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Abstract
This study aimed to select and characterize bacterial strains with multiple plant growth promotion properties
able to tolerate drought and salinity stress in order to improve plant growth performance under abiotic stresses. Plant growth promoting activities were evaluated in 106 bacterial strains isolated by soil, compost, lignocellulosic biomasses and food matrices. Two strains A. chroococcum 67B and 76A were selected for their
multiple plant growth promotion activities (N2-fixing activity, synthesis of siderophores and indole-3-acetic
acid) as well as antimicrobial activity against Sclerotinia minor. Moreover, the selected strains were tested
for their tolerance to drought and salinity stress in in vitro experiments evaluating their growth, production of
SOD, CAT, proline and ACC deaminase. The two Azotobacter chroococcum strains exhibited high tolerance
to salt and drought stresses and could alleviate the negative effects exerted by abiotic stress on tomato plants.
Overall results showed that the strains Azotobacter chroococcum 67B and Azotobacter chroococcum 76A
could be interesting candidates to be employed as bio-effector in sustainable agricultural systems also under
stressful conditions leading to improved economic and environmental benefits.
Keywords: Azotobacter chroococcum, bioeffectors, abiotic stress, antioxidant enzymes, rhizo-competence
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1. Introduction
Abiotic stresses, such as drought and salinity, are

been used successfully in agriculture applications (Is-

among the major environmental constraints that limit

lam et al., 2013). These strains have been character-

growth, productivity and quality of crops (Yang et al.,

ized well for their excellent nitrogen fixing properties

2009). The United Nations Food and Agriculture Or-

as well as for their siderophores, indol-3-acetic acid

ganization estimated that approximately 20% irrigated

and exopolysaccharides (EPS) production, which may

lands are affected by increasing salinity (Rozema and

benefit plant growth/nutrient availability and soil wa-

Flowers, 2008). In Europe, twenty-six countries have

ter retention properties (Gauri et al., 2012). However,

reported cases of salinization with higher frequency

multiple facets of the mechanisms of action of PGPR

in Mediterranean coastal areas (Flowers, 2004). Sa-

may include additional properties beyond their char-

linity and drought primarily cause disruption of ionic

acterized function of biofertilizers and/or biological

and water homeostasis of plant cells with consequent

control agents. All these proprieties could enhance the

deleterious effects on general growth and eventually

tolerance to abiotic stress in inoculated plants (Ruzzi

plant death (Maggio et al., 2007).Therefore, identify-

and Aroca, 2015). On these bases, we aimed at se-

ing and developing eco-friendly strategies that can

lecting and characterizing bacterial BE with multiple

ameliorate plant growth in response to abiotic stresses

plant growth promotion properties and antimicrobial

are an immediate need in agricultural systems that

activity. The selected PGPB strains were also tested

have to cope with the jeopardies of climate change

for their ability to tolerate drought and salinity stress

increasingly. Microorganisms or active natural com-

and improve plant growth performance.

pounds (bioeffectors) provided to the plant root-zone
may directly or indirectly affect plant performance

2. Materials and Methods

under both favorable and unfavorable environments.
Bioeffectors (BE) include plant growth-promoting

2.1. Microbial strains tested and evaluation of plant

rhizobacteria (PGPR) that have been proven to im-

growth promoting traits

prove plant performance based on biological functions occurring at the soil-plant-microbe interfaces.

One hundred six strains, previously isolated from

The use of PGPR as elicitors of mechanisms facilitat-

soil (22 strains), compost (10 strain), lignocellulosic

ing plant tolerance to abiotic stresses has emerged as

biomasses (41 strains) and food matrices (33 strains)

a promising strategy to improve plant adaptation and

(Anastasio et al., 2010; Pepe et al., 2013a; Ventori-

resource use efficiency in hostile environments (Yang

no et al., 2015), were tested for their putative plant

et al., 2009). The PGPR can benefit plant development

growth promotion activities. Based on their origins,

through multiple mechanisms of action. They can op-

bacterial strains were streaked on PCA (Oxoid, Milan,

erate directly through the production of substances

Italy), MRS (Oxoid, Milan, Italy) and the nitrogen-

which promote growth and increase nutrient avail-

free medium LG Agar (Pepe et al., 2013a). Plates

ability in soil and their uptake, or indirectly through

were examined after 48 h (PCA and MRS), or 3 and

the suppression of plant pathogens (Ribeiro and Car-

7 days (LG agar) of incubation at 28 °C, and the pure

doso, 2012). Nitrogen-fixing bacterial strains, includ-

colonies were used for assaying their ability to pro-

ing several belonging to the genus Azotobacter, have

duce indole-3-acetic acid (IAA) and siderophores,
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solubilize phosphate and exert antimicrobial activ-

