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Plant-associated bacteria mitigate drought stress in soybean
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Abstract
Agriculture accounts for ~ 70% of all water use and the world population is increasing annually; soonmore people will need to be
fed, while also using less water. The use of plant-associated bacteria (PAB) is an eco-friendly alternative that can increase crop
water use efficiency. This work aimed to study the effect of some PAB on increasing soybean tolerance to drought stress, the
mechanisms of the drought tolerance process, and the effect of the PAB on promoting plant growth and on the biocontrol of
Sclerotinia sclerotiorum. PAB were isolated from soybean rhizosphere and S. sclerotiorum sclerotia. The strains identified as
UFGS1 (Bacillus subtilis), UFGS2 (Bacillus thuringiensis), UFGRB2 and UFGRB3 (Bacillus cereus) were selected on their
ability to grow in media with reduced water activity. Soybean plants were inoculated with the PAB and evaluated for growth
promotion, physiological and molecular parameters, after drought stress. Under drought stress, UFGS2 and UFGRB2 sustained
potential quantum efficiency of PSII (Fv/Fm), while a decrease was found in the control plants. Moreover, UFGS2 and UFGRB3
maintained the photosynthetic rates in non-stressed conditions compared to the control. UFGS2-treated plants showed a higher
stomatal conductance and higher transpiration than the control, after drought stress. Some PAB-treated plants also had other
beneficial phenotypes, such as increases in fresh and dried biomass relative to the control. Differential gene expression analysis of
genes involved in plant stress pathways shows changes in expression in PAB-treated plants. Results from this study suggest that
PAB can mitigate drought stress in soybean and may improve water efficiency under certain conditions.
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Introduction

Cultivable land and productivity have been globally re-
duced as a result of industrialization and abiotic stresses
(Gamalero et al. 2009). Drought, for instance, plays a
major role in reducing plant growth parameters and also
negatively interferes with plants’ physiology by causing
losses in CO2 accumulation and then reducing photosyn-
thetic rate or the photochemical efficiency (Muller et al.
2011; Sadeghipour and Abbasi 2012).

To resist drought-stress effects, plants use different mech-
anisms, which are generally regulated by genes, such as eth-
ylene response factors (Gmereb), dehydration-responsive
binding protein (Gmdreb1a), galactinol synthase (Gmgols),
and Δ1-pyrroline-5-carboxylase synthetase (Gmp5cs). These
genes have been reported to be the main drought-associated
genes that are directly or indirectly related to the plant’s re-
sponse to water stress tolerance (Chen et al. 2016; Shinozaki
and Yamaguchi-Shinozaki 2007; Stolf-Moreira et al. 2010).

Responsible editor: Diane Purchase

Electronic supplementary material The online version of this article
(https://doi.org/10.1007/s11356-018-1610-5) contains supplementary
material, which is available to authorized users.

* Samuel Julio Martins
sjmartins86@gmail.com

1 College of Agronomy, Federal University of Goiás, Campus
Samambaia, Rodovia GO-462 km 0, CP 3037,
Goiânia, GO 74690-900, Brazil

2 Laboratory of Plant Physiology, Institute of Biology, Federal
University of Goiás, Goiânia, Brazil

3 Laboratory of Enzymology, Institute of Biology, Federal University
of Goiás, Goiânia 74001-970, Brazil

4 Genetics of Microorganism Laboratory, Federal University of Goiás,
Goiânia, Brazil

5 US Department of Agriculture, Crop Bioprotection Research Unit,
National Center for Agricultural Utilization Research, Agricultural
Research Service, Peoria, IL, USA

Environmental Science and Pollution Research (2018) 25:13676–13686
https://doi.org/10.1007/s11356-018-1610-5

http://crossmark.crossref.org/dialog/?doi=10.1007/s11356-018-1610-5&domain=pdf
https://doi.org/10.1007/s11356-018-1610-5
mailto:sjmartins86@gmail.com


In some cases, in addition to abiotic stresses, plants
from their early stages have to cope with biotic stresses,
such as plant pathogens emerging from over-wintering
structures, among which is the sclerotium produced by
Sclerotinia sclerotiorum (Lib.) de Bary. S. sclerotiorum is
an ubiquitous causal agent of disease in more than 500
plant species from 75 families, including soybean
(Glycine max (L.) Merr.), one of the most important crops
in the world, on which S. sclerotiorum causes white mold
(Kamal et al. 2016). S. sclerotiorum sclerotium is a hard
dark structure comprised of a mass of hyphal threads, ca-
pable of remaining dormant without host interaction for
years (Geraldine et al. 2013).To make matters worse, with
the exception of the highly toxic fumigant chemicals, no
fungicide is effective in preventing these sclerotia from
germinating and then infecting their hosts (Hu et al. 2014).

