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Abstract  Phosphate solubilization, 1-aminocyclopro-
pane-1-carboxylic acid (ACC)-deaminase activity and pro-
duction of siderophores and indole acetic acid (IAA) are
well-known traits of plant growth-promoting rhizobacte-
ria (PGPR). Here we investigated the expression of these
traits as affected by salinity for three PGPR strains (Pseu-
domonas fluorescens, Bacillus megaterium and Variovorax
paradoxus) at two salinity levels [2 and 5 % NaCl (w/v)].
Among the three strains, growth of B. megaterium was the
least affected by high salinity. However, P. fluorescens was
the best strain for maintaining ACC-deaminase activity,
siderophore and IAA production under stressed conditions.
V. paradoxus was the least tolerant to salts and had minimal
growth and low PGPR trait expression under salt stress.
Results of experiment examining the impact of bacterial
inoculation on cucumber growth at three salinity levels [1
(normal), 7 and 10 dS m™'] revealed that P. fluorescens
also had good rhizosphere competence and was the most
effective for alleviating the negative impacts of salinity on

Communicated by Erko Stackebrandt.

P4 Sajid Mahmood Nadeem
smnadeem @uaf.edu.pk; sajidmn92 @hotmail.com

University of Agriculture Faisalabad, Sub-Campus
Burewala, Vehari, Pakistan

Department of Soil Science, University College
of Agriculture and Environmental Sciences, The Islamia
University of Bahawalpur, Bahawalpur, Pakistan

Institute of Soil and Environmental Sciences, University
of Agriculture, Faisalabad 38040, Pakistan

Soil Science Division, Nuclear Institute for Agriculture
and Biology (NIAB), Faisalabad, Pakistan

Department of Environmental Sciences, University
of California, Riverside, CA, USA

cucumber growth. The results suggest that in addition to
screening the PGPR regarding their effect on growth under
salinity, PGPR trait expression is also an important aspect
that may be useful for selecting the most promising PGPR
bacterial strains for improving plant tolerance to salinity
stress.
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Cucumber - Growth

Introduction

Among the abiotic stresses that affect plant growth, soil
salinity is one of the most serious problems in irrigated
agriculture (Hu and Schmidhalter 2005). A number of
approaches are used to deal with the negative impacts of
salinity including gypsum applications, organic matter
amendments and optimization of irrigation practices to
limit the quantities of salts applied and to effectively leach
salts from the root zone (Ahmad and Qamar 2003). On
the biological side, relevant practices to mitigate salinity
include the planting of salt tolerant crop varieties and the
use of soil management practices that promote microbial
activity and high population densities of plant growth-pro-
moting rhizobacteria (PGPR).

PGPR include diverse bacterial taxa that facilitate plant
growth through phytohormones production, disease sup-
pression, phosphate solubilization and stress ethylene sup-
pression, which otherwise inhibits root growth in saline
soils and other stress conditions. The management of
PGPR populations in soils is currently one of the most dif-
ficult challenges in agriculture and has only recently been
facilitated by development of methods to characterize soil
microbial communities. PGPR include a large number
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of diverse taxa that express at least one, but typically two
or multiple traits that affect plant growth (Kloepper et al.
1989; Glick et al. 1995; Saharan and Nehra 2011; Baig
et al. 2014). Another term “plant stress homeoregulating
bacteria” coined by Cassan et al. (2009) likewise refers to
PGPR strains that specifically are able to improve plant
growth under stress conditions.

One of the current practices for improving the popula-
tion densities of high effective PGPR in the rhizosphere of
crop plants is to introduce selected strains as seed or soil
inoculants. Candidate strains are identified using culture
based methods to determine which traits they carry and
quantify their potential activity in different laboratory cul-
ture media. Candidate strains should also have the poten-
tial to tolerate adverse conditions (Sandhya et al. 2009).
There are a number of reports that demonstrate the effi-
cacy of PGPR for promoting plant growth under both nor-
mal conditions as well as in saline soils and other stressed
environments (Egamberdieva 2009; Zahir et al. 2004, 2009;
Glick et al. 2007; Saharan and Nehra 2011; Nadeem et al.
2012). With respect to soil salinity, bacteria carrying traits
for phosphate solubilization, synthesis of siderophores,
exopolysaccharides and indole acetic acid (IAA) and with
high ACC-deaminase enzyme activity were shown to be
effective PGPR (Nadeem et al. 2010; Upadhyay et al. 2011;
Glick 2014). Bacteria with ACC activity degrade ACC into
ammonia and a-ketobutyrate for use as a nitrogen source.
Therefore, inoculation of plants with these strains can pro-
vide one method to increase the population density in the
rhizosphere and lower the accumulation of stress ethylene
(Mayak et al. 2004; Glick et al. 2007).