2.2. Phenotypic and genotypic characterization of se-

ity against soil-borne pathogens. Microorganisms’

lected strains

ability to produce siderophores was assessed by
Chrome Azurol S (CAS) agar essay (Silva-Stenico

The Azotobacter chroococcum strain 67B identified

et al., 2005).The ability to solubilize phosphates

by biochemical and molecular methods (Pepe et al.,

was assayed by inoculating the strains on Pikovs-

2013a), and strain 76A were selected according to

kaya’s agar (Anastasio et al., 2010; Ventorino et

PGP activities. The strain 76A was identified based on

al., 2014).

of microscopical features (phase-contrast microscopy,

Screening of the strains was carried out by the

shape, dimension and presence of spore), biochemi-

in situ qualitative assay described by Bric et al.

cal characteristics (Gram-stains, catalase activity)

(1991) for the production of indol-3-eacetic acid

and by 16S rRNA gene sequencing using the syn-

(IAA). Based on a distinctive red halo around the

thetic oligonucleotide primers fD1 (5'-AGAGTTT-

colonies is positive indication for the production of

GATCCTGGCTCAG-3') and rD1 (5'-AAGGAGGT-

IAA. Moreover, the production of IAA was quanti-

GATCCAGCC-3'). PCR mixture and conditions were

fied only for selected strains using the Salkowski

performed as described by Ventorino et al. (2015).

colorimetric assay as previously described (Vento-

The presence of the PCR products was verified by

rino et al., 2014).

agarose (1.5% wt/vol) gel electrophoresis at 100V for

Antimicrobial antagonism was evaluated using the

1 h and the products were purified using a QIA quick

dual culture method described by Hammami et al.

gel extraction kit (Qiagen S.p.A, Milan, Italy) and se-

(2013) against Sclerotinia minor CBS 112.17, Fu-

quenced. The DNA sequences were determined and

sarium oxysporum f.sp. lycopersici CBS 308.91,

analyzed, as previously reported (Pepe et al., 2013b)

Fusarium oxysporum f.sp. melonis CBS 423.90,

and finally compared with the GenBank nucleotide

Fusarium solani CBS 188.34. Phytopathogens

data library using the Blast software (Reference RNA

were cultivated in malt extract agar (Oxoid, Mi-

sequences database) at the National Centre of Bio-

lan, Italy) at 28 °C. Conidia were harvested from

technology Information website (http://www.ncbi.

the surface of plates by ﬂooding the 10-day-old

nlm.nih.gov/Blast.cgi).

cultures with 9 ml of sterilized distilled water and

The obtained 16S rRNA gene sequence was deposited

gently scraping with a sterilized glass rod.

in the GenBank nucleotide database under the acces-

The conidial concentration was determined with a

sion number KX108861.

Thoma counting chamber (Hawksley UK). An agar
over-layer (agar 0.7%) containing a concentration

2.3. NaCl tolerance of selected strains

of 10 conidia ml-1 of each fungal pathogen was
5

placed into PCA medium and then, the bacterial

The two selected bacterial strains were tested for

strains were picked on the plate surface. After in-

their salt tolerance in liquid cultures as previously de-

cubation for 48 h at 28 °C, the antimicrobial activ-

scribed (Ventorino et al., 2012). Briefly, 10 ml yeast

ity of tested bacterial strains was highlighted by

mannitol (YM) medium supplemented with NaCl at

the presence of a halo around the bacterial colony

1%, 3% and 5% (w/v) concentrations were inoculated

without fungal growth.

with each bacterial strain. The standard YM medium
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with 0.1% (w/v) NaCl was used as control. Samples

2.5. Proline production by selected strains under in-

were withdrawn periodically at an interval of 4 h (0,

creasing NaCl concentrations

4, 8, 12, 16, 20, 24, 28, 32, 36, 40, 44 and 48 h) and
cell growth was determined measuring optical density

Bacterial strains were inoculated into YM me-

OD600 by using a spectrophotometer (Eppendorf,

dium with 0.1%, 5%, 7.5% and 10% (w/v) of

Milan, Italy). All tests were conducted in triplicates.

