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Abstract Although amelioration of drought stress in plants
by plant growth promoting rhizobacteria (PGPR) is a well
reported phenomenon, the molecular mechanisms governing
it are not well understood. We have investigated the role of a
drought ameliorating PGPR strain, Pseudomonas putida
GAP-P45 on the regulation of proline metabolic gene expres-
sion in Arabidopsis thaliana under water-stressed conditions.
Indeed, we found that Pseudomonas putida GAP-P45 allevi-
ates the effects of water-stress inA. thaliana by drastic changes
in proline metabolic gene expression profile at different time
points post stress induction. Quantitative real-time expression
analysis of proline metabolic genes in inoculated plants under
water-stressed conditions showed a delayed but prolonged up-
regulation of the expression of genes involved in proline bio-
synthesis, i.e., ornithine-Δ-aminotransferase (OAT), Δ1-
pyrroline-5-carboxylate synthetase1 (P5CS1), Δ1-pyrroline-
5-carboxylate reductase (P5CR), as well as proline catabo-
lism, i.e., proline dehydrogenase1 (PDH1) and Δ1-pyrroline-
5-carboxylate dehydrogenase (P5CDH). These observations
were positively correlated with morpho-physiological evi-
dences of water-stress mitigation in the plants inoculated with
Pseudomonas putida GAP-P45 that showed better growth,
increased fresh weight, enhanced plant water content, reduc-
tion in primary root length, enhanced chlorophyll content in

leaves, and increased accumulation of endogenous proline.
Our observations point towards PGPR-mediated enhanced
proline turnover rate in A. thaliana under dehydration
conditions.
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Introduction

Plants are constantly facing various environmental stresses, and
have evolved several mechanisms to counteract them to various
degrees. While these mechanisms help plants in stress amelio-
ration, severe and/or sustained stresses can lead to devastating
injuries, leading to large-scale destruction of crops. One such
important abiotic stress is water-stress, a form of osmotic stress
caused by water-deprivation. Water-deprivation can be caused
by environmental conditions such as drought—an adversity that
is extremely prevalent in tropical and sub-tropical countries. An
important cellular mechanism by which plants counteract os-
motic stress is through internal osmotic adjustment, by accumu-
lating several compatible osmolytes in their cells to prevent
water loss (Kavi Kishor et al. 2005; Szabados and Savouré
2010; Zlatev and Lidon 2012; Krasensky and Jonak 2012;
Reddy et al. 2015). Such compatible solutes include sugar alco-
hols (such as sorbitol), amino acids (such as proline) and amino
acid derivatives (such as glycine betaine). These compatible
solutes help decrease cell water potential, thus preventing the
exosmosis of water, enabling the sustenance of turgor pressure
and ensuring the plant metabolic activity and, therefore, growth
and productivity (Zlatev and Lidon 2012; Krasensky and Jonak
2012; Liang et al. 2013; Reddy et al. 2015).

The role of proline as an important compatible osmolyte is
well established. The cellular concentration of proline increases
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from 20%, under non-stressed conditions, to 80% under osmot-
ic stress, of the total free amino acid pool in several plant spe-
cies (Yancey et al. 1982; Kavi Kishor et al. 2005; Choudhary
et al. 2005; Sharma and Verslues 2010; Liang et al. 2013).
Similar observations have been made under salt and cold stress
as well (Kaplan et al. 2007; Sharma and Verslues 2010). High
proline accumulation in response to abiotic stress has been
positively correlated with maintenance of optimum cell turgor
pressure, cytosolic pH and intracellular redox potential (Kavi
Kishor et al. 2005; Verbruggen and Hermans 2008; Sharma and
Verslues 2010; Liang et al. 2013; Ben Rejeb et al. 2014; Reddy
et al. 2015). The role of proline has also been established in the
maintenance of cellular nitrogen content (Wu 2003). Proline
has been suggested to protect proteins such as chaperones from
dehydration-mediated mis-folding and/or degradation by
forming a protective layer around their hydration shells and
thus stabilizing their integrity (Szabados and Savouré 2010).
Under stress, proline from leaves has been found to be
transported to roots in maize (Verslues and Sharp 1999).
Mitochondrial degradation of proline to produce glutamate
yields energy in the form of FADH2 and NAD(P)H for plant
survival (Szabados and Savouré 2010). Proline accumulation in
different plant tissues, both under stressed and non-stressed
conditions, has been well studied, as well proline homeostasis
during plant growth and development (Kavi Kishor and
Sreenivasulu 2014). However, evidence from certain studies
on proline metabolism under osmotic stress in Arabidopsis
thaliana have critically challenged the conventional hypothesis
of Bmore proline leads to better tolerance^. Experiments using
Arabidopsis mutants for proline metabolism (p5cs1 and pdh1)
under dehydration stress revealed that, not just accumulation of
proline, but also its simultaneous catabolism is required for
better growth and development under water stress (Sharma
et al. 2011; Bhaskara et al. 2015).