On the other hand, plant-associated bacteria (PAB) are
among the environmentally friendly tools which can be
used as biocontrol agents against plant pathogens, and
some strains may offer additional benefits to the plants,
such as making them more tolerant to abiotic stresses and
promoting growth (Geraldine et al. 2013; Martins et al.
2015a, 2014). Among PAB, endospore-forming species,
such as those belonging to the Bacillus genus, have the
advantage relative to other species do to their ability to
survive under harsh environments (Timmusk et al. 2013).

In nature, PAB can be found aboveground in the
phyllosphere on tissues, such as buds, flowers and leaves,
and also within plant tissues (endophytes). However, PAB
are most often found belowground in the rhizosphere
(Berendsen et al. 2012). The bacterial cells measured coloniz-
ing each gram of the root is around 109–1011, which often not
only surpasses the number of plant host cells but also the
number of people existing on Earth (Berg et al. 2016).

In addition to being found in high populations in plants,
beneficial microbials can also be naturally present on path-
ogen survival structures (e.g., sclerotia), in which case they
are named hyperparasites (Heydari and Pessarakli 2010;
Martins et al. 2015b). Researchers have been screening
hyperparasites in an attempt to isolate microbials with a
higher chance of succeeding against a specific pathogen.
Here, we hypothesized that bacteria isolated from soybean
rhizosphere and from S. sclerotiorum sclerotium and
screened under low water activity could increase soybean
tolerance to drought stress in addition to inhibiting the
sclerotium germination.

The aims of this study were to screen the PAB under low
water activity medium for potential bacterium resistant to
drought stress; to evaluate the contribution of the selected
PAB to increasing soybean tolerance to drought stress and to
study the evolved mechanism(s), to test the PAB as a plant
growth promoter, and to evaluate the antagonistic activity of
the PAB against S. sclerotiorum sclerotium.

Materials and methods

Plant-associated bacteria isolation

The PAB were isolated from Sclerotinia sclerotiorum
sclerotia as well as from rhizosphere of asymptomatic
soybean plants in an agricultural area located in the
Federal University of Goiás (UFG), in Goiânia, Goiás,
Brazil (altitude 716 m; 16° 35′ 39″ S; 49° 17′ 16″ W).
The soil characterized as Rhodic Hapludox and presented
the following characteristics: pH(H2O): 4.9, sum of bases
(S value) 4.2 cmolc dm, organic matter 18.0 g kg−1, and
clay content 470 g kg−1.

To isolate the bacteria, six sclerotia (~ 100 mg), which
were collected from the field described above, were im-
mersed in tubes containing 10 mL of sterile distilled wa-
ter, vortexed three times for 5 s each time and serially
diluted until 10−4. A volume of 100 μL of each dilution
was spread-plated on nutrient agar (NA) medium
(3.0 g L−1 meat extract, 3.5 g L−1 meat peptone,
5.0 g L−1 NaCl, 20.0 g L−1 agar) (n = 3) (Martins et al.
2013). Similarly, approximately 100 mg of soybean root
samples were immersed in tubes containing 10 mL of
sterile distilled water, vortexed three times for 5 s each
time and serially diluted until 10−4. A volume of 100 μL
of each dilution was spread-plated on NA medium. Plates
from each dilution were incubated at 28 °C and analyzed
for the colonies after 24 h. Bacteria were preserved in
peptone glycerol at − 80 °C for long-term storage.

Screening test

To test the bacterial growth under low water activity, the
isolated bacteria with four replicates each were grown in
5-mL Eppendorf tubes filled with NA-broth medium al-
tered with 2.5% (w/v) of glycerol and arranged in a
completely randomized design. As a control, the same
ten bacteria were grown in NA-broth medium. The bacte-
ria were cultivated for 24 h on a shaker at 150 rpm at
room temperature (28 °C) and then measured for their
growth by checking the optical density at 620 nm for each
tube using a spectrophotometer.