Current research in this field is aimed at identifica-
tion of which combinations traits are most important and
the extent to which measurements of PGPR trait expres-
sion in pure culture can be correlated with improved plant
growth or specific plant growth parameters. For example,
IAA production levels in pure culture can serve as indica-
tor for potential efficacy of a strain for reducing the effects
of osmotic stress on plant growth (Boiero et al. 2006).
Likewise, exopolysaccharide production at high levels by
certain bacteria enables plants to better withstand stress-
ful environments (Upadhyay et al. 2011; Qurashi and Sabri
2012). With respect to improved root growth facilitated by
ACC-deaminase activity, it is hypothesized that measure-
ments of bacterial ACC-deaminase expression under stress
conditions may be a better indicator of potential efficacy
than measurements taken for cells grown under optimal
conditions with low salinity.

In selecting PGPR strains for possible use as soil or
plant inoculants, there are several open questions as to
the best methods and most relevant traits to use to com-
pare the potential efficacy of different strains. Individual
PGPR strains carry different combinations of traits that are
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expressed at different levels. Siddikee et al. (2012) studied
the effect of PGPR containing ACC-deaminase activity on
red pepper (Capsicum annuum L.) under salinity stress.
They found that among three strains (Brevibacterium iodi-
num, Bacillus licheniformis and Zhihengliuella alba), B.
iodinum was the most efficient for reducing the negative
impact of stress-induced ethylene. They also observed that
although Z. alba had low ACC-deaminase activity com-
pared to B. licheniformis, it performed better in promoting
plant growth. Based on their findings, they suggested that
this might be due to difference in rhizosphere competence
or failure of B. licheniformis to express genes relevant to
plant growth promotion under nutrient limitations and
elevated environmental stress in soil. These results are in
line with observations that microorganisms isolated from
drought-stressed soil show higher adaptability and toler-
ance to stress conditions compared to strains isolated from
unstressed sites (Marulanda et al. 2009). In this manner,
characterization of candidate PGPR strains for use as soil
inoculants may be improved by screening their trait expres-
sion levels as affected by specific environmental factors
such as salinity level. The present study was carried out
to determine changes in PGPR trait expression at different
salinity levels for three bacterial strains that vary in salinity
tolerance. We then further compare their efficacy for allevi-
ating negative impacts of salinity on cucumber growth.

Materials and methods
Characterization of rhizobacteria

Three pre-isolated rhizobacterial strains, i.e., Variovo-
rax paradoxus (JN858091), Pseudomonas fluorescens
(JN858088) and Bacillus megaterium (JN858098) (Nadeem
et al. 2012), were characterized for salinity tolerance, ACC-
deaminase activity, exopolysaccharide production, phos-
phate solubilization and indole acetic acid and siderophore
production under normal and saline conditions. Measure-
ment of each activity was carried out using three replicates.

The ability of the strains to tolerate high salt concentra-
tions was evaluated by growing the strains on tryptic soy
broth (TSB) medium containing 0, 2 and 5 % NaCl (w/v).
For this purpose, TSB media containing certain amount
of NaCl was autoclaved and after cooling inoculated with
particular strain. Inoculum was prepared from cell cultures
adjusted to an optical density of 0.5 at 535 nm by dilution
to maintain a uniform cell density [108-10° colony-forming
units (cfu) mL]. The flasks were placed in a shaking incu-
bator for 72 h at 28 £ 2 °C, and cell growth was moni-
tored by turbidity (A535 nm). Strains were categorized as
low, medium and high salt tolerant on the basis of their OD
value.
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The ACC-deaminase activities of the selected strains
were measured by the method described by Penrose and
Glick (2003) except that the medium was supplemented
with 0, 2 and 5 % NaCl. ACC-deaminase activity was
measured by determining the amount of a-ketobutyrate
produced when the enzyme cleaved ACC into ammonia
and a-ketobutyrate. All measurements were carried out in
triplicate and ACC-deaminase activity was calculated as
umol a-ketobutyrate mg~! protein h~!. Exopolysaccharide
production was measured qualitatively according to Nico-
laus et al. (1999) with slight modification. The strains were
grown in culture medium supplemented with 0, 2 and 5 %
NaCl. Supernatants were collected by centrifuging at 1000
rev min~!. Cold absolute ethanol (threefold) was added
drop wise into the supernatant under stirring. The forma-
tion of precipitates was an indication of the production of
exopolysaccharides.

