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Azospirillum brasilense Sp 245 produces ABA
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and increases ABA content in arabidopsis plants
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Abstract Azospirillum sp. are plant growth pro-
moting bacteria (PGPB) that increase grain yield in
cereals and other species via growth promotion and/
or stress alleviation. The PGPB beneficial effects
have been partially attributed to bacterial production
of plant hormones, especially growth promoters like
auxins, gibberellins and cytokinins. This paper
reports the characterization of the stress-like plant
hormone abscisic acid (ABA) by GC-EIMS in
cultures of A. brasilense Sp 245 after 120 h of
incubation in chemically-defined media, and chemi-
cally-defined media with moderate stress (100 mM
NaCl). Chemical characterization of ABA was done
by gas chromatography-electron impact mass spec-
trometry (GC-EIMS) and quantification by selected
ion monitoring (SIM) with a stable isotope of
the hormone as internal standard in the media.
A. brasilense cultures produced higher amounts of
ABA per ml of culture when NaCl was incorporated
in the culture medium. Inoculation of Arabidopsis
thaliana with A. brasilense Sp 245 enhanced two-fold
the plant’s ABA content. These results contribute
to explain, at least to some extent, the beneficial
effects of Azospirillum sp. previously found in
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Abbreviations

ABA Abscisic acid

CFU Colony forming units

GAC(s) Gibberellin(s) as a class

GC-EIMS Capillary gas chromatography-electron
impact mass spectrometry

LB Luria Broth

Me Methyl ester

OD Optical density

PGPB Plant growth promoting bacteria

SIM Selected ion monitoring

Introduction

Plant growth-promoting bacteria (PGPB) are associ-
ated with many plant species and are commonly
present in many environments. The most widely
studied group of PGPB is those that colonize the root
surfaces and the closely adhering soil interface, the
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rhizosphere (Patriquin et al. 1983). Some of these
PGPB can also penetrate the root and establish
endophytic populations (Kloepper et al. 1980; Gray
and Smith 2005). The extent of endophytic coloni-
zation of host plant organs and tissues reflects the
ability of the bacteria to selectively adapt to these
specific ecological niches. Because of this reason,
these bacteria have been inoculated to a wide range of
cultivated species to enhance crop yield. Such
enhancement may be obtained by seedling emergence
acceleration and increasing plant weight (Okon and
Hadar 1987), by disease control (Kloepper et al.
1980, 1991), and by conferring resistance to salt and
water stresses to the infected plant (Creus et al. 1997;
Mayak et al. 2004). In other words, PGPB are
bacteria that can indirectly stimulate plant growth.

The mechanism that has been most often invoked
to explain the various effects of PGPB on plants is the
production of phytohormones (Bloemberg and Lug-
tenberg 2001; Bottini et al. 2004; Persello-Cartieaux
et al. 2003). In effect, Azospirillum sp. produces and
metabolizes plant hormones both in culture and in
association with the plant (Piccoli and Bottini 1994;
Bottini et al. 1989; Cassan et al. 2001a, b; Janzen
et al. 1992; Lucangeli and Bottini 1996, 1997; Patten
and Glick 1996; Piccoli et al. 1996; Timmusk et al.
1999).

The PGPB genus most widely studied is Azospir-
illum, a Gram-negative nitrogen-fixing soil bacterium
that belongs to the a-subclass of proteobacteria group
(reviewed by Kloepper 2003). Azospirillum sp. have
been isolated all over the world from the rhizosphere
of many grasses and cereals, particularly from
economically important crops such as corn, wheat
and rice, both in the tropical as well as in temperate
climates (Patriquin et al. 1983). The Azospirillum sp.
characteristic effect on inoculated plants is an
enhanced root system with more lateral roots and
enlarged root hairs, therefore occupying an enhanced
soil volume (Bashan and Holguin 1997; Bertrand
et al. 2000; Fulchieri et al. 1993). This enhanced root
system confers to the plant a better ability for nutrient
and water uptake (Okon 1994; Sarig et al. 1988) that
augments the tissue turgor, which is the main factor
that controls plant growth (Hsiao et al. 1970; Granier
and Tardieu 1999; Sansberro et al. 2004).

