 2002).

In fact, most biocontrol studies have focused on the use
of the antagonistic fungus Ampelomyces quisqualis as a
naturally occurring mycoparasite on both the anamorph and
the teleomorph of many species of powdery mildew (Falk ez
al. 1995). Norton et al. (2000) showed that a mycophagous
mite in the family Tydeidae, Orthotydeus lambi (Baker),
can substantially reduce the development of a biotrophic
fungal pathogen, U. necator (Schwein.) Burrill, the causal
agent of grapevine powdery mildew. Considerable work has
been conducted on the interaction of plant pathogenic fungi
with antagonistic bacteria (Jones and Roane 1982; Walker
et al. 1996). Bacteria have been shown to reduce fungal

development in vitro and in vivo on B. cinerea in grape vine
plants (Ait Barka ez al. 2000, 2002). Bacillus is a bacterium
with a strong antagonistic activity against many phyto-
pathologic fungi although little is known about the effect of
these bacteria on U. necator. Biocontrol bacteria may pro-
tect plants against pathogens by direct antagonistic inter-
actions between the biocontrol agent and the pathogen, as
well as by induction of the host resistance. The biocontrol
depends on a wide variety of traits, such as the production
by the biocontrol strain of various antibiotic compounds,
iron chelators and exoenzymes such as proteases, lipases,
chitinases, and glucanases (Krechel ez al. 2002; Sessitsch et
al. 2004); as well as competitive root colonization (Chin-A-
Woeng et al. 2000; Lugtenberg et al. 2001), and induced
resistance in the host plant (Trotel Aziz et al. 2008).

Resistance induction has been observed and suggested
as an alternative control method in different pathosystems,
such as wheat-Bipolaris sorokiniana and Drechslera teres
(Bach 1997); coffee-Hemileia vastatrix (Guzzo et al. 1993)
and pepper-Phytophthora capsici (Hwang et al. 1997).
There are often large increases in phenolic synthesis in
plants after infection with plant pathogens (Matern et al.
1995). Several studies have been published on the produc-
tion of frans-resveratrol in vine plants and on its inevitable
accumulation either in leaves or in grapes during several
injuries (Paul et al. 1998; Lopez et al. 2001; Ferreira et al.
2004). Phenolic compounds are important constituents of
plant cells and are associated with physiological defense
against infection by bacteria, viruses and fungi (E1 Hadrami
et al. 1997; Daayf et al. 2003).

In the current study 30 Bacillus isolates were studied
for their antagonistic activity against U. necator on leaf
discs. Among these isolates, six were selected and studied
further for their biocontrol effects against powdery mildew
development under greenhouse conditions. In order to elu-
cidate at least in part, the mode of action of these bacteria in
vivo, the effects of two of the most effective Bacillus iso-
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lates on the accumulation of phenolic compounds in grape
leaves were investigated by using spectrophotometry and
HPLC analysis. In this work we report that induced resis-
tance, exemplified by the accumulation of phenolic com-
pounds in grapevine leaves in the presence of some Bacillus
isolates, may play a significant role in the biocontrol of
powdery mildew.

MATERIALS AND METHODS
Fungi

A single spore isolate of U. necator, collected in 2002 from a vine-
yard in Takelsa (Nabeul, Tunisia) and maintained on seedlings of
grape cv. ‘Carignan’ grown in a greenhouse, was used for all ino-
culations. This cultivar, which was used for all performed assays,
was chosen for its availability.

Antagonists

Thirty bacteria were previously isolated from salty soils in the
south of Tunisia and identified as Bacillus sp. (Sadfi et al. 2001).
These bacteria were maintained on nutrient agar and stored at 4°C
for further treatments. The bacterial inoculum was grown on nut-
rient growth medium by transferring two loops of each bacterium
to 100 ml liquid medium in a 250 ml Erlenmeyer flask and incu-
bating them at 28°C at 120 rpm for 24 h. Bacteria were collected
by centrifugation (7000 x g, 5 min) and washed twice with sterile
distilled water (SDW). The bacterial concentration was adjusted to
108 CFU/ml by using the serial dilution technique.

Leaf disc bioassay

A leaf disc bioassay was performed according to Ypema and Gub-
ler (1997); leaves were collected from Vitis vinifera L. cv. “Carig-
nan’ cuttings instead of seedlings. Fully expanded, 6-day old
leaves were used to produce leaf discs. Detached grapevine leaves
were surface sterilized by 30 s immersion in a 5% sodium hypo-
chlorite solution and rinsed several times in SDW. 20 mm dia-
meter discs were punched out of them. Leaf discs were immersed
for 30 min in an aqueous bacterial solution and drained for excess
liquid before being placed in Petri plates (9 cm diameter) lined
with moistened paper towels. The remaining film of solution was
allowed to dry overnight. Leaf discs were inoculated with conidia
from one inoculum source of U. necator by means of a vacuum
operated setting tower. This inoculation method provided a uni-
form inoculum density among the leaf discs. For each treatment
three Petri dishes, each containing 7 leaf discs, were used. Ino-
culum density was determined with a hemacytometer and ranged
from 600 to 700 conidia/cm’. Leaf discs were incubated at 25°C
and a 16 h/day photoperiod and a light intensity of 150 pE m™s™.
Ten days after inoculation, leaf discs were scored for percent sur-
face area colonized by U. necator. The percentage of inhibition at
each bacterium was determined by comparison to water-treated,
inoculated leaf discs. Isolates that did not show any potential for
powdery mildew control were discarded. To confirm the results,
each bacterium was evaluated at least twice.