Bacterial DNA extraction and identification

The bacteria were selected based on the previous test and
cultivated as described previously. Then, 1.5 mL of bac-
terial suspension of each sample was collected and trans-
ferred to 2-mL tubes. The samples were centrifuged at
10000 rpm for 8 min at 25 °C. The supernatant was
discarded and the pellet washed with autoclaved milli-Q
water followed by one more centrifugation step. The su-
pernatant was discarded and the pellet was used for DNA
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extraction. The DNA extraction was performed by a mod-
ified CTAB method (Boiteux et al. 1999). In each sample,
600 μL of extraction buffer (0.1 M EDTA; 0.1 M Tris
pH 8 . 0 ; 1 . 4 M N aC l ; 2% CTAB ; 0 . 2% β -
mercaptoethanol) were added and incubated at 65 °C for
10 min. A volume of 600 μL of chloroform: isoamyl
alcohol (24:1) was added and vortexed for 30 s, followed
by centrifugation for 5 min at 12000 rpm. The supernatant
was transferred into new tubes and 0.6× of the
isopropanol volume was added and incubated for 10 min
at room temperature (28 °C). The samples were centri-
fuged for 13 min at 12000 rpm to form the pellet. The
supernatant was carefully discarded and the pellet washed
with 300 μL of 70% ethanol (− 20 °C). The samples were
centrifuged at 12000 rpm for 5 min. The supernatant was
discarded and the pellet dried at room temperature
(28 °C). The pellet was resuspended in 30 μL of milli-Q
water, and the DNA was quantified in a NanoDrop Lite
spectrophotometer (Thermo Scientific).

For the bacterial identification, 16S PCR was done with
primers 27F (5′-AGAGTTTGATCCTGGCTCAG-3′) and
1492R (5 ′-GGTTACCTTGTTACGACTT-3 ′) using
amplitaq gold PCR master mix under the following condi-
tion: initial denaturation 95 °C for 10 min, followed by
35 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for
1 min, and a final extension at 72 °C for 7 min. The resul-
tant amplicon was prepared for sequencing using a Nextera
XT library preparation kit following the manufacturer’s
suggested protocols. The prepared libraries were sequenced
using a MiSeq DNA sequencer with the MiSeq V3 2 × 300
sequencing kit. The resulting reads were quality trimmed to
the Q30 confidence level. The draft genome was assembled
using CLCbio Genomics Workbench 10.1 (Qiagen Inc.,
Cambridge, MA) using default parameters. The sequences
were deposited in NCBI Genbank under accession numbers
MF526966–MF526969. The species identifications were
determined using EzBioCloud 16S database (Yoon et al.
2017). Phylogenetic analysis was performed in MEGA 7
using the Maximum Likelihood method with a HKY85
model and a nearest-neighbor interchange heuristic search
method was used. The level of bootstrap support was cal-
culated from 1500 replicates.

Biological seed treatment with the selected PAB

The in vivo tests were carried out at the Federal University of
Goiás (UFG), in Goiânia, Goiás, Brazil, at the greenhouse
(altitude 749 m; 16° 36′ 12″ S; 49° 15′ 35″ W) under the
following conditions: maximum temperature 31 °C, minimum
temperature 12 °C, average relative humidity 38%, and light
intensity of 860 μmol m−2 s−1.

Selected PAB were streaked on NA plates and cultured
at 28 °C for 48 h, then transferred to the NA-broth medium

and cultivated for 48 h in a shaker at 150 rpm at 28 °C. The
cell concentration was determined in a Neubauer hemocy-
tometer chamber and adjusted to 1 × 105 CFU mL−1 for the
seed treatment.

Seeds of the soybean cultivar TMG 132, known to be
susceptible to drought, were initially disinfected in alco-
hol (70% ethanol) for 30 s and sodium hypochlorite (5%
active chloride) for 2 min and subsequently washed thor-
oughly with sterile water and air-dried in a flow cabinet
for 8 h. Disinfected seeds were soaked for 30 min in the
bacterial suspension (2 mL L−1 seed), resistance inductor
acibenzolar-S-methyl (ASM at 10 mg L−1) or water (con-
trol). Treated seeds were sown in pots of 3 L containing a
mixture of autoclaved soil and sand (2:1), with three seeds
per pot. Plants were kept under greenhouse conditions as
described previously and watered to field capacity. Five
replicates of each treatment arranged in a completely ran-
domized design were used for the growth promotion.
Three replicates of each treatment arranged in a complete-
ly randomized design were used for the physiological pa-
rameters. Both experiments were conducted twice.

Plant phenotype evaluation after drought stress

At 23 days after planting (dap), plants were subjected to
drought by withholding irrigation, as has been used in recent
works (Cohen et al. 2010; Staudinger et al. 2016).