Azospirillum sp. produces IAA (Crozier et al.
1988), indole-3-butyric acid (IBA; Martinez-Morales
et al. 2003), cytokinins (Timmusk et al. 1999), and

@ Springer

several gibberellins (GA, i.e., GA|, GA3, GAg, GA o,
and GA,y; Bottini et al. 1989; Janzen et al. 1992;
Piccoli et al. 1996, 1997) in chemically-defined
media. Several investigators have shown that inocu-
lation with Azospirillum sp. or the application of the
hormones induces the proliferation of lateral roots
and root hairs (Fulchieri et al. 1993; Glick 1995;
El-Khawas and Adachi 1999). It has also been
demonstrated that Azospirillum sp. can metabolize
GAs in vitro (Piccoli and Bottini 1994, Piccoli et al.
1996) as well as in vivo (i.e., in association with a
higher plant; Cassan et al. 2001b), and in both
situations Azospirillum sp. are able to hydrolyze
ether and ester glycosides of GA,, (Cassan et al.
2001a; Piccoli et al. 1997). The beneficial effects of
Azospirillum sp. on the inoculated plants however are
not only restricted to direct growth promotion. In
effect, alleviation of water and salt stresses have also
been reported (Creus et al. 1997; Mayak et al. 2004).

In previous results Cohen et al. (2001) demon-
strated that the inoculation with A. lipoferum partially
reversed the effect of fluridone in blocking abscisic
acid (ABA) synthesis of maize seedlings, therefore
suggesting the bacterial capacity to synthesize the
hormone. In effect, inoculation with the bacteria
increased the ABA levels of maize seedlings, which
showed enhanced growth with respect to those treated
with the inhibitor (Fluridone) and in turn kept a better
water status. Since the synthesis of GA and ABA
follow a common pathway, i.e., they operate in cell
plastids through the MEP biosynthetic route of
terpenes (Litchtentaler 1999); a feasible hypothesis
is that bacteria can also synthesize ABA as part of
their normal metabolism.

ABA plays a major role in plants responses to
biotic and abiotic stresses; increases in ABA levels
have been reported during salt, cold, drought and
wounding (Zeevaart and Creelman 1988; Pefia-Cortés
et al. 1989; Shinozaki and Yamaguchi-Shinozaki
2000). ABA affects plant resistance to heat exposure
(Robertson et al. 1994) and plant-pathogen interac-
tion (Mohr and Cahill 2003). Although ABA is
considered to be a “stress hormone” (Zeevaart and
Creelman 1988), it is becoming clear that it also
accomplishes important regulatory functions in the
absence of stress (Cheng et al. 2002; Sharp 2002).

This paper reports the characterization of ABA in
chemically-defined cultures of A. brasilense Sp 245 by
gas chromatography-electron impact mass spectrometry
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(GC-EIMS). Quantification of ABA was done by
selected ion monitoring (SIM) with a stable isotope of
the hormone as internal standard, under mild saline
stress in the media obtained by addition of NaCl. Also
ABA content was measured in Arabidopsis thaliana
plants inoculated or not with the bacterium.

Material and methods
Bacterial cultures

Azospirillum brasilense strain Sp 245 (gift of
Dr. Carlos Barassi, EEA-INTA, Balcarce, Argentina)
was used. Bacteria were first activated in Luria Broth
(LB, Sigma Chem Co, St. Louis, MO, USA) medium
and then cultured in 250 ml Erlenmeyer flasks
containing 100 ml of specific and selective chemi-
cally-defined NFb medium (Bottini et al. 1989) pH
5.8 plus NH,Cl (1.25g1™") as N source. NaCl
100 mM was added to some flasks in order to
generate a WYw of ca. —-0.7 MPa. Two sets of three
flasks each containing only incubation medium alone
or with NaCl were used as controls, while the other
two sets were sown with 100 ul of an A. brasilense
Sp 245 culture containing 10® cells ml™' alone or
with NaCl. The flasks were incubated in a water bath
with orbital shaking (Shaker Pro, Viking, BIO-
CONTROL, Buenos Aires, Argentina) at 120 r.p.m.,
in darkness and 30°C, until stationary phase as
determined by ODg;o (biomass production).

Arabidopsis thaliana (ecotype Columbia) seeds
were surface sterilized, incubated for 72 h at 4°C in
darkness, then allowed to germinate and grow for
30 days at 24°C and 16 h light and 8 h darkness on
Petri dishes with MS medium. After germination
(148 h from sowing) the root seedlings were inocu-
lated with 10 pl of PBS medium alone (control), or
10 ul of a PBS suspension containing 10° CFU ml™"
of Azospirillum brasilense strain Sp 245. The bacteria
have been grown as stated above, centrifuged and
further re-suspended in PBS at the desired
concentration.