Greenhouse assay

In order to confirm the results obtained in the leaf discs bioassay,
six bacteria from the first group (B29, B27, B3, B8, B15 and B7)
and three other bacteria that were shown to be effective in other
plant pathogen interactions against Fusarium oxysporum f.sp. al-
bedinis on date palm (BTX, X16 and 55T) (El Hassni et al. 2004)
were tested in the greenhouse. Besides these bacteria, an isolate of
Trichoderma viridae was also used in this assay to be tested for its
ability to inhibit U. necator leaf colonization. Two controls were
considered: inoculated and non-treated plants and plants inocu-
lated and treated with the fungicide trifloxystrobin (Flint 50 WG,
Bayer, Germany). The antifungal activities of these treatments
against powdery mildew development were qualitatively and
quantitatively examined in the present assay. Cuttings were ob-
tained from grapevine cv. ‘Carignan’. Rooted plants were placed
in a greenhouse until they developed 2-4 leaves. These plants were
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placed in 10-L pots (containing sand and soil mixture, 2: 1, v/v)
and four vines were placed in each pot. Plants were fertilized twice
weekly with a 0.1%, 20/20/20 (N/P/K) fertilizer (Engrais Fruitier,
Espace vert, Tunisia) solution.

The foliage of potted “Carignan’ vines was treated with a sus-
pension of each bacterium. The concentration of inoculum for
each isolate tested consisted of a propagule suspension prepared
from pure cultures. The suspension was adjusted to a concentra-
tion of 10® propagules/ml in SDW. All plants were sprayed to run-
off using an atomizer to deliver the inocula uniformly. A second
treatment was applied 15 days later (8-10 leaf stage) with the same
bacteria. Plants used as non-treated control were sprayed with
SDW. Treated plants were allowed to air dry for approximately 1
hr before being moved to an isolate compartment in the green-
house for 24 hr to allow for the establishment of the test microor-
ganisms.

The vines were inoculated by dusting conidia from mildew
colonies on previously infected leaves. After inoculation, the pots
were placed in a greenhouse at 25°C to allow for the establishment
of U. necator:

The incidence and severity of fungal infection were evaluated
on foliage. Severity was estimated as the mass disease index
(MDI): MDI = ¥ Xi*I/5 (Ben Maachia 2001).

A scale was performed and modified in this work (adapted to
the powdery mildew on grape) with 6 classes (i=0: 0%; i=1: 0-5%;
i=2: 5-25%; i=3: 25-50%; i=4: 50-75%; i=5: 75-100%) where Xi
was the number of leaves that have the index I and U. necator
incidence was reported as the percentage of leaves infected.

Effect of bacteria on the accumulation of phenolic
compounds

In this experiment, we tried to elucidate, at least in part, the mode
of action of the two bacteria B27 and B29 in vivo. So, the expe-
riment in the greenhouse was repeated with only the two selected
bacteria, B27 and B29. The effect of bacterial treatment on the ac-
cumulation of total phenolic compounds was estimated using four
treatments:

Treatment A: vines were not inoculated by U. mecator, and not
treated by bacteria.

Treatment B: vines were only inoculated by U. necator and treated
by SDW.

Treatment C: vines were inoculated and treated by Bacillus B27.
Treatment D: vines were inoculated and treated by Bacillus B29.

Leaves were collected from the vines in each pot four times
throughout the incubation period. At each sampling time, leaves
were cut at random from the treated vines. Each collection of
leaves was extracted for phenolic compounds. The first sampling
was performed one day after the first treatment. The second samp-
ling was performed three days after inoculation. The third samp-
ling was performed two days after symptom appearance on the
control vines. The fourth sampling was performed one day after
the second treatment.

Extraction and analysis of soluble phenolics

Samples (1 g) were ground at 4°C in a mortar with 5 ml of metha-
nol, and spun for 10 min at 10,000 rpm. These operations were
repeated three times. The extracts were de-pigmented with petro-
leum ether and phenolics were extracted with ethyl acetate, eva-
porated to dryness and finally dissolved in methanol HPLC grade
according to a previously described method (El Hadrami et al.
1997). Total phenolic level was determined using the Folin-Cio-
calteu method as described by Macheix er al. (1990). Samples
(200 pL, two replicates) were introduced into test tubes; 1.0 mL of
Folin-Ciocalteu’s reagent and 0.8 mL of sodium carbonate (7.5%)
were added. The tubes were mixed and allowed to stand for 30
min. Absorption at 765 nm was measured using a Perkin-Elmer
115 UV-vis spectrophotometer (Norwalk, CT). The total phenolic
content was expressed as gallic acid equivalents (GAE) in milli-
grams per gram fresh material.

