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Abstract Endophytic bacterial strains SF2 (99.9%

homology with Achromobacter xylosoxidans), and SF3 and

SF4 (99.9% homology with Bacillus pumilus) isolated

from sunflower grown under irrigation or drought were

selected on the basis of plant growth-promoting bacteria

(PGPB) characteristics. Aims of the study were to examine

effects of inoculation with SF2, SF3, and SF4 on sunflower

cultivated under water stress, to evaluate salicylic acid

(SA) production by these strains in control medium or at

Wa = -2.03 MPa, and to analyze effects of exogenously

applied SA, jasmonic acid (JA), bacterial pellets, and

bacterial supernatants on growth of pathogenic fungi

Alternaria sp., Sclerotinia sp., and Verticillum sp. Growth

response to bacterial inoculation was studied in two inbred

lines (water stress-sensitive B59 and water stress-tolerant

B71) and commercial hybrid Paraiso 24. Under both water

stress and normal conditions, plant growth following

inoculation was more strongly enhanced for Paraiso 24 and

B71 than for B59. All three strains produced SA in control

medium; levels for SF3 and SF4 were higher than for

SF2. SA production was dramatically higher at Wa =

-2.03 MPa. Exogenously applied SA or JA caused a sig-

nificant reduction of growth for Sclerotinia and a lesser

reduction for Alternaria and Verticillum. Fungal growth

was more strongly inhibited by bacterial pellets than by

bacterial supernatants. Our findings indicate that these

endophytic bacteria enhance growth of sunflower seedlings

under water stress, produce SA, and inhibit growth of

pathogenic fungi. These characteristics are useful for for-

mulation of inoculants to improve growth and yield of

sunflower crops.

Abbreviations

JA Jasmonic acid

PGPB Plant growth-promoting bacteria,

pathogenic fungi

SA Salicylic acid

Introduction

Sunflower (Helianthus annuus L.) is a widely cultivated oil

crop around the world. Overall, the area planted with sun-

flower has steadily increased because of its moderate cul-

tivation requirements and high oil yield. In Argentina, the

potential area for sunflower planting extends from Chaco in

the north to La Pampa in the south. Sunflower plants are

often exposed to periods of drought in this area, increas-

ingly so toward the west. Expansion of soybean culture has

affected the planting area of other crops in recent years, and

sunflower has been displaced to marginal areas.

One major obstacle to high yield and production in

sunflower is the lack of synchronized crop cycle due to

poor weather and soil conditions [24]. Application of

microorganisms is important in agriculture to minimize the

use of chemical fertilizers. Inoculation with bacteria can

increase plant growth, speed up seed germination, protect

plants from disease, improve seedling emergence, response

to external stress factors, and root growth pattern [22].
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One possible strategy to help plants cope with envi-

ronmental stresses may be the introduction of beneficial

bacteria into root zone soil. The bacteria can normalize and

in some cases improve plant performance under stressful

conditions, and thereby preserve or enhance yield [6]. This

approach improved growth of cacti [26] and the periwinkle

Catharanthus roseus [18] under water deficit stress.

Bacteria associated with plants grown under chronically

stressful conditions have coevolved with them and provide

a significant benefit to the plants. These microorganisms,

which may grow in the rhizosphere, rhizoplane, phylo-

sphere, or freely in the soil, were termed ‘‘plant growth-

promoting bacteria’’ (PGPB) by [4].

Plant growth-promoting bacteria promote plant growth

in several ways: (i) directly enhance plant metabolism by

increasing levels of substances that are usually in short

supply; e.g., fix atmospheric nitrogen, solubilize phospho-

rus and iron, or enhance production of plant hormones; (ii)

improve tolerance of the plant to environmental stresses

such as drought and salinity; and (iii) indirectly promote

plant growth by mitigating the harmful effects of phyto-

pathogenic bacteria, fungi, nematodes, and viruses [5].

Diverse genera of bacteria (including Achromobacter,

Azospirillum, Bacillus, Pseudomonas, and Rhizobium) have

been shown to function as PGPB.