ABA analysis

The whole procedure was performed in darkness or
dim light to avoid ABA photodestruction. For ABA

quantification in the bacterial culture 100 ng of [*Hg]-
ABA, (gift of J. D. Cohen, Department of Horticul-
ture, University of Minnesota, Saint Paul, MN, USA)
were added to half volume of the cultures at the end
of the incubation period as internal standard, and the
mixture allowed to stand 3 h in darkness and 4°C for
isotope equilibration. The other half of the cultures
was processed without internal standard in order to
perform mass spectra characterization of the pur-
ported ABA. Bacterial cultures (or culture media
controls) were grown as described above then
sonicated twice for 6 min and centrifuged 10 min at
10 000g and 4°C. The cells were discarded and the
supernatant was adjusted to pH 3.0 with acetic acid
and partitioned three times with an equal volume of
ethyl acetate (saturated with 1% acetic acid) pH
2.8-3.0. The ethyl acetate fraction was evaporated
and the residue dissolved in 1 ml of a mixture of
methanol: water: acetic acid (79/20/1; v/v/v), filtered
and submitted to HPLC purification with a uBonda-
pack C,g reverse phase (Waters Associates, Parker
Ltd., Milford, MA, USA) column. Elution was
performed with a KONIK 500 apparatus (Konik
Instruments, Barcelona, Spain) at a flow rate of
2 ml min~' using the following gradient: from 0 to
10 min 10% methanol in 1% acetic acid, from 10 to
40 min 10-73% methanol in 1% acetic acid, from 40
to 50 min with 73% methanol in 1% acetic acid, from
50 to 60 min with 100% methanol. The fraction from
34 to 40 min (co-chromatographying with authentic
ABA, Sigma Chem Co, St Louis, MO, USA) was
collected. After solvent evaporation in vacuum at
room temperature the sample was derivatized for
capillary gas chromatography-electron impact mass
spectrometry-selected ion monitoring (GC-MS-SIM)
analysis. For methyl-ester (Me) derivatization 2—4 ml
of methanol and 50-100 pl of fresh CH,N, were
added, and left for 30 min at room temperature. After
solvents had been eliminated under N, the extract
was dissolved in 5 pl hexane and 1 pl was injected in
the split-split less mode in a GC-MS system (Perk-
inElmer Clarus 500, Atlanta, GA, USA). The GC
column was a PerkinElmer Elite-5SMS, cross-linked
methyl silicone capillary column (30 m length,
0.25 mm internal diameter, and 0.25 um film thickness)
eluted with He (I ml min™"). The GC temperature
program was 100-190°C at 15°C min", then from 190
to 260°C at 5°C min~'. ABA characterization was
performed in full scan mode and the spectra obtained
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matched with authentic ABA (Sigma Chem. Co., St
Louis, MO, USA). The amount of ABA in the medium
was calculated by comparison of the peak areas of the
parent ions for the Me derivative of the deuterated
internal standard (194/166), and the Me derivative of
the endogenous ABA (190/162). All analyses were
performed from three biological replicates.

For ABA quantification in A. thaliana seedlings,
approximately 100 mg FW of shoot + leaf tissues
were homogenized in 1 ml of ice-cold methanol:
water: acetic acid (79:10:1; v/v) along with 100 ng of
[2H6]-ABA. After filtration and methanol evaporation
in vacuum, the aqueous was loaded to Sep-Pack C18
cartridges (Waters Associates, Milford, MA, USA),
washed with hexane and eluted with methanol: water:
acetic acid (79:10:1; v/v). After methanol evaporation
in vacuum aqueous was partitioned 4x with water (pH
3.0) saturated ethyl acetate. The acidic ethyl acetate
fraction was evaporated in vacuum and re-dissolved
in a mixture of methanol:water:acetic acid (79/20/1;

v/v/v), and from this point on the extracts were
processed as stated above for the bacterial cultures.

Statistical analysis

Data were analyzed by analysis of variance
(ANOVA) followed by Turkey’s ¢ test at P < 0.05
(Graph Pad Software, San Diego, CA, USA).

Results and discussion

Figure 1 shows the mass spectra of Me-ABA iden-
tified from the HPLC extract, and that of authentic
Me-ABA. Clearly, both spectra overlapped suffi-
ciently to demonstrate A. brasilense Sp 245 produced
ABA in chemically-defined media.