Phenolic compound analyses were carried out using Waters
HPLC equipment. 600E supplemented with a photodiode array
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Fig. 1 Effect of biological treatment on the mass disease index (MDI) on discs of vine 10 days after the inoculation by U. necator. The control was
treated with distilled water and inoculated with the fungus. Error bars are standard errors of means from three replicates.

detector Waters 990 and a Millipore software for data analysis. An
efficient gradient of acetonitrile-o-phosphoric acidified bidistilled
water (pH 2.6) was used on an Interchrom C18 reversed phase
analytical column (4.6 mm x 250 mm, 5 m). Multiple channel
wavelengths, including 280, 320 and 350 nm were used during the
elution. Phenolics were identified on the basis of their retention
times and their characteristic spectra in comparison with standards
supplied by Sigma-Aldrich. When necessary, co-injection and elu-
tion with standards were used to ensure the identity of the com-
pounds. Quantities of hydroxycinnamic acid derivatives and flavo-
noids were estimated respectively by measuring the area under the
peaks and comparing it to chlorogenic acid and rutin used as exter-
nal standards.

Many reference standards were used in this study such as p-
coumaric, caffeic and ferulic acids and quercitin.

Statistical analysis

All the experiments schemes were randomized complete blocks.
At least five replicates per treatment were performed. Data from
all experiments conducted in this work were analyzed using ana-
lysis of variance (ANOVA) and the Statistica system (version 5, 97
Edn). The treatments were compared using the LSD analysis with
a critical probability of p = 0.05.

RESULTS
Leaf discs bioassay

Based on the percentage of inhibition of fungal growth, 10
days after inoculation, leaf discs were scored for the MDI.
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Twenty-two of the 30 bacteria applied delayed disease
progress significantly compared with disease progress in the
inoculated control treatments (Fig. 1). Symptoms obtained
from U. necator cultures treated with the first group of bac-
teria (B29, B27, B3, BS, B15, B7, B10) resulted in signi-
ficantly (P<0.001) reduced disease development. Leaf discs
are susceptible to fungal attack, and when inoculated with
U. necator, the control produced characteristic symptoms
within 7 to 10 days. In contrast, under the same inoculation
and growth conditions, discs treated with this group of bac-
teria appeared healthy and exhibited only small surface nec-
roses. The first group of bacteria (B29, B27, B3, BS, B15,
B7, B10) shown a higher percentage of necroses reduction
(from 71 to 92%). The last group of bacteria (B68, Bll,
B19, B17, B4, B26, B13) failed to provide protection. They
had the same behaviour as the control (treated with SDW).

Greenhouse assay

In order to confirm the result obtained in the leaf discs bio-
assay, six bacteria from the first group were tested in the
greenhouse (B29, B27, B3, B8, B15 and B7) with other
bacteria that showed to be functional in other interactions,
namely plant-pathogens BTX, X16 and 55T. An isolate of
Trichoderma viridae was used in this assay to test its ability
to inhibit U. necator leaf colonization. Two controls were
used: plants inoculated and non-treated and plants inocu-
lated and treated with fungicides (trifloxystrobin). The
antifungal activities of these bacteria against powdery
mildew examined in the present assay and their potency
were qualitatively and quantitatively assessed by the pre-
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Fig. 2 Effect of biological treatments on the % of attacked leaves of grapevine inoculated by Uncinula necator. The control was treated with distilled
water and inoculated with the fungus. Fungicide was the control treated with trifloxystrobin and inoculated with the pathogen. Error bars are standard

errors of means from five replicates.
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Fig. 3 Effect of biological treatment on the MDI on leaves of vine inoculated by U. necator. The control was treated with distilled water and inocu-
lated with the fungus. Fungicide was the control treated with trifloxystrobin and inoculated with the pathogen. Error bars are standard errors of means

from five replicates.
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Fig. 4 Effect of biological treatments on the accumulation of total phenolic compounds in vine leaf tissue in control non inoculated (protected
leaves), in control inoculated (attacked leaves), in leaves treated by the bacterium B29 and in leaves treated by the bacterium B27. Bars represent

the standard error (mean = S.E., n=3).

sence or absence of inhibition of the development of the
fungus on leaves. The importance of this development is
also discussed. The results appear in Figs. 2 and 3. The re-
sults show that the two bacteria (B27 and B29) and the Tri-
choderma viridae isolate have an antifungal activity against
U. necator. The difference was mainly expressed as greater
reduction in disease incidence (Fig. 2) and severity (Fig. 3)
on leaves than the other bacteria, although both bacteria
(B27 and B29) reduced disease development significantly,
compared with untreated controls. The percentage of pro-
tection was over 60, 42 and 23% in plants treated with 77i-
choderma, B27 and B29, respectively compared with the
infected plants (Fig. 2). The treatment by the two bacteria
(B27 and B29) provided far better disease control on leaves
than those treated by the other bacteria (B8, 55T, B3, B15,
B7, BTX and X16; Figs. 2, 3).