The first committed step in proline biosynthesis is the pro-
duction of glutamate-γ-semialdehyde (GSA), which gets con-
verted into Δ1-pyrroline-5-carboxylate (P5C), the immediate
precursor of proline. Glutamate-γ-semialdehyde can be made
either from ornithine via the enzyme ornithine aminotransfer-
ase (OAT) in mitochondria (Delauney et al. 1993; Sharma and
Verslues 2010; Liang et al. 2013; Sharma et al. 2013) or from
glutamate via P5C synthase (P5CS) (Savouré et al. 1995;
Székely et al. 2008; Mattioli et al. 2009; Sharma and
Verslues 2010) in the cytosol and chloroplast. Many studies
have reported the upregulation of OAT gene under salt and
osmotic stress in Arabidopsis or increased tolerance via OAT
overexpression (Roosens et al. 1998; Roosens et al. 2002; Wu
2003; Armengaud et al. 2004; Sharma and Verslues 2010).
But, on the contrary, it has been reported by Funck et al.
(2008) via mutant analysis that OAT does not take part in
proline biosynthesis under drought stress conditions in
Arabidopsis. The enzyme P5CS is reported to catalyze the
rate-limiting step in proline biosynthetic pathway, and has a

bifunctional activity, i.e., that of both γ-glutamyl kinase and
glutamic- γ-semialdehyde dehydrogenase (reviewed by Kavi
Kishor et al. 2005; Krasensky and Jonak 2012). The enzyme
P5C reductase (P5CR) is responsible for the conversion of
P5C to proline (Sharma et al. 2011; Funck et al. 2012;
Giberti et al. 2014). The catabolism of proline (i.e., its conver-
sion to glutamate) involves two important oxidation steps (1)
proline is oxidized by the enzyme proline dehydrogenase
(PDH) to form P5C (Funck et al. 2010; Sharma and Verslues
2010; Sharma et al. 2011), and (2) P5C is then oxidized to
produce glutamate by the enzymeΔ1-pyrroline-5-carboxylate
dehydrogenase (P5CDH) (Deuschle et al. 2004; Sharma and
Verslues 2010; Rizzi et al. 2015).

Drought-mediated regulation of the proline metabolic
genes is well established. It is well known that dehydration
conditions upregulate gene expression leading to proline
biosynthesis (Zhang et al. 1997; Choudhary et al. 2005;
Szabados and Savouré 2010; Sharma and Verslues 2010;
Sharma et al. 2011; Liang et al. 2013; Bhaskara et al. 2015;
Reddy et al. 2015). The genes P5CS1 (Yoshiba et al. 1995;
Hong et al. 2000), P5CR (Zhang et al. 1997) and OAT
(Hare and Cress 1996) are reported to be upregulated as a
form of primary response of A. thaliana to dehydration
stress. The enzyme P5CS1 has been shown to play a rate-
limiting role in increased proline biosynthesis from gluta-
mate (Székely et al. 2008). The other orthologue of this
enzyme, P5CS2 is involved mainly in growth and devel-
opment and biotic stress responses of A. thaliana (Fabro
et al. 2004; Toka et al. 2010), but has not been reported to
play any role in dehydration stress tolerance (Székely et al.
2008; Mattioli et al. 2009). Proline catabolic genes, PDH1
and P5CDH have been shown to be downregulated under
drought stress conditions (Verbruggen et al. 1996; Borsani
et al. 2005; Verslues et al. 2007; Sharma and Verslues
2010), although several authors (Bhaskara et al. 2015;
Fabro et al. 2004; Kaplan et al. 2007) have reported simul-
taneous upregulation of both proline biosynthetic and cat-
abolic genes under dehydration conditions, indicating the
importance of proline turnover in plants during drought for
better survival. Sharma et al. (2011) have shown tissue-
specific upregulation of PDH1 in plants under drought
stress. The orthologue, PDH2, was reportedly un-induced
by drought (Sharma and Verslues 2010).

Plant growth promoting rhizobacteria (PGPR) constitute
a group of soil bacteria that are well known to contribute
positively towards alleviation of abiotic stress in plants
(Hayat et al. 2010; Saharan and Nehra 2011; Bhattacharyya
and Jha 2012; Liu et al. 2013; Timmusk et al. 2014; Bishnoi
2015; Ngumbi and Kloepper 2016). Although some of the
physiological processes involved in plant-PGPR interaction
for stress alleviation are known, the precise molecular mech-
anisms still remain unclear. Several species and strains of
PGPR have been reported to enhance drought tolerance in
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plants. Early studies reported enhanced drought tolerance in
A. thaliana inoculated with Paenibacillus polymyxa
(Timmusk and Wagner 1999). Volatile producing strains such
as Pseudomonas cholorophis 06 (Cho et al. 2008) and
Bacillus subtilis GB03 (Zhang et al. 2010) have also been
reported to ameliorate drought stress in A. thaliana.
Pseudomonas putida GAP-P45 (Sandhya et al. 2009, 2010a,
2010b) is a strain of PGPR that has been reported to alleviate
drought stress in crop plants. The aforementioned authors
found that P. putida GAP-P45, growing under dehydration
conditions, secretes IAA (auxin), gibberellins, cytokinin,
exopolysaccharides, HCN and siderophores (Sandhya et al.
2010b). On inoculation of roots, this strain improved plant
biomass, relative water content, and decreased leaf water loss
in maize (Vardharajula et al. 2011) as well as sunflower
(Sandhya et al. 2009). Inoculation of this strain to the afore-
mentioned plants also significantly increased proline accumu-
lation under drought conditions. In an attempt to elucidate
some of the precise molecular mechanisms underlying
PGPR-mediated drought amelioration in plants, we were in-
terested in studying the regulation of the plant proline meta-
bolic genes under dehydration conditions, in a time-dependent
manner, after PGPR inoculation. For this purpose, we chose
the above-described strain, P. putida GAP-P45 and the model
plant A. thaliana. Since the impact of this strain on water-
stress amelioration in A. thaliana had not been studied, we
performed physiological experiments to confirm if it induces
a similar stress-alleviating effect in Arabidopsis as in maize
and sunflower. Afterwards, we conducted molecular studies
focusing on P. putida GAP-P45 mediated regulation of the
expression of proline metabolic genes under dehydrating
conditions in a time-dependent manner. Our observations
indicate that, under dehydrating conditions, P. putida
GAP-P45 not only up-regulates the expression of proline
biosynthetic genes, but, at the same time, up-regulates the
expression of the genes involved in proline catabolism
(i.e. its conversion to glutamate and ornithine), thus, pos-
sibly enabling enhanced proline turnover.