Table 1 shows bacterial growth after 120 h of
incubation in the different culture media compared
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Fig. 1 Full scan MS of putative ABA from A. brasilense Sp 245 cultures (upper) as compared with the full scan MS of authentic

ABA (lower, see Material and Methods for procedure details)
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Table 1 Values of pH, optical density (ODg,o) and colony
forming units (CFU ml™) of A. brasilense Sp 245 cultures
grown until stationary phase in chemically-defined NFb med-
ium with and without 100 mM NaCl

Table 3 Endogenous ABA levels in ng ml™' (assessed by GC-
MS with [ZH(,]-ABA as internal standard) of A. thaliana 30-
days-old plants, either control or inoculated with A. brasilense
Sp 245

Bacteria pH OD CFU (108) Treatment ABA (ng g_' FW)
A. brasilense 9.14+0.12 145+0.04 3.6+1.0 Control 1.52 + 0.09
A. brasilense + NaCl 9.02 £ 0.08 1.12+0.08 1.4 +0.5 Inoculated 3.55 +£049

with NFb and NFb plus NaCl culture medium. The
addition of 100 mM of NaCl into NFb culture
medium generated an extra osmotic pressure of
0.5 MPa, giving a final WYw of ca. —0.7 MPa, thus
resembling a situation of mild saline/osmotic stress
usually found in plant tissues. This salt concentration
affected scarcely either the final pH and bacterial
growth assessed as ODgyo (total biomass) of both
A. brasilense Sp 245 cultures conditions. However,
the saline condition reduced to 1/3 the CFU ml™
(cells alive) of A. brasilense Sp 245 cultures as
compared with the treatment without NaCl.
Differences between A. brasilense Sp 245 alone
and A. brasilense Sp 245 plus NaCl cultures were
also found in the ABA bacterial production. In
Table 2 it is shown the difference in ABA production
by A. brasilense in normal and under NaCl condi-
tions. According to isotope dilution calculations (SIM
data from samples containing [*He]-ABA), A. brasi-
lense cultures produced higher amounts of ABA per
ml of culture when NaCl was incorporated in the
culture medium (i.e., 235 ng ml™ vs. 73 ng m]fl,
Table 2). These results were comparable to previous
ones by Piccoli et al. (1999) where the quantity of
GA; produced in vitro by Azospirillum sp. was
reduced only 50% in the presence of PEG (Ww =
—1.21 MPa), despite a 90% reduction in the number

Table 2 Amount of ABA in ng ml™' (assessed by GC-MS
with [2H6]—ABA as internal standard) in A. brasilense Sp 245
cultures with chemically-defined NFb medium with and with-
out 100 mM NaCl

Bacteria ABA (ng mlI™") ABA (ng 10® CFU™)
A. brasilense 73+£8 20.3

A. brasilense + NaCl 235 = 17 167.9

NFB medium nd nd

NFB + NaCl nd nd

Data presented as the amount per ml of culture medium, and
relative to the cells already alive (colony forming units, CFU)

of cells alive per ml of culture medium. Such results
imply a compensatory mechanism in the ability of the
bacterium to produce phytohormones (i.e., ABA)
under drought conditions. In effect, it is well known
that the cell secondary metabolism increases under
stressful conditions, as it is the case of GA biosyn-
thesis by the fungus Gibberella fujikuroi that begins
when N supply is limited in the culture medium
(Candau et al. 1992). Hence, the positive effects of
Azospirillum sp. inoculation on to plants submitted to
water and salt stresses previously found (Cohen et al.
2001; Creus et al. 1997; Mayak et al. 2004) may be
explained not only by production of growth promot-
ing-like hormones (i.e., GAs and IAA) by the
bacteria, but also by release of the stress-related
hormone, ABA. Indeed, under mild stress conditions
Azospirillum improved approximately 8-folds the
ABA production (167.9 ng per 10°CFU ml™,
Table 2) calculated as per the number of live cells.

When A. thaliana root seedlings were inoculated
with A. brasilense Sp 245, the ABA content of
30-days-old plants was doubled with respect to the
control non-inoculated ones (Table 3). Indeed,
A. lipoferum was able to infect A. thaliana and the
augmentation of ABA content in the plants may be, at
least partially, ascribed to bacterial production.

Conclusion

Azospirillum brasilense produces ABA in vitro in a
chemically-defined medium, i.e., with malic acid as
the sole C source, demonstrating that the bacteria
posses the whole biochemical machinery to perform
such work. In higher plants it is known that the
biosynthetic pathway for ABA proceeds through
cleavage of carotenes (namely neoxanthin, Schwartz
et al. 2003), while in some fungi it has been proposed
that the biosynthesis occurs in a more direct way
from farnesyil diphosphate (Siewers et al. 2000).
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However, there are no reports in the literature
regarding possible pathways for ABA synthesis in
bacteria.

Since saline soils are one of the most problematic
aspects in world agriculture nowadays; the results
presented encourage the possibility that PGPB with
improved capacity of ABA production may help in
plant-stress alleviation.
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