The bacterium B15 reduced disease severity on leaves
(Fig. 3), but failed to provide satisfactory protection (Fig.
2). In fact, B15 failed to protect leaves from pathogen
attack, and > 70% of leaves were infected by the fungus.
The severity of disease development on vine leaves was
pronounced when U. necator was inoculated alone (control
treatment). However, 7. viridae limited disease severity
substantially (Fig. 2). The bacteria B7, BTX and X16
seemed to increase the infection and development of the
pathogen. Indeed, an increase of severity and the impact of
the disease were noted after treatment with these bacteria.

The efficacy of the fungicide trifloxystrobin in control-
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ling powdery mildew on leaves of grapevine was signifi-
cantly superior to all provided by the other biological treat-
ments. No development of the fungus was noted on grape-
vines treated with this fungicide.

Effect of bacterial treatment on the accumulation
of phenolic compounds

1. Total amount of phenolic compounds

Plants have an almost limitless ability to synthesize aro-
matic substances, most of which are phenols or their oxy-
gen-substituted derivatives. In many cases, these substances
serve as plants defense mechanisms against predation by
microorganisms.

Based on the absorbance value of the methanol extract
solution, reacted with the Folin-Ciocalteu reagent, the
amount of total phenolics was not significantly different.
All the treatments showed a similar pattern of phenols. The
amount of total phenolics varied widely in grapevine leaves
and ranged from 0.2 to 0.45 mg GAE/g dry material. At the
end of the period studied, the plants treated with the two
bacteria (B27 and B29) showed a change in the pattern of
accumulation, accompanied by a small increase in response
to inoculation, in both cases (Fig. 4).



Effect of Bacillus on improving the resistance against powdery mildew. Ben Maachia et al.

2. Identification of phenolic compounds by HPLC

Total phenolic compounds, measured by the Folin-Ciocal-
teu method, only gives an estimate of the phenolic content.
It does not separate nor does it give a quantitative mea-
surement of compounds. That is why these extracts were
analyzed by HPLC at three different wavelengths with the
diode array detector. The hydroxybenzoic acid derivatives,
flavan-3-ols and dihydrochalcones were quantified at 280
nm, hydroxycinnamic acid derivatives at 320 nm and the
flavonols at 360 nm.

A preliminary study was devoted to the optimization of
chromatographic conditions to obtain good separation of
these compounds within a short analysis time. Using aceto-
nitrile as solvent, the major phenolics were identified by
their retention times and characteristic spectra. HPLC stu-
dies point to the presence of caffeic, p-coumaric and ferulic
acids and quercetin derivatives (Fig. SA). No hydroxyben-
zoic acid derivatives, flavan-3-ols and dihydrochalcones
were found. Thus, hydroxycinnamic acids were the major
phenolic compounds in the samples tested. The inoculation
of grapevine leaves with U. necator resulted in a quan-
titative change of the phenolic pool of these plants, enhan-
cing the accumulation of hydroxycinnamic acids (Fig. SB).
The significant accumulation of hydroxycinnamic acids is
observed especially for caffeic and ferulic acids. The effect
of the inoculation of plants by powdery mildew and the
development of symptoms was the induced accumulation of
coumaric acid derivatives. However, phytoalexin produc-
tion by vine leaves such us resveratrol has been studied, and
it was noted that diseased tissue did not shown any induced
compounds (Fig. 5).
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Fig. 5 HPLC profiles of grapevine leaves phenolic compounds. Non

inoculated control (A), U. necator inoculated control (B), Inoculted and
treated with B29 (C), Inoculated and treated with B27 (D).
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The accumulation of ferulic and caffeic acids is ob-
served with the same amplitude in the leaves treated with
the B29 isolate and inoculated by the fungus, but they do
not shown any disease symptoms. Further, the level detec-
ted of coumaric acid derivatives is less than in the control
showing powdery mildew development (Fig. 5C).

A large increase of quercetine derivatives was recorded
after treatment with the B27 isolate (Fig. 5D) compared to
the other treatments and to the controls.

Figs. 6 and 7 show the major phenolics identified and
quantified in the leaves. The phenolic content in the leaves
was calculated on the basis of the results of the addition of
total hydroxycinnamic acid and total flavonoids. There was
considerable variability in flavonoid concentration in leaves
treated with B27, B29 and the controls (Fig. 6). Remarkable
differences were also observed for hydroxycinnamic acid
content in the same samples (Fig. 7). However, it has to be
noted that leaf samples treated with B27 accumulated more
flavonoids whereas control leaves accumulated more hyd-
roxycinnamic acids.