NaCl. After incubation at 28 °C for 96 h, samples
were centrifuged at 10,000 rpm for 10 min. Pel-

2.4. Production of the antioxidant enzymes

lets were washed twice with 0.85% NaCl solution
and suspended in 1.5 ml of lyses buffer (100 mM

Superoxide dismutase (SOD) and catalase (CAT) activ-

EDTA, 50 mM NaCl, pH 6.9) and 1 mg ml-1 ly-

ities were assayed as described by Duran et al. (2015).

sozyme (Sigma). Then, samples were incubated at

Briefly, bacterial strains were inoculated in YM me-

30 °C for 90 min and centrifuged at 3,000 rpm for

dium supplemented with NaCl at 0%, 5%, 7.5% and

10 min. Finally, supernatants were centrifuged at

10% (w/v) concentrations. After incubation at 28 °C for

13,000 rpm for 25 min (Duran et al., 2015) and

96 h, enzymatic extracts were obtained as described by

proline accumulation was determined by a colori-

Lin et al. (2009). Total protein concentration was deter-

metric method based on proline reaction with nin-

mined by the Coomassie blue G-250 dye-binding assay

hydrin as described by Bates et al.(1973).

using bovine serum albumin as a standard. The SOD
activity was assessed according to its capacity to in-

2.6. Quantification of ACC deaminase activity of se-

hibit photochemical reduction of nitroblue tetrazolium

lected strains

NBT (Armada et al., 2016). One enzyme unit was defined as the amount of free extract that inhibited about

The evaluation of 1-amino- cyclopropane-1- car-

50% the reduction of nitroblue tetrazolium at pH 7.0

boxylate deaminase (ACCd) activity was performed

(Duran et al., 2016). The total specific enzyme activ-

according to Penrose and Glick (2003). In details,

ity was expressed as U mg protein-1 (Bojadzhieva and

bacterial strains were inoculated in to 5 ml DF salt

Emanuilova, 2005). Catalase activity was assayed with

medium containing (NH4)2SO4 as nitrogen source

15 ml enzymatic extract, 29 ml 0.1 M KPO4 (pH 7.0),

(Penrose and Glick 2003). After incubation at 28

188 ml ultrapure distilled water and 58 ml H2O2 (30%),

°C for 48 hunder shaking (175 rpm), 0.1 ml aliquots

which were added into the automatic injector Synergy

from each culture were removed, washed, trans-

TM HT multimode microplate reader. The optical den-

ferred to test tubes with 5 ml DF salt medium con-

sity of the solution was recorded after 60 s at 240 nm.

taining 3 mM ACC (Calbiochem1) as a sole nitrogen

All enzymatic activities were calculated according to

source, and incubated at 28 °C for 48 h under shak-

the equation derived by Whiteley and Lee (2006):

ing. ACC deaminase activity was determined measuring the amount of α-ketobuty rate produced after

Activity = ∆A (V/εtv)

the hydrolysis of ACC. The amount of α-ketobuty

Where, ΔA is the change in absorbance, V is the total

rate was quantified by spectroscopic absorbance

volume in the assay mixture, ε is the extinction coefi-

measurements at 540 nm according to the standard

cient in mL µmol , t is the time expressed in min and

curve ranging from 0.1 to 1 µM.

-1

vis the volume of the sample.
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2.7. In vitro drought and salt stress tolerance of Azo-

Inocula preparation and application and seed steril-

tobacter-treated tomato seedlings

ization were performed as reported above. Tomato
plants were sown in magenta box containing sterile

The Azotobacter chroococcum 67B and A. chroococ-

quartz sand and inoculated with A. chroococcum 67B

cum 76A strains were grown in a 200 ml YM medium

and A. chroococcum 76A. Non-inoculated plants

at 28 °C for 24 h in a rotary shaker at 150 rpm. Strain

were used as control. Salinity treatments consisted

cultures were harvested at the late exponential phase

of three NaCl concentrations (w/v) in the irrigation

of growth and suspended in quarter-strength Ringer’s

water (0%, 0.5% and 1%). All tests were performed

solution (Oxoid) until achieving microbial counts of

in triplicate.

approximately 1 × 10 CFU ml-1 (Thoma counting
9

chamber, Hawksley UK). Tomato (Lycopersicon escu-

2.8. Study of rhizo-competence by exploiting Fluo-

lentum cv. Micro-Tom) seeds were surface sterilized

rescent Al3+-complex produced by Azotobacter

by 10 min immersion in 70% ethanol followed by 10

chroococcum 67B and Azotobacter chroococcum

minimmersion in 2.5% (v/v) sodium hypochlorite with

76A

0.05% Tween-20 and then washed in sterile distilled
water. Seeds were sown in magenta boxes containing