Materials and methods

Germination and growth of A. thaliana

Standard protocols were employed for the routine growth
and maintenance of A. thaliana. Briefly, seeds (wild type;
Columbia-0) were surface sterilized, stratified in the dark
at 4 °C to break dormancy, and sown on square pieces of
autoclaved, stainless-steel mesh (0.01 inch wire diameter,
0.015 inch clear opening) in Petri plates containing half
strength, sterile Murashige and Skoog (MS) medium
(Murashige and Skoog 1962) supplemented with 0.8% agar
and 1% sucrose (modified from Zhang et al. 2010). The sown

plates were then incubated in a controlled environment at 22
(±1) o C and a 16/8 h light/dark cycle with 350 μmol m−2 s−1

light intensity at 50–70% relative humidity. Seven days post
germination, the individual meshes containing plantlets at the
four-leaved stage were transferred to Magenta boxes contain-
ing agar-supplemented MS medium for various experiments.
Each mesh contained five to seven seedlings and each
Magenta box contained four of these meshes.

Water-stress induction and PGPR inoculation

Water-stress induction was done by transferring 7-day-old
seedlings (four-leaved stage) to Magenta boxes containing
MS-agar medium (with 1% sucrose) supplemented with
25% polyethylene glycol (PEG-6000) (van der Weele 2000).
Media was prepared by PEG-infusion method. Solidified MS-
agar media (16 mL) was overlaid with 10 mL 80% PEG-6000
and incubated for 48 h. After incubation, the overlay was
decanted completely. We observed that approximately 4 g
PEG is retained by the MS-agar medium in the Magenta box-
es, which makes it ~25% PEG-infused MS-agar medium.
Before starting an experiment, P. putidaGAP-P45 was grown
overnight in Luria Bertani (LB) broth in a shaking incubator at
28 °C to an OD600 of 0.6–0.8, sub-cultured, re-grown to the
same OD and used for inoculating the plants. Prior to inocu-
lation, bacterial cells were centrifuged and re-suspended in
autoclaved, distilled water. Half of the control and drought-
induced plants were subjected to bacterial inoculation by the
addition of 200 μL of this aqueous suspension to the respec-
tive Magenta boxes. Thus, there were four experimental sets
namely: (1) non-stressed, non-inoculated controls; (2) non-
stressed + GAP-P45 inoculated; (3) water-stressed, non-
inoculated; (4) water-stressed, GAP-P45 inoculated. For each
experiment, at least three replicate Magenta boxes were used
(as mentioned above, each Magenta box contained four
meshes, each with five to seven seedlings). All experiments
were repeated at least twice. To monitor the growth of
P. putida GAP-P45 in Magenta boxes throughout the experi-
ment, a loopful of culture from the surface of inoculated MS-
agar medium (with or without PEG), at day-2, day-4 and day-
7 post treatment, was scraped, streaked onto LB-agar plates
and incubated at 28 °C for 12 h. In order to rule out any
contamination, a similar action was performed from non-
inoculated media as well. In order to prove that any drought-
mitigation observed is not due to bacterial inoculation in gen-
eral, a separate set of experiments replacing GAP-P45with the
common laboratory strain Escherichia coli DH5-α was also
performed, using the same conditions as with GAP-P45. In
order to assess if the 200 μL water (present in the inoculum)
made any difference to the water potential of the medium,
MS-agar medium with or without PEG supplementation and
with or without addition of 200 μL water was subjected to
water-potential measurements using PSYPRO water potential
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system (Wescor, Logan, UT). These water potentials were
measured in three replicate Magenta boxes per treatment and
the values are given below:

(1) MS-agar (control): − 0.62 (± 0.029) MPa
(2) MS-agar with 200 μL water: − 0.6 (± 0.031) MPa
(3) PEG supplemented MS -agar medium: − 2.17 (± 0.046)

MPa
(4) PEG supplemented MS-agar medium with 200 μL wa-

ter: − 2.16 (± 0.049) MPa

Thus, adding 200 μL water made no significant change to
the water potential of the medium.