Phosphate solubilization was measured qualitatively by
using National Botanical Research Institute (NBRI) growth
medium (Mehta and Nautiyal 2001) amended with NaCl
(0, 2 and 5 %). Individual bacterial isolates were cultured
and spot inoculated in the center of the agar plates. Plates
were incubated at 28 °C for 5 days after which phosphate
solubilization was quantified. Colonies showing formation
of clear zones were considered positive for phosphate solu-
bilization, and diameter of clear halo zone was measured to
evaluate the relative efficacy of these strains for phosphate
solubilization.

Siderophore production of the strains was assayed quali-
tatively according to the universal method of Schwyn and
Neilands (1987) except that the medium was amended with
NaCl. Fresh cultures of each strain were inoculated into
low iron medium (modified MM9 medium) and incubated
at 28 °C for 48 h. The cultures were centrifuged and the
supernatant from each culture was then mixed with chrome
azurol S (CAS) solution. The change of color from blue
to orange indicated the presence of siderophores in the
solution.

Indole acetic acid production of the selected isolates was
determined colorimetrically. For this purpose, 5 mL of filter-
sterilized 0.5 % L-tryptophan solution was added to the auto-
claved, cooled medium containing 0, 2 and 5 % NaCl. Each
flask was inoculated with particular strain and after plugging
incubated at 28 °C for 48 h on a horizontal shaker at 100
rev min~'. Un-inoculated control was also kept for compari-
son. After incubation period, the contents were filtered through
Whatman filter paper No. 2. Three milliliters of filtrate was
mixed with 2.0 mL of Salkowski reagent as described by Sar-
war et al. (1992) and allowed to stand for 30 min for color
development. Auxin compounds expressed as IAA equivalents
were determined by spectrophotometer (model T80).

Evaluation of potential of PGPR strains to promote
plant growth under salinity stress

The ability of three selected PGPR strains to promote
plant growth was evaluated under axenic conditions
using cucumber as a test plant. The experiment was
performed under completely controlled conditions in a
growth chamber. For seed inoculation, inoculum was pre-
pared without agar. For this purpose, 250-mL Erlenmeyer
flasks containing 60 mL broth were inoculated with the
selected strains and placed on a shaking (100 rev min~")
incubator at 28 °C for 72 h. Cucumber seeds were sur-
face-sterilized by dipping in 95 % ethanol solution for
2 min, followed by immersion in a 0.2 % HgCl, solution
for 3 min. The seeds were then rinsed with sterile deion-
ized water. Surface-sterilized seeds were inoculated with
each respective bacterial strain (dipping in broth inocu-
lated with bacterial strain for 5 min), and then, three
seeds were sown in plastic tubes containing 250 g sand.
After germination, the plants were thinned to one plant
per tube. To obtain desired levels of salinity in sand, i.e.,
normal, 7 and 10 dS m~', the required amount of NaCl
was dissolved in deionized water and added to each tube
according to soil saturation percentage before sowing.
There were five replications of each treatment. Half-
strength Hoagland solution was applied to fulfill nutrient
requirements at the first irrigation, after which the plants
were watered with distilled water. After 35 days, growth
parameters for the cucumber plants were measured and
recorded.

Root colonization assay

To quantify root colonization by the selected strains,
root samples with adhering soil were agitated in a ster-
ile saline solution (0.85 % NaCl) with vigorous shaking
for 1 h. Serial dilutions of bacterial suspensions were
prepared in phosphate buffer and spread on already pre-
pared tryptic soya agar plates. The plates were placed
in incubator at 28 °C for 48 h. All treatments in the col-
onization experiment were replicated three times, and
the average number of bacterial colony-forming units
was calculated and presented as mean cfu g~! root
biomass.