Attempts to introduce beneficial bacteria into rhizo-

spheres of agricultural crops have generally met with

varying degrees of failure, due mainly to difficulties of

incorporating non-resident species into established and

acclimated microbial communities. Typically, native bac-

teria isolated from a specific plant rhizosphere contain

highly efficient genotypes to promote plant growth and

perform this function better than exotic strains.

Pathogenic fungi, particularly the genera Alternaria,

Sclerotinia, and Verticillium, cause the most serious and

economically damaging diseases for sunflower in Argen-

tina. Alternaria produces dark brown spots on leaves. Leaf

lesions may coalesce, causing leaves to wither. Stem

lesions begin as dark flecks which enlarge to form long,

narrow lesions. These stem lesions often coalesce to form

large blackened areas, resulting in stem breakage. Scle-

rotinia overwinters in the soil or on plant debris as scle-

rotia. The sclerotia germinate when they come in contact

with sunflower roots. Surviving plants are smaller than

healthy plants and may or may not produce seed. Symp-

toms are sudden wilting of the leaves, root rot, stem canker,

and production of sclerotia in the stem. The initial symp-

toms of Verticillium infection are necrotic mosaic areas

with yellow margins, always between the veins, that begin

on the lower leaves and progress slowly upward. Affected

leaves rapidly become completely dry. In a stem cross

section, the vascular system is discolored brown and visible

as a brown ring.

Several plant hormones, including salicylic acid (SA)

and jasmonic acid (JA), have been reported to display

antifungal activity. For example, SA reduced hyphal

growth and biomass of Fusarium oxysporum [32], and JA

inhibited spore germination of Pyricularia oryzae [25] and

appressoria differentiation of Erysiphe graminis f.sp. hor-

dei [28].

In a previous study [13], we isolated numerous bacterial

strains from soil samples collected from sunflower grown

under irrigation or drought at the end of the vegetative

stage. Three strains, identified as Bacillus spp. (SF3 and

SF4) and Achromobacter sp. (SF2), were selected based on

nitrogen-fixing ability, phosphate-solubilization ability,

proteolytic and cellulolytic activity, inhibition of patho-

genic fungi, and production of JA, 12-oxo-phytodienoic

acid, and abscisic acid.

In the present study, we examined (i) the ability of

strains SF2, SF3, and SF4, inoculated into inbred sunflower

lines B59 (sensitive to water stress), B71 (tolerant of water

stress), and commercial hybrid Paraiso 24, to improve

seedling growth under water stress; (ii) ability of SF2, SF3,

and SF4 to produce SA under normal and stressful condi-

tions; (iii) ability of pellets and supernatants from these

three bacterial strains to inhibit growth of pathogenic fungi

(Alternaria sp., Sclerotinia sclerotiorum, and Verticillum

sp.); and (iv) effect of exogenously added SA or JA, on

growth of these fungi.

Materials and Methods

Inoculation Procedure and Plant Growth

Inbred sunflower lines B59 and B71, generated by the

National Institute of Agricultural Technology (INTA) of

Argentina, characterized, respectively, as sensitive and

tolerant to water stress [2], and the commercial hybrid

Paraiso 24 were subjected to inoculation assays. Five seeds

were placed in a pot containing sterile vermiculite, in a

photoperiod chamber with cycle of 16-h light (28�C)/8-h

dark (20�C).

At day 4, seedlings were inoculated separately with

strains SF2, SF3, and SF4 (1-ml bacterial inoculum con-

taining 108 cfu ml-1). One milliliter LB medium was

added to non-inoculated (control) seedlings. Seedlings

were watered by capillary ascent with distilled water.

A group of inoculated seedlings was watered with half-

strength Hoagland solution. Two other groups were

watered with half-strength Hoagland solution supple-

mented with different polyethylene glycol (PEG) 6000

concentrations to generate Wa = -0.48 and -0.96 MPa.

At day 14 after inoculation, seedlings were harvested, and

root and shoot dry matter (DM) values were recorded. Each
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experiment consisted of four repetitions of each treatment,

and experiments were performed in quadruplicate.