Physiological studies on plant responses to PGPR
inoculation under water-stress conditions

Physiological studies were performed to assess the impact of
the PGPR strain on water-stress alleviation of A. thaliana at
different time-points (2 days, 4 days and 7 days) post treat-
ment. Experiments included observations on overall plant
health, fresh weight (FW), dry weight (DW), plant water con-
tent (PWC) of whole seedlings along with primary root length
and chlorophyll content of leaves. For measurement of FW, 60
seedlings from three replicate Magenta boxes (20 seedlings
from each box) were harvested. Following FWmeasurements,
the seedlings were incubated at 80 °C for 48 h for measure-
ment of DW. Plant water content was measured both on FW
and DW basis, by using the formulae:

PWC(DW basis) = [(FW − DW) / DW] × 100, and PWC(FW

basis) = [(FW − DW)/FW] × 100 (Turner 1981).
In order to measure primary root length, plants with intact

root were placed on a glass plate, the tap root was straightened
and the secondary roots separated using a fine needle. Length
of the primary roots was measured using a centimeter ruler. A
modification from the method of Hu et al. (2013) was used for
the extraction and estimation of chlorophyll pigment from
leaves of A. thaliana subjected to all treatments. Leaf samples
(40 mg) were placed in a graduated tube containing 10 mL
80% buffered acetone (80 mL acetone made up to 100 mL
with 20 mL 2.5 mM sodium phosphate buffer, pH 7.8). The
leaves were incubated in the solvent in dark at 4 °C with
occasional shaking to accelerate the extraction of the pig-
ments. At the appropriate time of estimation, the extract was
filtered to remove leaf pieces. The chlorophyll content was
spectrophotometrically analyzed in the filtrate at 663 nm and
646 nm for chl a and b, respectively. Total chlorophyll content
was assessed using the formula:

Chl (a + b) = 7.49 × A 663 + 18.21 × A 646 (Barnes
et al. 1992).

The equation was derived from specific absorption coeffi-
cient of pure chl a and b in 80% acetone.

Accumulated free proline content in plants
under water-stress and PGPR inoculation

Proline estimation was done in whole seedlings, 2 days,
4 days and 7 days post treatment, using the method of
Bates et al. (1973). Whole seedlings (100 mg) were ho-
mogenized in 5 mL 3% aqueous sulfosalicylic acid, and
the homogenate was collected by filtering through
Whatman no. 2 filter paper. Filtrate (2 mL) was treated
with 2 mL glacial acetic acid and 2 mL acid ninhydrin
(warm 1.25 g ninhydrin in 30 mL glacial acetic acid, and
20 mL 6 M phosphoric acid). The samples were incubated
in a boiling water bath for 1 h, and the reaction was termi-
nated by placing the reaction tubes on ice. To this reaction
mixture, 4 mL toluene was added and stirred well for 20–
30 s. A chromophore-containing toluene layer was separat-
ed and warmed to room temperature. Absorbance was read
at 520 nm using a UV-visible spectrophotometer, blanked
with toluene. Different concentrations of an aqueous solu-
tion of L-proline were used to plot a standard curve of
absorbance vs. concentration and concentrations of proline
in plant samples were extrapolated from it.

Gene expression studies

For gene expression analysis, seedlings were harvested at dif-
ferent time periods post drought induction and GAP-P45 in-
oculation. Total RNA was isolated from whole seedlings by
TRIZOL reagent (Invitrogen, Carlsbad, CA), followed by
cDNA synthesis using Superscript III Reverse Transcriptase
(Invitrogen). Semi-quantitative PCR was performed using ap-
propriate primers (Sharma and Verslues 2010) of the follow-
ing genes - OAT, P5CS1, P5CR, PDH1 and P5CDH. The
obtained data was corroborated using quantitative real-time
PCR (Step One Plus, Applied Biosystems) using a SYBR
green PCR master mix. Gene expression analysis was done
using relative quantification by the ΔΔCT method (Applied
Biosystems, Foster City, CA). β-actin 2 was used as endoge-
nous control (Sharma and Verslues 2010), and gene expres-
sion was quantified relative to the non-stressed, non-
inoculated controls (reference control).

Statistical analysis

Wherever applicable, statistical analysis was performed by
Student’s t-test (level of significance, P ≤ 0.05) using
Microsoft Excel 2010 (Microsoft, Redmond, WA). As men-
tioned previously, each experiment was performed with at
least three replicate Magenta boxes, each containing about
20 seedlings, distributed in four steel meshes, and each exper-
iment was performed at least three times.
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Results

Plant growth under water-stressed conditions

Prior to the treatments, all plants exhibited similar growth and
developmental phenotypes (Fig. 1a–d). GAP-P45 inoculation
under well-watered conditions did not cause any visible
change in the size/growth of the plants at any time period of
the study (Fig. 1e vs. f, i vs. j, m vs. n). By day-2 post transfer
to PEG supplemented medium, the PEG treated, non-
inoculated plants exhibited significant growth stunting as op-
posed to the all other treatments (Fig. 1g, k, o). Under PEG-
treated conditions, inoculated plants exhibited much better
growth compared to non-inoculated plants (Fig. 1h vs. g, l
vs. k, p vs. o). With progression of days, the PEG treated,
non-inoculated plants exhibited a gradual decline in health
while those inoculated with GAP-P45 exhibited much better
tolerance to dehydrating conditions.