DISCUSSION

Gram-positive bacteria, especially Bacillus species, have
received much attention as effective biological control
agents and have some formulation advantages over Gram-
negative bacteria (Emmert and Handelsman 1999; Schisler
et al. 2004). In this study, 29 bacterial strains have been
tested, 6 isolates with high biocontrol activity against U.
necator were selected by using leaf discs assay from grape-
vine cv. ‘Carignan’.

It is generally recognized that expression of antagonism
by a microorganism towards a pathogen in vitro cannot be
regarded as evidence that the microorganism will control
the pathogen in the field (Reddy and Hynes 1994). In con-
trast, results obtained in the present study indicated a cor-
relation between antagonisms recorded in sifu and the effec-
tiveness of these Bacillus at the development of powdery
mildew on grape leaves in greenhouse trials.

On the in planta grapevine test, two bacteria, B27 and
B29, seemed to be most effective against this pathogen fun-
gus. The bacteria used in our study are all isolated from soil.
Many Bacillus spp., such as B. subtilis, are considered ubi-
quitous in soil and can protect against fungal pathogens
(Asaka and Shoda 1996; Emmert and Handelsman 1999;
Trotel-Aziz et al. 2008). Bacillus spp. have been reported to
be effective in the biocontrol of multiple plant diseases
owing to their production of several broad-spectrum anti-
biotics and their longer shelf lives as a result of their ability
to form endospores (Emmert and Handelsman 1999).
Mechanisms contributing to disease control by microbial
agents include direct antagonistic mechanisms and/or in-
duced resistance in the host plant (Trotel-Aziz et al. 2008).
The antifungal activity of these strains is probably due to
the presence of extracellular compounds, perhaps polymers
having functions of cellular aggregation, inhibition of ger-
mination, and lengthening of the germinative hyphae (Mari
et al. 1996). In fact, an in vitro agar plate pairing assay was
used to determine if the Bacillus were directly antagonistic
to B. cinerea; these isolates showed high inhibition ability
toward this fungus (data not shown). It is also possible that
these bacteria induced plant defense products. Melnick ez al.
(2008) demonstrated that different Bacillus strains had the
ability to colonize cacao leaves. They were also able to es-
tablish long-term colonization and to induce the ISR (in-
duced systemic resistance) phenomena in plants.

The Trichoderma isolate seems to be effective against
powdery mildew in controlled conditions. Similar results
have been obtained in vitro with T harzianum on B. cinerea
by Kapat et al. (1998). Further, biocontrol agents are usu-
ally considered to control only a narrow range of pathogens,
sometimes only a single strain, and even then they may be
effective only under localized conditions. Trichoderma is
considered to be an effective antagonistic fungus against
many plant pathogenic fungi including B. cinerea, Crini-
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(CA), in leaves treated by the bacterium B29 and in leaves treated by the bacterium B27. Bars represent the standard error (mean + S.E., n=3).

pellis perniciosa, and soil-borne fungi such as Rhizoctonia,
Sclerotinia, Pythium and Fusarium (Bastos 1996; Conney
and Lauren 1998). Furthermore, Trichoderma spp. was used
against Botrytis bunch rot on grape (Harman et al. 1996)
and against powdery mildew [Erysiphe (Sect. Micro-
sphaera) pulchra] in Cornus florida (Mmbaga et al. 2008).
Phenolic compounds are among the most widely dis-
tributed secondary products in the plant kingdom. Since
they are known to accumulate in response to infection in
some species, it has also been suggested that they play a
potential role in disease resistance (Gayoso et al. 2004).
Hydroxycinnamic acids are the precursors of the
cellular support material lignin in plants, but they also pro-
vide defense against plant pathogens (Dixon and Paiva
1995) and other stress factors such as wounding (Housti et
al. 2002) and intense solar radiation (Jaakola et al. 2004).
Hydroxycinnamic acids such as caffeic acids are common
representatives of a wide group of phenyl-derived com-
pounds, which are in the highest oxidation state. Hydroxy-
cinnamic acids are effective against viruses, bacteria and
fungi (Brantner et al. 1996) and have also been shown to
increase in response to injury and infection (Strange et al.
2001). Researchers studying other fungi have recently re-
ported that caffeic acid reduced the production of cutinase
by Monilinia fructicola in vitro, but did not affect fungal
growth (Bostock et al. 1999). This compound as well as the
other hydroxycinnamic acids is produced following the ap-
pearance of symptoms and therefore following the propa-
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gation of the fungus inside the host plant. Flavonoid com-
pounds are also hydroxylated phenolic substances but occur
as a Cy4-C; unit linked to an aromatic ring. Since, they are
known to be synthesized by plants in response to microbial
infection (Kortekamp 2006) it should not be surprising that
they have been found in vitro to be effective antimicrobial
substances against a wide array of microorganisms. Their
activity is probably due to their ability to complex with
extracellular and soluble proteins. In fact, in addition to pro-
viding a source of stable free radicals, flavonoids are known
to complex irreversibly with nucleophilic amino acids in
proteins, often leading to inactivation of the protein and loss
of function. For that reason, the potential range of flavonoid
antimicrobial effects is great (Cowan 1999). Moreover,
Kolb et al. (2001) observed a high concentration of hyd-
roxycinnamic acids in grape leaves exposed to visible light.
However, biosynthesis of kaempferol and quercetin was
specifically increased by UV-B radiation.