Salicylic Acid (SA) Evaluation

Twenty five milliliter LB medium from cultured bacterial

strains in stationary phase (96 h) (cell density 1010 cfu ml-1),

or from cultures in medium with 13.7% PEG 6000 (Wa =

-2.03 MPa) (cell density 108 cfu ml-1), were used for SA

determination. Twenty five milliliter LB medium without

bacteria (Wa = -1.12 MPa) was used as control.

Cultures were centrifuged at 8000 rpm, 4�C, for 20 min,

and 2-ml supernatant was filtered and acidified to pH 2.5

with HCl solution. Fifty nanograms (2H4)-SA was added as

internal standard. Each sample was partitioned two times

with 2-ml ethyl acetate and evaporated to dryness. The

residue was dissolved in 50 ll methanol, and a 10 ll ali-

quot was injected on LC-MS/MS. Experiments were per-

formed in quintuplicate.

Liquid Chromatography

Analyses were performed using an Alliance 2695 (Sepa-

ration Module, Waters, USA) quaternary pump equipped

with auto-sampler. A Restek C18 (Restek, USA) column

(2.1 9 100 mm, 5 lm) was used at 28�C, with injected

volume 10 ll. The binary solvent system used for elution

gradient consisted of 0.2% acetic acid in H2O (solvent B),

and MeOH (solvent A), at a constant flow-rate of

200 ll min-1. A linear gradient profile with the following

proportions (v/v) of solvent A was applied [t (min), % A]:

(0, 40), (25, 80), with 7 min for re-equilibration.

Mass Spectrometry

MS/MS experiments were performed on an Micromass

Quatro UltimaTM PT double quadrupole mass spectrometer

(Micromass, Manchester City, UK). All analyses were per-

formed using turbo ion spray source in negative ion mode

with the following settings for SA: capillary voltage

-3000 V, energy cone 35 V, RF Lens1 (20), RF Lens2

(0.3), source temp. 100�C, de-solvation temp. 380�C, gas

cone 100 l h-1, gas de-solvation 701 l h-1, collision (50),

and multiplier (650). MS/MS parameters were optimized in

infusion experiments using individual standard solutions of

SA at a concentration of 10 ng ll-1 diluted in mobile phase

A/B (40:60, v/v). MS/MS product ions were produced by

collision-activated dissociation of selected precursor ions in

the collision cell of the double quadrupole mass spectrom-

eter, and mass was analyzed using the second analyzer of the

instrument. In negative mode, the spectrum for SA gave

deprotonated molecule [M–H]-. Quantitation was per-

formed by injection of samples in multiple reaction

monitoring (MRM) mode, since many compounds could

present the same nominal molecular mass. The combination

of parent mass and unique fragment ions was used to

selectively monitor SA in bacterial culture extracts. MRM

acquisition was performed by monitoring the 137/93 and

141/97 transitions for SA and (2H4)-SA (internal standard),

respectively, with dwell 1000 ms for each transition.

Pathogenic Fungi Growth Assay

In view of previous finding [13] that certain bacteria inhibit

activity of pathogenic fungi, we evaluated the effects of

bacterial pellets and supernatants (separately) on growth of

Alternaria sp., Sclerotinia sclerotiorum, and Verticillum

sp. Effects of pure SA and JA were also tested. In order to

obtain pellets and supernatants of strains SF2, SF3, and

SF4, 20 ml of exponential phase culture was centrifuged at

4�C, 8000 rpm for 20 min, sonicated for 10 min at 25 Hz

frequency, frozen at -20�C for 30 min, and thawed. Pellets

were spread in front of mycelia of each fungal species, on

plates containing Malt Extract Agar. Bacterial supernatants

(1 ml), SA (4 pmol ml-1), or JA (2 pmol ml-1) were fused

separately to Malt Extract Agar at 37�C, and transferred to

sterile plates.

Fungal mycelia (1 cm diameter cylinder) were intro-

duced in the plate center and incubated for 7 days at 25�C.

Plates containing fungal mycelia without pellet, superna-

tant, SA, or JA were used as controls.