The strains A. chroococcum 67B and A. chroococ-

82 g sterile quartz sand and watered with nitrogen free

cum 76A were inoculated separately into a growth

nutrient solution (Priefer, 2001) inoculated with bacte-

medium containing 2 mM of Al3+, 4.84 g l-1 of suc-

rial strains (alone or in combination) to reach a micro-

cinic acid, 1.01 g l-1 of NH4Cl, 50 ml glycerol, 1 g l-1

bial concentration of approximately 1 × 106 cells g-1.

of KCl, 0.02 g l-1 of CaCl2, 0.86 g l-1 of K2SO4, 0.01

Plants were grown under controlled conditions with a

g l-1 of KH2PO4, 0.04 g l-1 of K2HPO4, 0.002 g l-1 of

constant temperature of 23 ± 1 °C and a 16 h day−1

MgCl2, 0.02 g l-1 of K2SO4. After incubation at 28 °C

photoperiod, and watered with nitrogen free nutrient

for 48 h, the formation of complex Al3+-siderophore

solution for 8 weeks. Non-inoculated plants were used

was observed by confocal laser scanning microscope

as control. Bacterial concentrations were monitored

(Olympus Fluoview 1000). Inoculated media with-

collecting quartz sand samples immediately after sow-

out Al3+ as well as non-inoculated medium were used

ing and every 7 days during the 8 weeks of the experi-

as controls.

ment. Briefly ten days after seeds germination, the ma-

An in vitro assay under sterile conditions was car-

genta boxes were kept without cap and without water-

ried out to evaluate the colonization of root of to-

ing with nitrogen-free nutrient solution, until complete

mato plants. In details, 100 µl of bacterial culture

dehydration of quartz sand. Seedlings were rewatered

with a concentration of 1 × 109 UFC ml-1 were inocu-

with 15 ml of nitrogen-free nutrient solution after 72 h,

lated into pots containing seven day tomato plants

and the ability of bacterial strains to alleviate drought

with the growth liquid medium described above. The

stress in the seedlings was evaluated comparing the as-

Al3+-complex was observed using a confocal laser

pect of no-inoculated and inoculated plants.

scanning microscope (Olympus Fluoview 1000) and

An additional in vitro test was also carried out in or-

Al content was estimated by Energy dispersive X-

der to evaluate the growth rate of selected microbial

Ray Spectrometer Detector (EDX, Hitachi, Japan).

strains used for inoculating tomato plants cultivated

Non-inoculated plants were used as control. All ex-

under salt stress conditions for two months.

periments were performed in triplicates.
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growth promotion activities. Strain 76A was identified using a polyphasic approach based on their

Data sets were analyzed by one-way ANOVA fol-

phenotypical (opaque, convex, mucoid and smooth

lowed by Tukey’s HSD post hoc for pairwise compar-

colonies developing a brown-black pigment aging,

ison of means (at P< 0.05) using SPSS 19.0 statistical

single Gram-negative rod-shaped cells) and molecu-

software package (SPSS Inc., Cary, NC, USA).3.

lar (16S rRNA gene sequence - 99% identity with
Azotobacter chroococcum specie using BLAST soft-

3. Results

ware) characteristics.
The A. chroococcum 67B, chosen according to its

3.1. Characterization of plant growth promotion ac-

high N2-fixing activity (Pepe et al., 2013a), was able

tivities

to synthetize siderophores (halo dimension 7.0±0.04
mm) and relatively high amount of IAA (28.0±1.29

A total of 106 bacteria were tested for their potential

mg l-1) as well as it showed ACC deaminase activity

plant growth promoting activities including ability to

producing 0.96 µM of α-ketobutyrate protein mg-1 in

produce indole-3-acetic acid (IAA) and siderophores,

15 min (Table 1). Interestingly, A. chroococcum 76A

solubilize phosphate, and exert antimicrobial activity

showed the highest orange halo around the colony in

against soil-borne pathogens. The results indicated that

CAS agar (14±0.07 mm) corresponding to the highest

20.0% of strains were able to produce siderophores,

relative siderophores production as well as the high-

31.8% solubilized phosphate, 35.3% synthetized IAA

est IAA production (34.0±0.39 mg l-1). Moreover, A.

and 12.9% showed antimicrobial activity against dif-

chroococcum 76A presented ACC deaminase activity

ferent tested phytopathogens (data not shown).