Statistical analysis
The data were analyzed by analysis of variance (ANOVA)
by using IBM SPSS program version 19. Significant differ-

ences (p > 0.05) between treatment means were determined
by Duncan’s multiple range tests.
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Results
Characterization of PGPR strains under salinity stress

Data regarding biochemical characterization viz. salt tol-
erance/growth inhibition, IAA production, siderophore
production, phosphate solubilization, exopolysaccharide
production and ACC-deaminase activity under normal and
saline conditions are presented in Table 1. Among the three
strains tested here, B. megaterium was the most salt toler-
ant, whereas V. paradoxus was the most sensitive. Growth
of P. fluorescens, B. megaterium and V. paradoxus was
reduced by up to 34, 10 and 35 %, respectively, in medium
containing 5 % NaCl.

The results of IAA production assay showed that all
three strains produced IAA and that under normal condi-
tions (no NaCl), the IAA production was highest with B.
megaterium followed by P. fluorescens and V. paradoxus.
The maximum reduction (38 %) in IAA production was
recorded in B. megaterium when subjected to 5 % salinity.

Furthermore, it was observed that P. fluorescens was the
most tolerant to salinity with respect to IAA production,
which increased slightly in cultures with 5 % NaCl. Sidero-
phore production also varied among the selected rhizobac-
teria depending on the salinity level. All three strains were
similar in siderophore production under normal conditions.
Siderophores production for V. paradoxus was reduced
at 2 % NaCl and completely inhibited at 5 % NaCl. The
other two strains P. fluorescens and B. megaterium pro-
duced equal amount of siderophores at 2 % NaCl; how-
ever, less siderophores were produced at the highest salin-
ity level (5 % NaCl) as compared to nonsaline conditions.
With respect to phosphate solubilization, P. fluorescens
performed well at all salinity levels followed by B. megate-
rium. In contrast, V. paradoxus was negative for phosphate
solubilization under both normal and saline conditions. The
diameter of the halo zones indicating phosphate solubili-
zation was reduced by approximately 10 % for P. fluore-
scens at the highest salinity level followed by B. megate-
rium. Data on exopolysaccharides production showed that

Table 1 Characterization
of PGPR strains at different
salinity levels

Strain

NaCl level

Control (no salt)

2 % NaCl

5 % NaCl

Growth in saline conditions (OD value)

Pseudomonas fluorescens

Bacillus megaterium

Variovorax paradoxus

9.8 = 0.25 (00.00)
9.5 = 0.66 (00.00)
8.6 = 0.50 (00.00)

Indole acetic acid production (mg L™})

Pseudomonas fluorescens

Bacillus megaterium

Variovorax paradoxus

Siderophores production

Pseudomonas fluorescens

Bacillus megaterium

Variovorax paradoxus

Exopolysaccharides production

Pseudomonas fluorescens

Bacillus megaterium

Variovorax paradoxus

5.41 £ 0.55 (00.00)
7.99 + 0.70 (00.00)
3.25 £ 0.15 (00.00)

++
++
++

+
+

Phosphate solubilization (halo size in mm)

Pseudomonas fluorescens

Bacillus megaterium

Variovorax paradoxus

10 £ 1.15 (00.00)
05 £ 0.50 (00.00)

6.8 = 0.21 (30.00)
9.6 & 0.30 (—1.04)
6.3 £ 0.40 (26.74)

5.24 £ 0.25 (03.14)
6.11 & 0.55 (23.53)
2.41 £ 0.10 (25.84)

++
o+
_l’_

+
J’_

10.5 = 0.28 (—04.60)
05.0 &+ 0.15 (00.00)

ACC-deaminase activity (umol-ketobutyrate mg~' protein h™)

Pseudomonas fluorescens

Bacillus megaterium

Variovorax paradoxus

170.2 4 10.0 (00.00)

18.9 £ 02.3 (00.00)
114.5 £ 9.2 (00.00)

169.8 £ 10.3 (00.24)
18.0 & 2.0 (04.76)
1124 + 11.1 (01.83)

6.4 = 0.26 (34.00)
8.4 +0.38 (10.52)
5.1 4+ 0.35 (35.70)

5.47 £ 0.50 (—01.11)
4.94 £ 0.35 (38.17)
2.14 £0.20 (34.15)

J’_
+

09.0 £ 0.50 (10.0)
03.5 £ 0.76 (42.85)