Mycelium growth inhibition was calculated as

I = [(C - T)/C] 9 100, where I is mycelium growth

inhibition (%), C mycelium diameter in control, and T

mycelium diameter in each plate. Experiments were per-

formed in sextuplicate.

Statistical Analysis

Analysis of variance (ANOVA) test was used for statistical

analysis of root and shoot DM, SA level, and antifungal

effect. Data were subjected to a posteriori Multiple Range

Test. A non-parametric test (Kruskal–Wallis) was used for

effect of bacterial pellet on Verticillium (Fig. 6f) and for

effect of SA/JA on Alternaria and Sclerotinia (Fig. 5a, b).

Software used was Statgraphics Plus, v.3 (Manugistics,

Rockville, MD, USA).

Results

Effect of SF2, SF3, and SF4 Inoculation on Seedlings

Grown Under Normal and Water Stress Conditions

Monitoring the response of sunflower genotypes with dif-

ferential sensitivity to water stress, in the presence versus
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absence of bacterial strains, permits an assessment of early

plant responses to stress and of effects on roots versus

shoots.

Under normal growth condition (Wa = -0.2 MPa),

commercial hybrid Paraiso 24 inoculated with all three

bacterial strains showed increased shoot DM (Fig. 1a). At

Wa = -0.48 MPa, inoculation of SF3 and SF4 increased

shoot DM 1.29-fold and 1.43-fold, respectively, relative to

non-inoculated control (Fig. 1b). At Wa = -0.96 MPa,

only a slight increase in shoot DM was found in seedlings

inoculated with any of the three strains (Fig. 1c).

Root DM was increased strongly by SF3 at Wa =

-0.2 MPa and to a lesser degree by SF2 and SF4 (Fig. 1d).

Under mild stress (Wa = -0.48 MPa), SF3 and SF4

enhanced root DM (Fig. 1e). Under severe stress (Wa =

-0.96 MPa), all three strains significantly increased root

DM (Fig. 1f).

Inoculation of water stress-tolerant genotype B71 with

the three strains markedly increased shoot DM under nor-

mal and stressful conditions (Fig. 2a–c). A similar response

was observed for root DM (Fig. 2d–f). SF2 was the only

strain that did not increase root DM under severe stress

(Fig. 2f).

For water stress-sensitive genotype B59, SF2, and SF3

increased shoot DM of seedlings grown under normal

condition (Fig. 3a). Under mild stress, SF3 and (particu-

larly) SF4 caused a greater increase of shoot DM than did

SF2 (Fig. 3b). In contrast, shoot DM was not affected by

inoculation of plants under severe stress (Fig. 3c). Root

DM of plants under normal growth condition was not

significantly changed by inoculation (Fig. 3d). Root DM

was increased markedly by all three strains under mild

stress (Fig. 3e) and slightly by SF3 under severe stress

(Fig. 3f).

Bacterial SA Production

Salicylic acid production was measured at 72 h, when

bacterial culture reached stationary phase. Strains SF2,

SF3, and SF4 grown in medium LB (Wa = -1.12 MPa)

and in the presence of PEG to produce a water potential of

-2.03 MPa were used for hormone evaluation.

At Wa = -1.12 MPa generated by LB culture medium,

SF3 and SF4 produced significant amounts of SA. SA

production by SF2 (16 pmol ml-1) was lower than that of

SF3 (238 pmol ml-1) and SF4 (270 pmol ml-1). Under

water stress (Wa = -2.03 MPa), production of SA by the

three strains increased dramatically (Fig. 4).

Effects of SA, JA, Bacterial Supernatants, and Pellets

on Pathogenic Fungi Growth

Exogenous addition of SA or JA reduced Alternaria growth

by *13% (Fig. 5a) and reduced growth of Verticillum to a

Ψa = - 0.2 MPa Ψa = - 0.48 MPa Ψa = - 0.96 MPa
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similar degree (Fig. 5c). Both hormones produced a greater

reduction of Sclerotinia growth: 24% by JA; 17% by SA

(Fig. 5b).