(0.96 µM of α-ketobutyrate protein mg-1 in 15 min).

Upon detailed analysis of these properties, bacteri-

In addition, both selected free-living (N2)-fixing bac-

al strains A. chroococcum 76A and 67B (Pepe et

terial strains exerted antimicrobial activity against

al ., 2013a) were selected for their multiple plant

Sclerotinia minor CB.,S 112.17 (Table 1).

Table 1. Plant growth-promoting and antimicrobial activities of Azotobacter chroococcum 67B and Azotobacter
chroococcum76A.
Strain
67B
76A

Siderophores

ACC deaminase

IAA production

Antimicrobial

The closest phylogenetic

production* (mm)

activity†

(mg l-1)

activity‡

relatives (identity percentage)

7.0±0.04

0.96

28.0±1.29

14.0±0.07

0.96

34.0 ±0.39

+ against Sclerotinia
minor CBS 112.17
+ against Sclerotinia
minor CBS 112.17

Azotobacter chroococcum (99%)
Azotobacter chroococcum (99%)

Accession number
JX050260 (Pepe et al.,
2013a)
KX108861 (this study)

Halo size (mm) = diameter of clearing or halo zone/colony diameter, values represent the means ± SD of three replicates; †µM

*

α-ketobutyrate mg protein-1 in 15 min; ‡ + positive.
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3.2. Salt tolerance

every NaCl concentration tested (from 0.0 to 5.0 %;
w/v) (Figure 1A). This trend was maintained until the

The two diazotrophic strains A. chroococcum 67B and

end of the experiment (48 h).

76A were found to be salt-tolerant since they were

For A. chroococcum 76 A, growth was slower, reach-

able to grow in the liquid culture medium at increas-

inga maximum O.D.600nm of 0.8 from 24 to 36 hours

ing sodium chloride concentrations (Figure 1). The

depending on salt concentration (Figure 1B). Subse-

A. chroococcum 67B, performed slightly better than

quently (up to 48 h) the microbial concentration for

76 A because it reached an O.D.600nm around 1, in the

this strain gradually decreased at all NaCl concentra-

interval from 24 to 36 hours of incubation at 28 °C at

tions (from 0.0 to 5.0 %).

Figure 1. Microbial growth curves of strains Azotobacter chroococcum 67B (A) and Azotobacter chroococcum
76A (B) in liquid medium (YMB) supplemented with different NaCl concentrations (0.1, 1%, 3% and 5%) incubated at 28 °C for 48 h.
3.3. Antioxidant activities and proline production

when increasing NaCl concentration reaching a value
of 12163.5 U g-1 protein in the liquid medium contain-

Salt stress significantly increased SOD activity in the

ing 10% of NaCl (Figure 2A). For A. chroococcum

two free-living nitrogen fixers A. chroococcum 67B

76A the highest SOD activity was recorded at 5% of

and A. chroococcum 76A (Figure 2A). A positive cor-

NaCl, although it did not differ significantly from 0%

relation between NaCl concentration and SOD activ-

control (Figure 2A).

ity was found in the strain A. chroococcum 67B. In

Moreover, salt stress did not exert any effect on CAT

particular, a constant increase of SOD was observed

activity in the two strains (Figure 2B).
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Figure 2. Superoxide dismutase (SOD) activity (A) and Catalase (CAT) activity (B) of strains Azotobacter
chroococcum 67B and Azotobacter chroococcum 76A in liquid media supplemented with different NaCl concentrations. Different letters indicate significant differences (P< 0.05) between NaCl treatments in each strain.

Finally, A. chroococcum 67B produced 0.07 ng ml-1

In contrast, high levels of NaCl (7.5% and 10%) in-

proline after 96 h incubation in liquid media with

duced a significant increase of proline production

different NaCl concentrations with no significant

(up to 0.09 ng ml-1) in strain A. chroococcum 76A

difference among all tested conditions (Table 2).

(Table 2).

Table 2. Proline accumulation (ng ml-1) by Azotobacter chroococcum 67B and Azotobacter chroococcum 76A in
YM media supplemented with different NaCl concentrations.