The LB-agar plates used for monitoring bacterial growth
showed discrete growth of GAP-P45 at all three time points of
the study, while no contamination was detected in the non-
inoculated medium (Fig. S1). No drought mitigation was ob-
served with E. coli DH5-α inoculation (Fig. S2). Rather, this
led to deterioration in plant health even under non-stressed
conditions, probably because of the competition between the
bacteria and the plants for nutrients.

Fresh weight, dry weight, and plant water content

In order to quantify the impact of P. putida GAP-P45 on
plant water status, we analyzed the FW, DW, and PWC at
all time-periods of this study. As can be seen from Fig. 2a
and b, GAP-P45 inoculation of Arabidopsis under non-
stressed conditions did not significantly change FW and
DW when compared to control plants. However, both FW
and DW of water-stressed plants increased significantly on
GAP-P45 inoculation at all three time periods of study.
PWC was calculated both on DW and FW basis (Turner
1981). PWC (both FW and DW basis) followed similar
trends in that the water-stressed, non-inoculated plants re-
corded the lowest PWC among all the treatments at all time
points of the study (Fig. 2c, d). The PEG treated, inoculat-
ed plants exhibited significantly higher PWC, both on DW
and FW basis, as opposed to the water-stressed, non-
inoculated plants.

Chlorophyll content

Chlorophyll content followed a similar trend as PWC (Fig. 3).
While on day-2, marginal enhancement was seen in chloro-
phyll content by GAP-P45 inoculation without water-stress,
on day-4 and day-7, GAP-P45 treatment under normal condi-
tions did not cause any significant change in the chlorophyll

content. As expected, PEG-treatment caused a significant de-
crease in chlorophyll content on all days of study, while GAP-
P45 inoculation under water-stress conditions, significantly
elevated the chlorophyll content in leaves.

Primary root length and root structure architecture

It has been reported that length of the primary root tends to
increase under drought conditions in many plants (Pace et al.
1999; Jacobs et al. 2004; Grossnickle 2005). Commensurate
with these findings, we also observed similar trends in our
plants (Fig. 4) at all time-periods of the study. Just before
application of treatments (day-0), all plants showed similar
root length (Fig. 4a, b). Water-stressed, non-inoculated plants
exhibited the highest primary root length and enhanced
branching at day-2, day-4 and day-7, while, in the case of
water-stressed, GAP-P45 inoculated plants, primary root
length and branching pattern were similar to control plants at
most time periods of the study. Except for day-7 where GAP-
P45 treatment caused a small dip in primary root length under
non-stressed conditions, there was no significant difference in
root length between control and GAP-P45 treated (without
PEG) plants.

Proline content

In order to analyze the level of proline accumulation under
dehydrating conditions, proline content of the plants was
measured in all treatments and at all time periods of this
study. As can be seen from Fig. 5, PGPR inoculation alone
(without water-stress) did not cause any change in proline
content of the plants, as compared to the controls. It was
observed that, post water-stress induction, both non-
inoculated and inoculated plants exhibited enhanced pro-
line levels as compared to the controls. Gradual, time-
dependent increase in proline levels were seen in both
these treatments from day-2 to day-7. Under water-stress,
higher proline content was observed in the non-inoculated
plants as compared to the inoculated plants, on day-2 and
day-4 post treatments. At day-7, however, proline levels
were similarly induced in both these treatments. This indi-
cates that inoculation with GAP-P45 delayed proline accu-
mulation in our plants under water-stressed conditions. The
non-stressed plants (non-inoculated as well as inoculated)
exhibited minor increase in proline levels from day-2 to
day-7.

Gene expression analysis

We analyzed the GAP-P45 mediated, time-dependent modu-
lation of the expression of all important genes in the proline
metabolic pathway, in response to osmotic-stress treatment.
The candidate genes analyzed can be broadly classified into
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proline biosynthetic genes (OAT, P5CS1 and P5CR) and pro-
line catabolic genes (PDH1 and P5CDH). As can be seen
from Figs. 6 and 7, except for minor inductions in a few genes
at certain time periods (the biosynthetic genes on day-7 and
P5CDH on day-2), PGPR treatment under non-stressed con-
ditions did not cause any significant change in the expression
of any of the above mentioned genes. Fluctuations were ob-
served, though, in expression levels of all genes analyzed post
stress induction with or without PGPR inoculation as com-
pared to the non-stressed plants.