Supernatants of the three bacterial strains slightly

reduced growth of Alternaria (Fig. 6a) and Verticillum

(Fig. 6c). For Sclerotinia, growth was reduced *43% by

Ψa = - 0.2 MPa Ψa = - 0.48 MPa Ψa = - 0.96 MPa
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supernatant of SF2, 33% by SF3, and 22% by SF4

(Fig. 6b).

Pellets of the three strains inhibited growth of Alternaria

to a similar degree: *52–53% (Fig. 6d). Growth of Scle-

rotinia was inhibited *58% by pellets of SF4, 52% by

SF3, and 50% by SF2 (Fig. 6e). Growth of Verticillum was

inhibited *57% by SF2, 54% by SF4, and 47% by SF3

(Fig. 6f).

Thus, the inhibitory effect on pathogenic fungi growth

by bacterial pellets was considerably stronger than that of

bacterial supernatant, or of pure SA or JA.

Discussion

Crop plant production and yield are highly susceptible to

numerous environmental stress factors. An important

strategy to normalize plant performance and preserve or

enhance yield is the introduction in root zone soil of ben-

eficial bacteria that help increase resistance to stresses. For

example, inoculation of maize with Bacillus megaterium

and B. mucilaginous increased growth and improved

nutritional assimilation, particularly of nitrogen, phospho-

rus, and potassium [31]. Seed inoculation of Jatro-

pha curcas (Barbados nut) with Bacillus spp. improved

seedling vigor through a significant increase in various

physiological parameters [12].

In our experiments using various sunflower genotypes

[2], application of water stress to seedlings of commercial

hybrid Paraiso 24 and stress-tolerant inbred line B71 in the

absence of bacterial strains did not cause significant

reduction of shoot or root biomass. This response could be

directly related to the tolerance of these genotypes to water

stress. In contrast, sensitive genotype B59 subjected to

severe water stress showed dramatic increase of root bio-

mass in the presence of bacterial strains, possibly because

of enhanced water uptake.

The presence of Bacillus sp. (strains SF3 and SF4) and

Achromobacter sp. (strain SF2) clearly enhanced sunflower

seedling growth and increased shoot and root DM, under

stressful conditions.

Under mild water stress, SF3 and SF4 increased Paraiso

24 shoot and roots DM, whereas SF2 had no effect. Under

severe water stress, all three strains promoted growth of

Paraiso 24 and B71 (except that SF2 had no significant effect

on root DM of B71). SF2 and SF4 could not reverse the

effect of severe water stress on stress-sensitive inbred line

B59. Taken together, these findings suggest that Bacillus sp.

are more effective than Achromobacter in helping sunflower

seedlings cope with water stress conditions.

Differences were observed in growth responses of the

three genotypes inoculated with SF2, SF3, and SF4. The

best responses following inoculation were observed for
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Paraiso 24 and B71, under water stress as well as normal

conditions. The increased root DM of inoculated Paraiso 24

and B71 growing under water stress could be a strategy to

facilitate water uptake from the soil. When B59 was

inoculated, shoot and root DM were increased only under

mild stress condition. The differences observed in response

of B59 compared to Paraiso 24 and B71 are presumed to be

attributable more to sunflower genotype than to effects of

the bacterial strains.

It is possible that these bacteria promote sunflower

growth through production of specific plant hormones.

Bacillus pumilis and B. licheniformis have been reported to

enhance productions of auxins [15] and many gibberellins

[16, 19]. Growth of red pepper seedlings was increased by

B. pumilus [19] and by B. cereus [20]. Enhanced produc-

tion of other growth regulators (e.g., such as jasmonic and

abscisic acids) by SF2, SF3, and SF4 [13] could also

improve plant performance under stressful soil conditions.

Several genera of bacteria, including pseudomonads, are

known to synthesize SA [3, 7, 17]. We therefore considered

the possibility that sunflower strains can produce SA and

found that SA is synthesized by SF2, SF3, and SF4 cultured

in LB medium (Wa = -1.12 MPa), and that its production

increases under water stress (Wa = -2.03 MPa). Thus, SA

synthesized by bacteria may play an important role not

only in plant resistance against pathogen infection, but also

in mediating plant reactions to abiotic stress [11, 23].