The results obtained in this investigation are in agree-
ment with previous research for flavonoids and hydroxy-
cinnamic acids in leaves (Kortekamp 2006). On the other
hand, findings of this study provide deeper knowledge re-
garding the content of these antioxidants in grape products.

Phytoalexin production by vine leaves has been studied,
and it was noted that diseased tissue did not show any in-
duced compounds. Phenolic-based defense responses are
characterized by an early accumulation of phenolic com-
pounds at the infection site. It is thought that rapid accumu-
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lation of toxic phenols may result in the effective isolation
of the pathogen at the original site of entrance (Fernandez
and Heath 1998). These defense mechanisms appear to be
important determinants affecting the host response, and may
be possible contributing factors to the resistance mechanism
in vine. These results were obtained with the bacterium B27,
which accumulates a significant amount of flavonoids from
the second sampling time (three days after inoculation). On
the other hand, the other treatments (controls and leaves
treated by the bacterium B29; Fig. 6) show an accumulation
of hydroxycinnamic acids at the third sampling time (two
days after symptoms appearance on the control vines).
These studies demonstrate a great potential for the utili-
zation of bacteria as an alternative to fungicides in plant
disease management. In fact, plants are endowed with div-
erse mechanisms that protect them from pathogenic micro-
organisms. The bacterium B27 has the advantage of influ-
encing the host’s response to pathogen attack. The two bac-
teria (B27 and B29) stopped the development of the fungus.
They have the ability to protect grapevine plants against U.
necator. B27 was more efficient than B29, and seemed to
inhibit the growth of the fungus by secreting toxic sub-
stances. All these results tend to show that the plant reacts
to treatment with the bacterium B27 and produces a high
amount of flavonoids, which seems to be toxic to the fungus.

REFERENCES

Ait Barka ES, Gognies J, Nowak JC, Audran JC, Belarbi A (2002) Inhib-
itory effect of endophyte bacteria on Botrytis cinerea and its influence to pro-
mote the grapevine growth. Biological Control 24, 135-142

Ait Barka E, Belarbi A, Hachet C, Nowak J, Audran JC (2000) Enhance-
ment of in vitro growth and resistance to gray mould of Vitis vinifera co-cul-
tured with plant growth-promoting rhizobacteria. FEMS Microbiology Letters
186, 91-95

Asaka O, Shoda M (1996) Biocontrol of Rhizoctonia solani damping off of
tomato with Bacillus subtilis RB14. Applied and Environmental Microbiol-
ogy 62, 4081-4085

Bach EE (1997) Distingdo morfologicae isoenzimatica de Bipolaris spp. e
Drechslera tritici-repentis do trigo; aspectos bioquimicos nas interagdes de
resisténcia. PhD thesis, USP, Esalq, 150 pp

Bastos CN (1996) Potential of Trichoderma viridae for control of cocoa wit-
ches’ broom (Crinipellis perniciosa). Fitopatologia Brasileira 21 (4), 509-
512

Ben Maachia S (2001) Etude biochimique et cytologique de I’interaction Bot-
rytis spp-Vicia faba. Mémoire de diplome d’études approfondie. INAT Tuni-
sia, 118 pp

Bostock RM, Wilcox SM, Wang G, Adaskaveg JE (1999) Suppression of
Monilinia fructicola cutinase production by peach fruit surface phenolic acids.
Physiological and Molecular Plant Pathology 54 (1-2), 37-50

Brantner A, Males Z, Pepeljnjak S, Antolic A (1996) Antimicrobial activity
of Paliurus spina- christi mill. Journal of Ethnopharmacology 52, 119-122

Chin-A-Woeng TFC, Bloemberg GV, Mulders IHM, Dekkers LC, Lugten-
berg BJJ (2000) Root colonization by phenazine-1-carboxamideproducing
bacterium Pseudomonas chlororaphis PCL1391 is essential for biocontrol of
tomato foot and root rot. Molecular Plant-Microbe Interactions 13, 1340-
1345

Conney JM, Lauren DR (1998) Trichoderma/pathogen interaction: measure-
ment of antagonistic chemicals produced at antagonist/pathogen interface
using tubular bioassay. Letter of Applied Microbiology 27, 283-286