On day-2 post transfer to PEG-supplemented medium, the
expression of all three biosynthetic genes was highest in water-
stressed, non-inoculated plants as opposed to all other treatments

(Fig. 6). In these plants, water-stress increased the expression of
OAT, P5CS1 and P5CR genes by 8-fold, 13-fold and 6-fold,
respectively, with respect to the non-stressed, non-inoculated
controls. Maximum expression was thus shown by P5CS1 out
of the three genes. In the water-stressed, inoculated plants, how-
ever, the same genes exhibited significantly lower increase in
expression, i.e., 2-fold, 4-fold and 3-fold increase, respectively,
relative to the non-stressed, non-inoculated controls. By day-4
post treatments, the expression of these genes had not changed
much in the water-stressed, non-inoculated plants. However, by
day-4, the expression of OAT, P5CS1 and P5CR in water-
stressed, inoculated plants had surpassed that of the water-
stressed, non-inoculated plants, with the most dramatic increase

Fig. 1a–p Plant growth and development following Pseudomonas
putida GAP-P45 inoculation in Arabidopsis thaliana under water-
stressed conditions (25% PEG). a–d The period just before treatments,

e–h day-2; i–l day–4; andm–p day–7 post treatments.NS +NI non-stressed,
non-inoculated; NS + I non-stressed, inoculated; WS + NI water-stressed,
non-inoculated;WS + I water-stressed, inoculated

660 Ann Microbiol (2017) 67:655–668



0

0.2

0.4

0.6

0.8

1

F
R

E
S

H
 W

E
IG

H
T

 (
g
)

d-2 d-4 d-7

*

* *

*!

!

!

0

0.05

0.1

0.15

0.2

D
R

Y
 W

E
IG

H
T

 (
g
)

*

!

*

*!

a

b

0

20

40

60

80

100

P
W

C
 (

F
W

 b
a

si
s)

!

0

100

200

300

400

P
W

C
 (

D
W

 b
a

si
s)

!

d !

*
*

*

*

!
*

!
c

*

*!

Fig. 2a–d Physiological studies on the impact of P. putida GAP-P45 on
water-stress amelioration in A. thaliana. a Fresh weight (FW), b dry
weight (DW), c plant water content (PWC) on FW basis, d PWC on
DW of whole seedlings at day-2, day-4 and day-7 post treatment. Each
bar represents the mean ± SE of 60 replicate plants. * Significant differ-
ence (P ≤ 0.05) in data between NS + NI and any other treatment within a

particular day of analysis. ! Significant difference (P ≤ 0.05) in data
betweenWS + I andWS + NI samples within a particular day of analysis.
Statistical analysis was done to compare data between two different treat-
ments by Student’s t-test (two-tailed analysis, P ≤ 0.05) using Microsoft
Excel 2010
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seen in the expression of the P5CS1 gene. On day-7 water-
stressed, GAP-P45-inoculated plants exhibited consistent high
expression of OAT, P5CS1 and P5CR, with minor fluctuations
from day-4 data, whereas water-stressed non-inoculated plants
exhibited substantial decrease in the expression of P5CS1 and
P5CR as opposed to day-2 and day-4. Thus, comparing across
the different time-periods of study, we can see an overall reduc-
tion in the expression of proline biosynthetic genes in the PEG-
treated, non-inoculated plants from day-2 and day-7. On the
other hand, the water-stressed, inoculated plants exhibited an
overall (and strong) increase in expression of the same from
day-2 to day-7 post treatment.

As far as the catabolic genes (PDH1 and P5CDH) are con-
cerned (Fig. 7), on day-2 post treatments, their expression in
the water-stressed, non-inoculated plants was similar to the
non-stressed, non-inoculated controls, but significantly higher
in the water-stressed, inoculated plants (an increase of ~ 3 fold
as opposed to the controls). A partially time-dependent de-
crease was observed in the expression of these genes in the
water-stressed, non-inoculated plants, while an overall in-
crease (~ 5-fold) in their expression was observed in the wa-
ter-stressed, inoculated plants.

Discussion

P. putida GAP-P45 improves water-stress tolerance
in A. thaliana

Drought is one of the most devastating repercussions of world-
wide climate change. In many agriculture-focused countries of

the developing world, every year, thousands of livelihoods are
affected due to the lack of adequate rainfall. Under these cir-
cumstances, it becomes imperative to develop strategies for
sustainable agriculture under extreme climatic conditions. The
use of drought-tolerant PGPR provide significant promise to
overcome the challenges of sustainable agriculture in
dehydrated soil. While many studies have identified several
potential PGPR that help plants overcome abiotic stresses,
few have reported the precise molecular mechanisms leading
to such tolerance. Since proline is one of the most important
compatible solutes whose accumulation has been widely stud-
ied under drought stress, we wanted to understand the time-
dependent regulation of proline metabolic gene expression in
plants in response to drought-mitigating PGPR. This study was
carried out in vitro using PEG 6000 as inducer of osmotic stress
by lowering water potential (the effects of which may not be
identical to that of water deprivation in soil). As mentioned
earlier, the strain of PGPR used in this study (P. putida GAP-
P45) has been previously shown to confer drought tolerance to
maize and sunflower (Sandhya et al. 2009, 2010a). We chose
this strain to investigate its impact on the regulation of proline
metabolic gene expression during water-stressed conditions in
the model plant A. thaliana. Since there was no report on the
impact of this strain on A. thaliana under drought conditions,
we conducted experiments to ensure that the strain enhances
water-stress tolerance in A. thaliana with respect to growth and
physiological status of the plants. As can be seen from Figs. 1,
2, 3, 4, and 5, this strain has a profound positive impact on
drought tolerance of A. thaliana with respect to plant growth
and morphology, root structure architecture, fresh weight, dry
weight, plant water content, chlorophyll content and proline
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Fig. 3 Chlorophyll content of A. thaliana at day-2, day-4 and day-7 post
treatment. Each bar represents the mean ± SE of six replicate sets, each
with 40 mg leaf sample. * Significant difference (P ≤ 0.05) in data be-
tweenNS +NI and any other treatment within a particular day of analysis.