174.5 + 8.4 (02.52)
16.4 £ 2.1 (15.24)
109.7 + 11.2 (04.80)

Data are shown as mean = standard error of three replicates

Values in parenthesis show the percent decrease in the growth compared to control

+ = good; ++ = very good; — = negative
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Table 2 Root colonization ability (cfu g~' root biomass) of PGPR
strains for cucumber at different salinity levels

Table 3 Comparative effect of PGPR strains on shoot length (cm) of
cucumber

Treatment Salinity levels Treatment Salinity levels

Normal 7dSm™"  10dSm™ Normal ~ 7dSm™ 10dS m™'
Control 53x10°  32x10° 24 x 10* Control 6.80 6.27d 433 f
Pseudomonas fluorescens 9.1 x 108 1.5 x 10° 1.4 x 10° Pseudomonas fluorescens 853 a 7.77b 6.73 ¢
Bacillus megaterium 9.4 x 108 3.5 x 108 1.3 x 10 Bacillus megaterium 8.17 a 7.00 c 6.23d
Variovorax paradoxus 5.4 x 10% 7.2 x 107 1.8 x 10° Variovorax paradoxus 8.47 a 6.70 ¢ 5.53e

both P. fluorescens and B. megaterium were positive for
exopolysaccharides production and that production levels
were not affected by high salt concentrations. In contrast
V. paradoxus was unable to produce exopolysaccharides
under both normal and saline conditions. The maximum
ACC-deaminase activity was observed for P. fluorescens
followed by V. paradoxus and B. megaterium under normal
conditions. ACC-deaminase activities of P. fluorescens and
B. megaterium were not changed significantly by salt con-
centrations, but in V. paradoxus, the activity was substan-
tially reduced.

Root colonization assay

Data regarding root colonization showed that inoculation
with PGPR strains increased the number of bacteria on
the root surface of cucumber plants under normal as well
as saline conditions compared to the un-inoculated control
(Table 2). Under normal conditions, inoculation increased
the bacterial cfu g~! root biomass compared to un-inocu-
lated plants. The highest root colonization was observed
with B. megaterium followed by P. fluorescens. Under salt-
stressed conditions, P. fluorescens was the most tolerant
as maximum bacterial cfu g~! root biomass was observed
by this strain in soil having 10 dS m~! salinity level. Fur-
thermore, at this salinity level, reduction in initial popu-
lation (no salt) was also less than observed for the other
two strains. B. megaterium showed better results in case
of root colonization under salt-stressed conditions than V.
paradoxus.

Plant growth promotion under salinity stress

Results of the greenhouse experiments showed that cucum-
ber growth was significantly (p < 0.05) reduced with
increasing salinity levels, for both inoculated and un-inoc-
ulated plants. Reduction in growth was less for inoculated
plants as compared to un-inoculated plants at all salin-
ity levels. The reduction in shoot length of un-inoculated
cucumber plants at 10 dS m~! NaCl level was 36 % as
compared to normal conditions (Table 3). All three PGPR
strains significantly improved the shoot length of cucumber

Data are shown as means of three replicates

Values sharing same letters are statistically (p < 0.05) at par. LSD
(p <0.05) =0.396

as compared to un-inoculated control under normal as well
as salt-stressed conditions. P. fluorescens produced higher
shoot length under both normal and saline conditions
compared to other strains. It is also evident form Fig. la
that inoculation with P. fluorescens significantly reduced
the negative impact of salinity stress on cucumber shoot
growth. At 7 and 10 dS m~', the increase was 24 and 55 %,
respectively, when compared to the respective un-inocu-
lated controls at the same salinity levels. As observed for
shoot length, root length was decreased for both inoculated
and un-inoculated plants when subjected to 7 and 10 dS
m~! NaCl salinity (Table 4). Inoculation of plants with P.
fluorescens, B. megaterium and V. paradoxus in nonsaline
soil increased root length by up to 39, 29 and 41 %, respec-
tively, as compared to unstressed control. At 7 dS m™!,
inoculation with P. fluorescens, B. megaterium and V. para-
doxus, respectively, resulted in 36, 12 and 26 % increases
in root length as compared to control plants at this salinity
level. The benefit of PGPR inoculation was most evident
for plants grown at 10 dS m™!, where inoculation increased
total root lengths by 67, 26 and 46 %, respectively, for
plants inoculated with P. fluorescens, B. megaterium and
V. paradoxus. The results showed better performance of
P. fluorescens for enhancing root growth at high level of
salinity as it also depicted from Fig. 1b under salt-stressed
conditions.