Cowan MM (1999) Plant products as antimicrobial agents. Clinical Microbiol-
ogy Reviews 12, 564-582

Daayf F, El Bellaj MM, EI Hassani F, J’Aiti, El Hadrami I (2003) Elicitation
of soluble phenolics in date palm (Phoenix dactylifera) callus by Fusarium
oxysporum f. sp. Albedenis culture medium. Environmental and Experimental
Botany 49, 41-47

Dixon RA, Paiva NL (1995) Stress-induced phenylpropanoid metabolism.
Plant Cell 7, 1085-1097

El Hadrami I, Ramos T, El Bellaj M, El Idrissi-Tourane A, Macheix JJ
(1997) A sinapic derivative as an induced defense compound of date palm
against Fusarium oxysporum f. sp. Albedinis, the agent causing bayoud dis-
ease. Journal of Phytopathology 145, 329-333

El Hassni M, Jaiti F, Dihazi A, Ait Barka E, Daayf F, El Hadrami I (2004)
Enhancement of defense responses against Bayoud disease by treatment of
date palm seedlings with an hypoaggressive Fusarium oxysporum isolate.
Journal of Phytopathology 152, 182-189

Emmert EAB, Handelsman J (1999) Biocontrol of plant disease: a (Gram-)
positive perspective. FEMS Microbiology Letters 171, 1-9

Falk SP, Gadoury DM, Cortesi P, Pearson RC, Seem RC (1995) Parasitism
of Uncinula necator cleistothecia by the mycoparasite Ampelomyces quis-

52

qualis. Phytopathology 85, 794-800

Fernandez MR, Heath MC (1989) Interaction of the non host French bean
plant (Phaseolus vulgaris) with parasitic and saprophytic fungi. III cytologic-
ally detectable responses. Canadian Journal of Botany 69, 1642-1646

Ferreira RB, Monteiro SS, Picarra-Pereira MA, Teixeira AR (2004) Engi-
neering grapevine for increased resistance to fungal pathogens without com-
promising wine stability. Trends in Biotechnology 22 (4), 168-173

Gadoury DM, Seem RC, Pearson RC, Wilcox WF, Dunst RM (2001) Effects
of powdery mildew on vine growth, yield, and quality of concord grapes.
Plant Disease 85, 137-140

Gayoso C, Pomar F, Merino F, Bernal MA (2004) Oxidative metabolism and
phenolic compounds in Capsicum annuum L. Var. annuum infected by Phy-
tophthora capsici Leon. Scientia Horticulturae 102, 1-13

Guzzo SD, Bach EE, Martins EMF, Moraes WBC (1993) Crude exopoly-
saccharides (EPS) from Xanthomonas campestris pv. manihotis, X campestris
pv. Campestris and commercial Xanthan gum as inducers of protection in
coffee plants against Hemileia vastatrix. Journal of Phytopathology 139, 119-
128

Harman GE, Lattore B, Agosin E, San Martin R, Riegel DG, Nielsen PA,
Tronsmo A, Pearson RC (1996) Biological and integrated control of Bot-
rytis bunch rot of grape using Trichoderma spp. Biological Control T (3),
259-266

Housti F, Andary C, Gargadennec A, Amssa M (2002) Effects of wounding
and salicylic acids on hydroxycinnamoylmalic acids in Thunbergia alata.
Plant Physiology and Biochemistry 40, 761-769

Hwang BK, Sunwoo JK, Kim YJ, Kim BS (1997) Accumulation of p-1-3-
glucanase and chitinase isoforms, and salicylic acid In the DL-a-amino-n-
butiric acid-induced resistance response of pepper stems to Phythophthora
capsici. Physiological and Molecular Plant Pathology 51, 305-322

Jaakola L, Miitti-Riihinen K, Kirenlampi S, Hohtola A (2004) Activation
of flavonoid biosynthesis by solar radiation in bilberry (Vaccinium myrtillus
L.) leaves. Planta 218, 721-728

Jones JB, Roane CW (1982) Interaction of Xanthomonas campestris pv. Undu-
losa or Pseudomonas capacia with Septoria nodorum in vitro and in vivo.
Canadian Journal of Microbiology 28, 205-210

Kapat A, Zimand G, Elad Y (1998) Effect of two isolates of Trichoderma har-
zianum on the activity of hydraulytic enzymes produced by Botrytis cinerea.
Physiological and Molecular Plant Pathology 52, 127-137

Kolb CA, Kaser MA, Kopecky J, Zotz G, Riederer M, Pfundel EE (2001)
Effects of natural intensities of visible and ultraviolet radiation on epidermal
ultraviolet screening and photosynthesis in grape leaves. Plant Physiology
127, 863-875