Values with different letters indicate significant differences (P < 0.05).
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3.4. In vitro microbial and plant stress tolerance

6 Log CFU g-1 in the sterilized quartz sand, were
able to grow under water shortage and saline stress

The A. chroococcum 67B and 76A strains were toler-

conditions. Specifically, the diazotrophic strains sig-

ant to drought and salt stresses as showed by in vitro

nificantly increased after 7 days of incubation under

growth tests. The two A. chroococcum strains, inocu-

drought condition (P<0.5) reaching a plateau at 9 Log

lated alone and together at a concentration of about

CFU g-1 quartz sand after 28 days (Figure 3A).

Figure 3. (A) Microbial growth of diazotrophic strains inoculated in quartz sand in the presence of tomato plants
exposed to drought stress. 67B, Azotobacter chroococcum 67B; 76A, Azotobacter chroococcum 76A; MIX,
inoculated with A. chroococcum 67B and A. chroococcum 76A. Different letters indicate significant differences
(P< 0.05).(B) Representative image of Lycopersicon esculentum plants inoculated with A. chroococcum 67B (1),
A. chroococcum 76A (2), mix of A. chroococcum 67B and A. chroococcum 76A (3) and non-inoculated plants (4)
after drought stress imposed as described in material and methods section.

Then, their concentration progressively decreased to

Moreover, salt stress did not exert negative effects on

approximately 7.5 Log CFU g-1 quartz sand (P < 0.5)

microbial growth of both strains since they were able

until the end of incubation (day 56).Interestingly, a

to grow at different NaCl concentrations (0, 0.5 and 1.0

positive effect of the inoculum on Lycopersicon es-

%) remaining viable until the end of the experiment and

culentum cv. Micro-Tom plants was detected as visual

overall confirming the results obtained in liquid growth

gaining of turgidity observed in magenta boxes inocu-

medium. After 30 days of incubation at 23 °C, the two

lated with A. chroococcum strains, after an addition of

strains showed a significant increase of approximately 1

the nitrogen-free nutrient solution (Figure 3B).

Log CFU g-1 at everytested salt concentrations (Figure 4).
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Specifically, strain A. chroococcum 76A grew up to

concentration, highlighting a negative correlation

8.78±0.13 Log CFU g quartz sand at day 30, after

between this strain and salt concentration.

which time its viability varied depending on the

Overall, the concentration of the two strains was

NaCl concentration of the growth medium. While

still high in the presence of high NaCl concentra-

the bacterial growth was quite steady at 0.0 and 1.0

tions, which would be highly damaging and/or lethal

% of NaCl on day 60, the bacterial concentration sig-

to plants (about 7.2-7.5 Log CFU g-1 quartz sand),

nificantly decreased down to 7.93±0.13 Log CFU g

at the end of incubation period (day 60) (Figure 4).

quartz sand at 0.5% NaCl (Figure 4).

Preliminary results with salt stressed tomato plants,

In contrast, strain A. chroococcum 67B showed a sig-

pre-treated with A. chroococcum 76A inoculum in

nificant constant decrease at all salt concentrations

the root-zone, confirmed the beneficial properties of

from day 30 to 60 (Figure 4). Interestingly, during this

this treatment to plant growth in saline environment

time, the decrease of A. chroococcum 67B was more

(data not shown).

-1

-1

evident than A. chroococcum 76A at increasing NaCl

Figure 4. Microbial growth of diazotrophic strains inoculated into quartz sand in proximity of salt stressed tomato
plants. 67B, Azotobacter chroococcum 67B; 76A, Azotobacter chroococcum 76A; S1, 0% NaCl; S2, 0.5% NaCl;
S3, 1% NaCl. Different letters indicate significant differences (P < 0.05).

3.5. Study of rhizo-competence by exploiting Fluores-

formation was due to Al chelation. Moreover, fluo-

cent Al -complex produced by Azotobacter chroococ-

rescence emission by the Al-siderophore complexes

cum 67B and Azotobacter chroococcum 76A

detected on root of the inoculated tomato plants in in

3+

vitro experiments highlighted the ability of strains AzoSiderophores produced by Azotobacter chroococcum

tobacter chroococcum 67B and Azotobacter chroococ-

67B and Azotobacter chroococcum 76A were able

cum 76A to colonize plant roots (Figure 5E, 5G). These

to form complexes with Al+3 as shown by the fluo-

results were confirmed by Al quantification in root

rescence emission assessed by confocal microscope

plants observed by SEM (Figure 6A), which demon-

(Figure 5A, 5B). Fluorescence was compared with

strated that the Al percentage in the root zone colonized

non-inoculated medium and inoculated medium with-

by A. chroococcum 76A was higher than the one recov-

out Al (Figure 5C, 5D) demonstrating that complexes

ered in the non-colonized root zone (Figure 6B).
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Figure 5. Confocal images of siderophore complex with aluminum (Al). A) Azotobacter chroococcum 67B
in liquid medium with Al; B) Azotobacter chroococcum 76A in liquid medium with Al; C) non-inoculated
control media with Al; D) Azotobacter chroococcum 76A strains in liquid growth medium without Al; E)
Azotobacter chroococcum 76A strains on root epidermis in medium with Al; F) Root of non-inoculated
plants in medium with Al, G) Azotobacter chroococcum 67B strains on root epidermis in medium with Al.