! Significant difference (P ≤ 0.05) between WS + I and WS + NI samples
within a particular day of analysis. Statistical analysis was done to com-
pare data between two different treatments by Student’s t-test (two-tailed
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accumulation. These experiments were necessary to establish
the compatibility of GAP-P45 with A. thaliana for osmotic-
stress amelioration before moving on tomolecular experiments.
While many more assays could be done for quantitative esti-
mation of drought alleviation by PGPR, we chose a subset of
these experiments because our main focus was on gene expres-
sion analysis, and we wanted only to establish that GAP-P45
indeed exhibited drought ameliorating responses in
Arabidopsis before moving on to the molecular analyses.

P. putida GAP-P45 enhances expression of both proline
biosynthetic as well as catabolic genes
under water-stressed conditions in A. thaliana, possibly
leading to better proline homeostasis

As previously mentioned, we wanted to study PGPR-
mediated modulation in the expression of genes of the proline

metabolic pathway (OAT, P5CS1, P5CR, PDH1 and P5CDH)
in A. thaliana, under water/osmotic-stress conditions, and to
correlate them with stress-induced proline accumulation. Our
objective was to observe the regulation pattern of these genes
under PEG-induced water-stress with GAP-P45 inoculation.
Though increased proline accumulation with PGPR inocula-
tion under dehydration conditions has already been reported in
several studies, regulation of both proline biosynthetic and
catabolic genes with respect to PGPR has not been explored
up to now.

In our study, under water-stressed conditions, proline accu-
mulation followed an increasing trend from day-2 to day-7 in
both non-inoculated and inoculated plants (Fig. 5). However,
our data showed that GAP-P45 inoculation delayed proline
accumulation under water stress. This delay is an intriguing
phenomenon that deserves investigation. It could be argued
that any of such PGPR-mediated delayed response to drought
can be a consequence of enhanced hydration of the media/soil
by PGPR themselves. However, in our case, we observed no
change in the water potential of the medium following GAP-
P45 inoculation under PEG-treated conditions. Hence, we hy-
pothesize that the delayed proline accumulation is a more
specific response caused by the bacterium. This hypothesis
needs to be tested through in depth studies. We also observed
that, although there was enhanced proline accumulation under
water-stressed conditions, in both non-inoculated and inocu-
lated plants, drought amelioration was better in inoculated
plants than in non-inoculated ones. This observation can be
explained by critically examining the gene expression data
(Figs. 6 and 7), which not only correlates well with proline
accumulation data (Fig. 5), but also provides interesting de-
tails into the pattern of regulation in the expression of the
proline metabolic genes brought about by GAP-P45 inocula-
tion under osmotic stress conditions. By day-2 post treatment,
the PEG-treated, non-inoculated plants exhibited a 5- to 15-
fold surge in the expression of proline biosynthetic genes

Fig. 5 Content of accumulated free proline in A. thaliana on day-2, day-
4 and day-7 post treatments. Each bar represents mean ± SE of six
replicate samples (each sample represents 100 mg seedlings from one
Magenta box). * Significant difference (P ≤ 0.05) in data between NS +
NI and any other treatment within a particular day of analysis. !
Significant difference (P ≤ 0.05) between WS + I and WS + NI
samples within a particular day of analysis. Statistical analysis was
done to compare data between two different treatments by Student’s t-
test (two-tailed analysis, P ≤ 0.05) using Microsoft Excel 2010

Fig. 6 Quantitative RT-PCR analysis of the genes involved in proline
biosynthesis in A. thaliana on day-2, day-4 and day-7 post treatment.
Each bar represents the mean ± SE of six replicate samples (each
sample represents 200 mg seedlings from one Magenta box). *
Significant difference (P ≤ 0.05) in data between NS + NI and any

other treatment within a particular day of analysis. ! Significant
difference (P ≤ 0.05) between WS + I and WS + NI samples within a
particular day of analysis. Statistical analysis was done to compare data
between two different treatments by Student’s t-test (two-tailed analysis,
P ≤ 0.05) using Microsoft Excel 2010
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(expression of P5CS1 being the highest) relative to the non-
stressed, non-inoculated plants, whereas PEG-treated, GAP-
P45-inoculated plants recorded only a 2- to 4-fold elevation in
the expression of these genes. These data correlate well with
the proline accumulation at day-2. By day-4 post treatment,
the PEG-treated, non-inoculated plants did not show much
change in the expression of the biosynthetic genes (OAT,
P5CS1 and P5CR), although, at day-7, an overall downregu-
lation in the expression of P5CS1 and P5CR was observed in
these plants. However, the PEG-treated, inoculated plants ex-
hibited a several-fold increase in the expression of the same
genes at day-4, and maintained almost the same level of ex-
pression at day-7 post treatment, with P5CS1 (which codes for
an important and rate-limiting enzyme of the proline biosyn-
thetic pathway) exhibiting the highest expression level.
Hence, by day-7, while proline levels were similarly induced
in both, non-inoculated and inoculated plants under water
stress, the gene expression patterns were different in both
these treatments.While the PEG-treated non-inoculated plants
had undergone a marked downregulation in the expression of
proline biosynthetic genes (except OAT), the water-stressed,
inoculated plants exhibited a sustained upregulation of all
three genes. One can argue that downregulation of proline
biosynthetic genes in water-stressed, non-inoculated plants at
day-7 could suggest accumulated proline-mediated feed-back
inhibition of P5CS1 (Hong et al. 2000; Sharma and Verslues
2010; Reddy et al. 2015) consequently leading to down-
regulation of P5CR. However, such a feedback inhibition is
not seen in the water-stressed, inoculated plants in spite of a
similar surge in proline content. This suggests that GAP-P45
inoculation could somehow be suppressing the feedback inhi-
bition caused by proline accumulation. Conversely, other than
feedback inhibition, specific osmotic-stress responsive factors
might be contributing towards the downregulation of these
genes under water-stressed conditions. The expression pattern
of the two proline catabolic genes (P5CDH and PDH1)