Krechel A, Faupel A, Hallmann J, Ulrich A, Berg G (2002) Potato-associ-
ated bacteria and their antagonistic potential towards plant-pathogenic fungi
and the plant-parasitic nematode Meloidogyne incognita (Kofoid and White)
chitwood. Canadian Journal of Microbiology 48, 772-786

Lopez M, Martinez F, Del Valle C, Orte C, Miro M (2001) Analysis of phe-
nolic constituents of biological interest in red wines by high-performance
liquid chromatography. Journal of Chromatography 922, 359-363

Lugtenberg BJJ, Dekkers L, Bloemberg GV (2001) Molecular determinants
of rhizosphere colonization by Pseudomonas. Annual Review of Phytopatho-
logy 39, 461-490

Macheix JJ, Fleuriet A, Billot J (1990) Fruit Phenolics, CRC Press, Pnc, Boca
Raton, FL, pp 24-31

Mari M, Guizzardi M, Bumelli M, Folchi A (1996) Postharvest biological
control of grey mould (Botrytis cinerea Pers: Fr.) on Fresh market tomatoes
with Bacillus amyloliquefaciens. Crop Protection 15, 699-705

Matern U, Grimmig B, Kneusel RE (1995) Plant cell wall reinforcement in
the disease-resistance response: molecular composition and regulation. Cana-
dian Journal of Botany 73, S511-S517

Melnick RL, Zidack NK, Bailey BA, Maximova SN, Guiltinan M, Backman
PA (2008) Bacterial endophytes: Bacillus spp. From annual crops as potential
biological control agents of black pool rot of cacao. Biological Control 46,
46-56

Mmbaga MT, Sauvé RJ, Mrema FA (2008) Identification of microorganisms
for biological control of powdery mildew in Cornus Florida. Biological Con-
trol 44, 67-72

Norton AP, English-Loeb GM, Gadoury DM, Seem RC (2000) Mycopha-
gous mites and foliar pathogens: Leaf domatia mediate tritrophic interactions
in grapes. Ecology 81, 490-499

Paul B, Chereyathmanjiyil A, Masih I, Chapuis L, Benoit A (1998) Biologi-
cal control of Botrytis cinerea causing grey mould disease of grapevine and
elicitation of stilbene phytoalexin (resveratrol) by a soil bacterium. FEMS
Microbiology Letters 165, 65-70

Pool RM, Welser RC, Lakso AN, Seem RC (1984) Influence of powdery mil-
dew on yield and growth of rosette grapevines. Plant Disease 68, 590-593

Reddy MS, Hynes RK (1994) Relationship between in vitro growth inhibition
of pathogens and suppression of pre-emergence damping-off and post-emer-
gence root rot of white beans seedlings in the greenhouse by bacteria, Cana-
dian Journal of Microbiology 40, 113-119

Sadfi N, Chérif M, Fliss I, Boudabbous A, Antoun H (2001) Evaluation of
bacterial isolates from salty soils and Bacillus thuringiensis strains for the
biocontrol of Fusarium dry rot of potato tubers. Journal of Plant Pathology



The African Journal of Plant Science and Biotechnology 4 (Special Issue 2), 46-53 ©2010 Global Science Books

83, 101-118

Schisler DA, Slininger PJ, Behle RW, Jackson MA (2004) Formulation of
Bacillus spp. for biological control of plant diseases. Phytopathology 94,
1267-1271

Sessitsch A, Reiter B, Berg G (2004) Endophytic communities of field-grown
potato plants and their plant-growth-promoting and antagonistic abilities.
Canadian Journal of Microbiology 50, 239-249

Stange RRJ, Midland SL, Holmes GJ, Sims JJ, Mayer RT (2001) Consti-
tuents from the periderm and outer cortex of [pomoea batatas with antifungal
activity against Rhizopus stolonifer. Postharvest Biology and Technology 23,
85-92

Trotel-Aziz P, Couderchet M, Biagianti S, Aziz A (2008) Characterization of
new bacterial biocontrol agents Acinetobacter, Bacillus, Pantoea and Pseu-

53

domonas spp. Mediating grapevine resistance against Botrytis cinerea. Envi-
ronmental and Experimental Botany 64, 21-32

Viret O (1996) Stratégies de lutte contre les maladies de la vigne. Revue Suisse
de Viticulture Arbiriculture Horticulture 28 (1), 55-58

Walker R, Emslie KA, Allan EJ (1996) Bioassay methods for the detection of
antifungal activity by Pseudomonas antimicrobica against the grey mould
pathogen Botrytis cinerea. Journal of Applied Bacteriology 81, 531-537

Ypema HL, Gubler WD (1997) Long term effect of temperature and triadime-
fon on proliferation of Uncinula necator: implication for fungicide resistance
and disease risk assessment. Plant Disease 81, 1187-1192

Ypema HL, Ypema M, Gubler WD (1997) Sensitivity of Uncinula necator to
benomyl, triadimefon, myclobutanil, and fenarimol in California. Plant Dis-
ease 81, 293-297