Bacteria strains that lost their ability to produce SA also

showed loss of ability to induce plant resistance [10].

Exogenous application of SA alone caused 8–17%

inhibition of Alternaria, S. sclerotiorum, and Verticillum

growth, suggesting that other compounds present in bac-

teria act in combination with SA or JA to inhibit growth of

pathogenic fungi. Different Bacillus species in particular

produce peptides and lipopeptides such as fungicine, iturin

bacillomicine, and others, which have antigungal proper-

ties [8, 9, 21]. In our study, JA was more effective than SA

in inhibiting S. sclerotiorum growth. Consistent with our

findings, other studies have shown that SA inhibits growth

of Sclerotium rolfsii and Sclerotinia minor [14] and cause

disruption in many compartments of the fungus Eu-

typa lata [1]. High SA concentration (270 mg l-1) had a

direct toxic effect on Monilinia fructicola and significantly

inhibited mycelial growth of this fungus in vitro [29].

Exogenous SA markedly reduced hyphal growth and bio-

mass of Fusarium oxysporum f.sp. niveum [32].

In the present study, pellets of strains SF2 and SF4 had

the strongest inhibitory effect on growth of Verticillum

spp., even though SF2 had the lowest SA level among the

three strains. Bacillus species are well known to produce

0

40

80

120

Control SF 2 SF 3 SF 4

A
lt

er
n

ar
ia

 g
ro

w
th

 (
%

)

A
lt

er
n

ar
ia

 g
ro

w
th

 (
%

)a
b b b

A

0

40

80

120

Control SF 2 SF 3 SF 4

a

b bb

D

0

40

80

120

Control SF 2 SF 3 SF 4

S
cl

er
o

ti
n

ia
 g

ro
w

th
 (

%
)

S
cl

er
o

ti
n

ia
 g

ro
w

th
 (

%
)

a

c
bc

b
B

0

40

80

120

Control SF 2 SF 3 SF 4

a

b bb

E

0

40

80

120

Control SF 2 SF 3 SF 4
V

er
ti

ci
llu

m
 g

ro
w

th
 (

%
)

V
er

ti
ci

llu
m

 g
ro

w
th

 (
%

)

a c bcb
C

0

40

80

120

Control SF 2 SF 3 SF 4

a

c

b

bc

F

Fig. 6 Effect of SF2, SF3, and

SF4 bacterial supernatants and

pellets on growth of pathogenic

fungi. a–c Bacterial

supernatants, d–f bacterial
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compounds that inhibit a variety of pathogenic fungi [8, 21,

27, 30]. For example, Bacillus sp. strain BNM112, isolated

from a sclerotium of S. sclerotiorum taken from sunflower

capitulum, excreted metabolites that suppressed mycelial

growth of numerous fungal species [27]. The antifungal

effect of strains SF2, SF3, and SF4 may therefore be due in

part to their production of SA, JA, and/or other antibiotic

compounds. These compounds are presumably found

mainly in bacterial pellet, whose inhibitory effect on fungal

growth was considerably stronger than that of supernatant.

The present findings suggest that endophytic bacteria in

sunflower are co-selected with the plant under the influence

of environmental factors such as water stress, and that plant

genotype and bacterial diversity contribute jointly to plant

growth under stress conditions.

The production of bacterial SA under water stress and the

suppressing effect of bacterial pellets on specific pathogenic

fungi are important considerations for formulation of effi-

cient inoculants. Bacterial inoculants promote plant growth

in many ways, e.g., speed up seed germination, improve

seedling emergence, root growth pattern, and response to

external stress, and protect plants from disease [22]. The

seed and seedling stages are crucial developmental stages in

the plant life cycle and in final yield of crops. Our results

suggest that sunflower plants could be productively culti-

vated under water stress condition, if they are inoculated

with a suitable PGPB such as SF2, SF3, or SF4. The char-

acteristics of these isolated strains and the effects of their

inoculation on sunflower seedlings as described here have

technological implications for formulation of inoculants to

improve growth and enhance yield in sunflower crops.
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