exhibited some similarities with that of the biosynthetic genes.
There was an overall, time-dependent downregulation in the
expression of P5CDH and PDH1 in the PEG treated non-
inoculated plants, whereas in the PEG treated, GAP-P45 in-
oculated plants, there was an overall induction in the expres-
sion of both of these catabolic genes from day-2 to day-7. The
high amount of proline accumulation in spite of downregulat-
ed P5CS1 and P5CR in PEG-treated non-inoculated plants at
day-7 could be the combined consequences of upregulated
OAT and downregulated PDH1 and P5CDH. Hence, we spec-
ulate that OAT may play an important role in proline biosyn-
thesis in our non-inoculated plants under osmotic stress. As
mentioned previously, there have been reports on OAT upreg-
ulation under salt and osmotic stress in Arabidopsis and en-
hanced stress tolerance via OAT overexpression (Roosens
et al. 1998; Roosens et al. 2002; Wu 2003; Armengaud et al.
2004; Sharma and Verslues 2010). However, mutant analysis
studies by Funck et al. (2008) have established that OAT does
not take part in proline biosynthesis under drought stress con-
ditions in Arabidopsis. Although our observations supports
the former reports and contradicts the latter, specific experi-
ments should be done to elucidate the specific role of upreg-
ulated OAT in our study.

Sustained induction of the proline catabolic genes, PDH1
and P5CDH at day-4 and day-7 in the water-stressed, inocu-
lated plants suggests that, although, both inoculated and non-
inoculated plants accumulate proline under water-stressed
conditions, there is probably higher proline turnover in the
former vs. the latter. While, conventionally, abiotic stress ame-
lioration in plants is associated with enhanced proline accu-
mulation, several reports suggest that enhanced proline turn-
over could be a key player in this phenomenon. As mentioned
in the Introduction, this has been established with studies
using p5cs1 and pdh1 mutants of A. thaliana (Sharma et al.
2011 and Bhaskara et al. 2015) as well as studies showing
simultaneous upregulation of both proline biosynthetic and

Fig. 7 Quantitative RT-PCR analysis of the genes involved in proline
catabolism in A. thaliana on day-2, day-4 and day-7 post treatment. Each
bar represents mean ± SE of six replicate samples (each sample represents
200 mg seedlings from one Magenta box). * Significant difference
(P ≤ 0.05) in data between NS + NI and any other treatment within a

particular day of analysis. ! Significant difference (P ≤ 0.05) between
WS + I and WS + NI samples within a particular day of analysis.
Statistical analysis was done to compare data between two different
treatments by Student’s t-test (two-tailed analysis, P ≤ 0.05) using
Microsoft Excel 2010
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catabolic genes under dehydration conditions (Sharma et al.
2011; Bhaskara et al. 2015; Fabro et al. 2004; Kaplan et al.
2007). Our observations on stress alleviation by GAP-P45
treated plants, i.e., better morpho-physiological status under
osmotic stress than that of PEG-treated non-inoculated plants,
substantiate the hypothesis that increased proline turnover via
simultaneous upregulation of both biosynthetic and catabolic
genes, is more important for better sustenance of A. thaliana
under osmotic-stress than mere accumulation of proline.

Thus, GAP-P45 inoculation initially delayed proline accu-
mulation in A. thaliana and enhanced the expression of both
proline biosynthetic as well as catabolic genes under dehydra-
tion conditions in a partially time-dependent manner, possibly
leading to enhanced proline turnover. Kinetics of proline bio-
synthesis and degradation (i.e., its conversion to glutamate
and/or ornithine) will have to be studied in order to gain great-
er insight into this process. As time of dehydration exposure
increased, all drought treated plants, i.e., non-inoculated and
GAP-P45-inoculated, accumulated enhanced proline, but in
the inoculated plants, proline catabolism possibly kept pace
with its biosynthesis, leading to enhanced turnover of proline.
This indicates that the particular strain of PGPR used in this
study, stimulates not only enhanced proline accumulation, but
also its concomitant degradation, thus modulating proline ho-
meostasis under drought conditions. The enhanced proline
degradation could be a cause or an effect of better drought
tolerance in the inoculated plants.
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