Figure 6. SEM image of strain Azotobacter chroococcum 76A colonizing tomato root (A) and Al percentage in non-colonized and colonized roots (B).

Journal of Soil Science and Plant Nutrition, 2016, 16 (3), 848-863

New Azotobacter chroococcum strains for sustainable agriculture

4. Discussion

859

Rhizobacteria able to produce ACC deaminase can
promote plant growth as well as protect plant against

In recent years, the increasing demand for strategies

abiotic (drought, salt, flooding, inorganic and or-

and approaches improving the sustainability of agricul-

ganic contaminants) and biotic stress (bacterial and

tural systems has stimulated interest on the use of bioef-

fungal pathogens) (Glick, 2014). Penrose and Glick

fectors as alternative and/or complementary function to

(2003) reported that levels of ACCd activity at >20

the use of chemical fertilizers. Plant growth-promoting

nM α-ketobutyrate mg protein-1 were sufficient to

bacteria (PGPB) fall in the category of bioeffectors,

promote host plant growth. Moreover, the transcrip-

which exhibit several advantages for agricultural ap-

tion of ACC synthase that catalyzes the formation of

plications, including plant growth stimulation. They

ACC in plant could be induced by IAA (Glick, 2014).

reduce plant susceptibility to soil-borne plant patho-

Production of IAA was reported in a wide variety of

gens (Ventorino et al., 2016) as well as providescross-

soil microorganisms contributing to plant-microbe

protection against multiple stressors (Dimkpa et al.,

interaction (Da Mota et al., 2008). This hormone is

2009; Ventorino et al., 2014). In this context, exploring

an important growth enhancer since it is the most ef-

plant growth promotion activities of bacterial strains

ficient among auxins with a significant effect on plant

isolated from different environments may provide

root system development (Sharma et al., 2015). Re-

important information to broaden their range of appli-

cently, Barra et al. (2016) confirmed the importance

cations. Among the 106 bacterial strains evaluated in

of rhizocompetent stress tolerant bacterial strains with

this study, two Azotobacter chroococcum strains were

variable activity of the ACCd and production of the

selected because of their high potential plant growth

IAA for the alleviation of salt stress in plants.

promotion properties and tolerance to drought and salt

The production of iron chelating siderophores is an-

stress. These properties were considered as essential to

other important function of strains A. chroococcum

assess the potential bioeffector function of these strains

67B and A. chroococcum 76A with a dual effect of

on tomato plants cultivated under drought or saline

promoting plant growth by increasing nutrient avail-

stress. Bacteria belonging to the genus Azotobacter

ability to the plant and at the same time reducing iron

have been largely used in agricultural applications as

availability for soil-borne plant pathogens (Chauhan et

bio-fertilizers since they are able to fix atmospheric

al., 2012). These properties have been documented in

nitrogen (N2) and increase nitrogen content in the soil

some Azotobacter species for which a remarkable an-

under specific environmental conditions (Orr et al.,

tagonistic activity towards a wide range of phytopatho-

2011). We have previously reported the high N2-fixing

gens was reported (Kravchenko et al., 2002). More-

activity of strain A. chroococcum 67B, which was able

over, our study highlighted the antimicrobial activity

to increase about 27% the total nitrogen content in a

of A. chroococcum 76A against Sclerotinia minor for

mature compost obtained from agro-industrial wastes

the first time. Specific antifungal activity of some A.

(Pepe et al., 2013a). Moreover, this strain as well as

chroococcum strains was observed against other patho-

A. chroococcum 76A produced siderophores, had high

gens as Rhizoctonia solani (Chauhan et al., 2012).