As expected based on the results for shoot and root
lengths, the effects of inoculation with PGPR strains were
also manifested by improved shoot and root biomass val-
ues for plants grown under salinity stress (Tables 5, 6).
Plants inoculated with P. fluorescens had the highest shoot
and root dry weights as compared to those inoculated
with B. megaterium and V. paradoxus at all salinity lev-
els. Inoculation with P. fluorescens resulted in 86, 60 and
73 % increases in shoot weight over the respective un-inoc-
ulated controls grown at 1, 7 and 10 dS m~' NaCl salin-
ity levels, respectively. The increase in root weight due to
P. fluorescens inoculation over the un-inoculated control
was 97, 68 and 87 % at 1, 7 and 10 dS m~! NaCl salinity
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Pseudomonas
EC 10 dS/m

Fig. 1 Impact of Pseudomonas fluorescens on cucumber shoot and root growth under saline condition at electrical conductivity of 10 dS m™!

Table 4 Comparative effect of PGPR strains on root length (cm) of
cucumber

Table 6 Comparative effect of PGPR strains on root weight (g) of
cucumber

Treatment Salinity levels Treatment Salinity levels

Normal ~ 7dSm™ 10dSm™ Normal ~ 7dSm™ 10dSm™
Control 15.40d 13.83 ¢ 10.70 £ Control 0.73d 053¢ 0.35h
Pseudomonas fluorescens 2133 a 18.83b 17.90 be Pseudomonas fluorescens 144 a 0.89 ¢ 0.66 f
Bacillus megaterium 19.80 b 15.53d 1343 ¢ Bacillus megaterium 1.24b 0.74d 052¢g
Variovorax paradoxus 21.67a 17.31c 15.60d Variovorax paradoxus 1.31b 0.86 ¢ 048 g

Data are shown as means of three replicates

Values sharing same letters are statistically (p < 0.05) at par. LSD
(»p<0.05) =151

Table 5 Comparative effect of PGPR strains on shoot weight (g) of
cucumber

Data are shown as means of three replicates

Values sharing same letters are statistically (p < 0.05) at par. LSD
(» <0.05) = 0.061

Table 7 Comparative effect of PGPR strains on total biomass (g) of
cucumber

Treatment Salinity levels Treatment Salinity levels

Normal ~ 7dSm™ 10dS m™' Normal ~ 7dSm™ 10dS m™'
Control 1.20e 1.28 de 0.74 £ Control 2.73d 147 ¢ 0.76 h
Pseudomonas fluorescens 223 a 1.88 b 1.28d Pseudomonas fluorescens 473 a 321c 1.98 f
Bacillus megaterium 1.78 be 1.40d 121e Bacillus megaterium 3.15¢ 2.38¢e 2.02f
Variovorax paradoxus 2.15 ab 1.66 ¢ 1.12 ef Variovorax paradoxus 3.58b 2.02f 148 ¢

Data are shown as means of three replicates

Values sharing same letters are statistically (p < 0.05) at par. LSD
(p <0.05) =0.156

levels, respectively. Maximum total biomass (4.73 g) was
observed in case of inoculation with P. fluorescens under
normal conditions while the maximum improvement in
total biomass (118 %) as compared to respective un-inoc-
ulated control was observed by the same strain at 7 dS m~!
NaCl salinity level (Table 7). However, at 10 dS m~!, the

@ Springer

Data are shown as means of three replicates

Values sharing same letters are statistically (p < 0.05) at par. LSD
(p <0.05) =0.352

highest biomass values were recorded for plants inoculated
with either B. megaterium or P. fluorescens. Inoculation
with P. fluorescens, B. megaterium and V. paradoxus also
improved the chlorophyll contents in leaves of cucumber
grown under salt-stressed conditions (Table 8). At 7 dS
m~!, B. megaterium was significantly better than other two
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Table 8 Comparative effect of PGPR strains on chlorophyll content
of cucumber

Treatment Salinity levels

Normal ~ 7dSm™ 10dS m™'
Control 56.9b 46.6 f 435¢
Pseudomonas fluorescens 59.2a 53.8¢ 55.7b
Bacillus megaterium 56.7b 56.3b 532 cd
Variovorax paradoxus 60.2 a 52.4d 505e

Data are shown as means of three replicates

Values sharing same letters are statistically (p < 0.05) at par. LSD
(p<0.05)=1.14

strains for improving plant chlorophyll content, whereas, at
the highest salinity level (10 dS m™"), P. fluorescens inocu-
lated plants had significantly higher chlorophyll contents.