ACC deaminase activity, synthetized IAA, showed Al

Strains A. chroococcum 67B and A. chroococcum

tolerance, demonstrating to be a rhizocompetent strain

76A showed also high tolerance to salt stress under

and exerted antimicrobial activity against soil-borne

controlled conditions since they exhibited an O.D.600

plant pathogen related to tomato.

of 0.8-1 at 5 g NaCl l-1 in liquid growth medium and

Journal of Soil Science and Plant Nutrition, 2016, 16 (3), 848-863

860

Viscardi et al.

remained viable for 56 days (approximately 7.5 Log

root zone of inoculated plants could have a key role

CFU g ) in quartz sand irrigated with saline solution

in alleviating deleterious effects of abiotic stresses.

and in presence of tomato plants. Similar results were

Sandhya et al. (2009) noted an increase of resistance

found by Rojas-Tapias et al. (2012) who reported that

to water stress in sunflower plants treated with EPS-

salt did not exert negative effects on microbial growth

producing bacteria, probably due to their ability to

of two selected strains of A. chroococcum, which

improve soil structure in the rhizosphere. Moreover,

reached an O.D.600 of about 0.2 at 5.85 g NaCl l-1.

EPS-producing bacteria could ameliorate negative ef-

In addition, no difference recovered in CAT enzyme

fect of salt on plants by immobilazing Na+ cations and

production by A. chroococcum 67B and A. chroococ-

reducing the actual toxicity of salinized soils/waters

cum 76A in liquid media with high NaCl concentra-

(Grover et al., 2011). Maize inoculated with selected

tions showed that salt stress did not exert any nega-

strains of A. chroococcum showed plant growth and

tive effect on metabolism of these strains. In fact, this

biomass increased only under saline stress condition

antioxidant enzyme is involved in the mitigation of

(Rojas-Tapias et al., 2012). Currently we are testing

oxidative stress and safeguard cells against ROS dam-

this possibility with tomato plants using the stress tol-

age, which determines membrane lipid component

erant strains selected in our laboratory.

peroxidation (Kasim et al., 2013). Moreover, increase

Azotobacter chroococcum 67B and Azotobacter

in proline production at the highest NaCl concentra-

chroococcum 76A were also able to form complexes

tions (7.5% and 10%) by A. chroococcum 76A high-

with Al+3 in in vitro assay with tomato plant under

lighted the tolerance to osmotic stress of this strain.

sterile conditions into liquid growth medium, demon-

In particular, proline augmentation could induce the

strating ability to colonize plant roots. The ability of

adjustment of cell osmotic potential, and cell adapta-

siderophores to bind Al was reported by Del Olmo et

tion under osmotic stress conditions (Marulanda et

al. (2003). The method used in this work could be a

al., 2009).

hopeful new technique of tagging in growth media,

A. chroococcum 67B and A. chroococcum 76A were

that not only allowed us to understand the behavior of

also able to tolerate medium dehydration (drought

Azotobacter chroococcum strains in the tomato rhizo-

stress) and improve the response of tomato seed-

sphere in vitro, but also give information about their

lings to abrupt water loss. The ability of Azotobacter

tolerance to Al3+, revealing a possible strategy in Al

spp. and Pseudomonas spp. treatments to improve

chelation. However, further experiments are neces-

crop performance of fenugreek (Trigonella foenum-

sary to understand the interaction of Al3+-siderophore

graecum L.) plants after deficit irrigation and drought

complex in root colonization.

-1

stress was recently reported (Dadrasan et al., 2015).
Microorganisms have developed different adapta-

5. Conclusions

tion mechanisms to survive under stress conditions.
Some bacteria, such as Azotobacter spp., are able to

The selected N2-fixing and rhizocompetent strains

tolerate abiotic stress by producing a large quantity

Azotobacter chroococcum 67B and Azotobacter

of exopolysaccharides (EPS) (Rehm, 2009). The EPS

chroococcum 76A showed multiple plant growth pro-

enhance water retention preserving microorganisms

motion activities because they were able to synthetize

from water or salt stresses (Sandhya et al., 2009).

siderophores and IAA showing also ACC deaminase

In addition, EPS produced by microorganisms in the

activity and exerting antimicrobial activity against
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Sclerotinia minor CBS 112.17. To our knowledge, this
is the first work reporting antifungal activity against
Sclerotinia minor in A. chroococcum. Interestingly,
the two bacterial strains of Azotobacter exhibited
high tolerance to salt and drought stresses and could
alleviate the negative effects exerted by abiotic stress
in tomato plants. Overall results showed that the two
strains selected in this study could be interesting candidates to be employed as bio-effector in sustainable
agricultural systems also under stressful conditions
leading to great economic and environmental benefits.
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