Discussion

There is now a large body of research that has exam-
ined the mechanisms by which PGPR affect plant growth
through TAA production, phosphate solubilization, sidero-
phore production and ACC-deaminase activity (Zahir et al.
2009; Ahmad et al. 2011; Saharan and Nehra 2011; Baig
et al. 2014). Nonetheless, PGPR strains vary in their field
performance and there is still a gap in our knowledge on
how environmental factors affect both the rhizosphere com-
petence (growth) and PGPR trait expression after they are
introduced into soil. The present study was conducted to
examine whether in vitro screening of salinity tolerance
may predict performance of PGPR strains for improving
plant growth in a salinized soil. Three bacterial strains (P.
fluorescens, B. megaterium and V. paradoxus) were tested
and found to be highly salt tolerant. All of the strains exhib-
ited prolific growth on agar media containing up to 5 %
NaCl, which is equivalent to a salinity level of approxi-
mately 80 dS m~!. Among the three strains, B. megate-
rium was the most tolerant, while V. paradoxus showed the
least growth under salt stress. Previously, Tank and Saraf
(2010) also observed variability in PGPR strains regarding
their ability to tolerate salinity. Differences in the tolerance
of bacteria to salinity are thought to involve differences in
the production of osmolytes and stress resistant compounds
(Sandhya et al. 2009; Qurashi and Sabri 2012). Here, the
ability of Pseudomonas and Bacillus to tolerate high salt
concentration was very likely due to the production of
exopolysaccharides which were produced in pure cultures
irrespective of salinity level by these bacterial strains.
Conversely, salt sensitive V. paradoxus did not produce
exopolysaccharides under the experimental conditions used
here. Exopolysaccharides are also proposed to decrease the

availability of Na' for plant uptake (Ashraf et al., 2006;
Dodd and Perez-Alfocea 2012).

Prior research has shown that ACC-deaminase contain-
ing rhizobacteria can mitigate the negative impact of stress-
induced ethylene on root growth by degrading its immedi-
ate precursor ACC into ammonia and a-ketobutyrate (Glick
et al. 1998; Mayak et al. 2004; Shaharoona et al. 2011).
The results of the present study showed that salinity sig-
nificantly reduced the seedling growth (shoot length, root
length, shoot biomass, root biomass) of cucumber and that
inoculation with PGPR improved plant growth by reducing
the deleterious effects of salinity. Salt inhibits plant growth,
by causing both ion toxicity and osmotic stress (Zhang
et al. 2010; Tavakkoli et al. 2011), which in turn increases
stress ethylene production. Under such conditions, elevated
levels of ethylene cause negative impacts on root growth
(Mattoo and Suttle 1991; Belimov et al. 2009), which ulti-
mately reduces overall plant growth due to water and nutri-
ent limitations.

In the present study, all three strains were able to use ACC
as a sole source of nitrogen under normal and 5 % salinity
stress conditions. P, fluorescens had the highest ACC utiliza-
tion rate followed by V. paradoxus and B. megaterium. At
the highest salinity level with 5 % NaCl, the strains showed
an expected decrease in growth and decreased degradation
of ACC, the precursor molecule that leads to stress ethylene
accumulation in the rhizosphere. The consistent high ACC-
deaminase activity of P. fluorescens thus indicates its poten-
tial for plant growth promotion over a range of conditions
that would result in stress-induced ethylene accumulation
(Zahir et al. 2009). These results are in general agreement
with results of previous studies (Nadeem et al. 2010; Ahmad
et al. 2011; Tank and Saraf 2010) regarding ACC-deaminase
activity under salinity stress.

In addition to maintaining the highest level of ACC-
deaminase activity, P. fluorescens also had the highest IAA
production levels (5.41-5.47 mg kg~!) as compared to V.
paradoxus and B. megaterium. Difference in IAA produc-
tion ability among bacteria under normal conditions has
been reported (Anjum et al. 2011; Ahmad et al. 2013). In
the present study, the IAA production ability of B. mega-
terium and V. paradoxus was both substantially lowered
with increasing salt, whereas P. fluorescens actually pro-
duced slightly more IAA under salt stress conditions.
Kerkar et al. (2012) likewise found that IAA production by
PGPR is generally reduced under saline conditions. They
reported that JAA production was salinity dependent and
varied with the type of bacteria. This argument is further
supported from the work of Nakbanpote et al. (2014), who
found that among three bacterial strains (two Serratia spp.
and one Pseudomonas sp.), IAA production by Serratia
spp. was reduced while IAA production by Pseudomonas
sp. increased under salinity stress.
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All three strains examined here varied for phosphate
solubilization and siderophores synthesis under normal
culture conditions and their potential regarding these traits
was variably affected by salinity stress. P. fluorescens was
the most effective for solubilizing phosphorus under saline
conditions. The maintenance of phosphate solubilization by
P. fluorescens under salinity stress could be a great advan-
tage for improving plant growth in saline soils. As reported
by others, phosphate solubilization is related to both
organic acid production and phosphatase activity (Tank and
Saraf 2010). Some organic acids lower the rhizosphere pH
and therefore dissolve calcium phosphates. Anionic organic
acids also can displace phosphate from the anion exchange
complex, and some organic acids also form complexes with
iron and aluminum that then results in further dissolution
of iron and aluminum phosphate minerals to liberate more
phosphate into solutions. Many bacteria also produce phos-
phatases that release phosphorus during the decomposition
of soil organic matter. Altogether, these processes aid solu-
bilization of inorganic phosphorus in the plant rhizosphere.
The efficacy of P. fluorescens for solubilization of phos-
phorus has already been observed in earlier studies (Tank
and Saraf 2010). PGPR strains isolated from same environ-
ment have been shown to vary in this and other PGPR traits
(Nadeem et al. 2012).

One of the main objectives of the present study was to
examine the relationship between PGPR trait activity lev-
els in pure culture and PGPR performance when inoculated
on to plant roots. Overall, this hypothesis was supported.
P. fluorescens, which showed the highest ACC-deaminase
activity under salinity stress in liquid medium, was also the
most effective for increasing root length and root biomass
in the presence of salts. Variovorax paradoxus which also
has relatively high ACC-deaminase activity also caused
significant increases in root length and root biomass as
compared to un-inoculated control plants. Auxins also play
role in plant growth promotion under stress conditions by
enhancing plant root growth (Liu et al. 2014). The growth
enhancement of cucumber with P. fluorescens also was
likely due to its ability to maintain its IAA production abil-
ity under salinity stress. In addition to this, enhancement of
phosphate solubilization and siderophore production could
also contribute to better root growth. Here, inoculation with
the selected strains also increased the chlorophyll content
of cucumber under salinity stress, suggesting greater plant
uptake of nitrogen that contributed to chlorophyll forma-
tion. This result is in agreement with Stefan et al. (2013)
who also observed enhanced chlorophyll content following
PGPR inoculation.

Although B. megaterium showed more resistance to
salinity in terms of cell growth, its performance was rela-
tively poor compared to P. fluorescens. Although not exam-
ined here, both the population density of the inoculant in
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the rhizosphere and level of PGPR trait expression are both
likely to affect plant growth; i.e., strains with high rhizos-
phere competence but low levels of PGPR trait expression
may provide similar growth enhancement as strains with
higher levels of trait expression that maintain lower popu-
lation densities in the rhizosphere. Ideal inoculants will
have both good rhizosphere competence and high levels of
PGPR trait expression. Here the excellent performance of
P. fluorescens may be attributed to its good ability to colo-
nize the plant roots under salinity stress compared to other
two strains and ability to maintain high levels of PGPR trait
expression under salinity stress.

Conclusions

PGPR strains have potential to mitigate negative impacts
of salinity stress on plant growth, but with variable effi-
cacy. Results of the present study suggest that this is due
to both differences in rhizosphere competence and differ-
ences in the ability of different PGPR strains to express
growth-promoting traits under salinity stress conditions
environment. Measurements of variability in the expression
of plant growth-promoting traits in normal and stress con-
ditions may thus provide a useful indicator for prediction
of PGPR efficacy for plant growth promotion under saline
conditions.
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