At the first, second, and third days after the irrigation
suspension (hereafter DAIS), plants were assessed for the
potential quantum efficiency of photosystem II (PSII) (giv-
en by the Fv/Fm ratio) by using the fluorometer model
Hansatech PEA MK2, Kings Lynn, England. Leaves of
the second node (from the plant apex) of five plants chosen
randomly for each treatment were assessed. The leaf blades
were initially submitted to 20 min in the darkness before
the measurements, through the use of clips connected to
the fluorometer chamber. Pulse saturated light of
3000 μmol m−2 s−1 for 5 s was used. Fv/Fm ratio was
measured between 8 a.m. and 9 a.m. Moreover, at the first
and second DAIS photosynthetic rate (A, μmol m−2 s−1),
stomatal conductance (gs, mol H2O m−2 s−1), and transpi-
ration rate (E, mmol m−2 s−1) were measured between 9
a.m. and 11 a.m. on the second fully expanded leaf from
the base of the five plants of each treatment. For the mea-
surements, a portable LI-6400XTR infrared gas analyzer
(LI-COR Biosciences, Lincoln, NE, USA) was used and
adjusted to a constant chamber temperature of 24 °C. An
at tached LED light source was used to provide
1000 μmol photons m−2 s−1. Leaves were placed in a 6-
cm2 chamber and data were recorded at 1 min after expo-
sition. At the third DAIS, the plants were collected and
checked for growth promotion parameters: percentage of
seedling emergence, fresh and dry weights, and plant
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height. Roots were thoroughly washed in tap water, and
both shoots and roots were wrapped and oven-dried at
70 °C for 72 h to a constant weight. The experiment was
repeated. However, right before the plants were collected,
three pots of each treatment were chosen randomly, and
three leaves that had reached the fully expanded leaf stage
were excised, immediately wrapped in aluminum foil,
dipped in liquid nitrogen, and then kept in the freezer at
− 80 °C until the total RNA extraction for the qRT-PCR.

qRT-PCR of soybean drought stress-related genes

From the stored leaf samples at − 80 °C four leaf discs of 100 mg
of each treatment were placed in 1.5-mL tubes and grounded in
liquid nitrogen to extract the total RNA. The extraction process
was performed using TRIzol reagent (Invitrogen) following the
manufacturer instructions. For the cDNA synthesis, the enzyme
M-MLV (Invitrogen) was used following the manufacturer in-
structions. The primers used in the qRT-PCR were selected for
the amplifications of the genesGmp5cs,Gmgols,Gmdreb1a, and
Gmereb, encoding for Δ1-pyrroline-5-carboxylase synthetase,
galactinol synthase, dehydration-responsive protein, and ethylene
response factor, respectively (Table 1). The Gm18SrRNA was
used as a normalization gene, since its expression level is not
affected by abiotic stresses (Stolf-Moreira et al. 2010). The reac-
tions were performed in three technical replicates using iQ5 real
time PCR system (Bio-Rad), and the conditions were 10 min at
95 °C (1 cycle), 15 s at 95 °C followed by 1 min at 60 °C
(40 cycles) and a melting curve ramping from 60 to 95 °C with
an increasing temperature of 0.5 °C every 10 s (1 cycle). Data
were collected continuously. Each reaction contained cDNA tem-
plate, forward and reverse primers (500 nM each), and 10 μL of

MAXIMA® SYBR-green PCR Master mix (Fermentas). Gene
expression levels were estimated according to 2−ΔΔCT method
(Livak; 2001). The method was validated through verification
of primer efficiency using cDNA serial dilutions (1:10).

Biocontrol of S. sclerotiorum sclerotia
on semi-selective medium

The strain used in this work was Sclerotinia sclerotiorumBRM
29673, which is preserved by the Brazilian Agricultural
Research Corporation (EMBRAPA). A mycelial disc of a pure
culture of the pathogen was transferred to the center of Petri
dishes with 20 mL of PDAmedium. The plates were incubated
at 20 °C for 7 days, which was the period of time necessary for
the sclerotia to be produced. PDA medium was amended with
150 ppm of bromophenol blue to be named NEON (Peres et al.
2002). Then, sclerotia from BRM 29673 were treated with
UFGS1, UFGS2, UFGRB2, and UFGRB3. The bacterial cell
concentration was determined in a Neubauer chamber and ad-
justed to 1 × 105 CFU mL−1. Water and thiophanate-methyl
(2 mL/L) were used as negative and positive controls, respec-
tively. Then, three S. sclerotiorum sclerotia were transferred to
each 9-mm Petri dish containing 20 mL of the NEON medium
and were then incubated at 20 °C for 5 days. Plates were ob-
served for color change and assessed for S. sclerotiorummyce-
lial growth. The experiment was performed twice with four
replicates for treatment in each experiment.

Experimental design and statistical analysis

The completely randomized design was used for the
in vitro and in vivo tests. Data with five and four

Table 1 Primer gene sequences used for qPCR

Primer Gene GenBank accession
number

Sequence 5′-3′ Product length (bp) Reference

Gmp5cs-F Gmp5cs AY492005 TGTCTCTCAGATCAAGAGTTCCAC 97 Stolf-Moreira et al. 2010

Gmp5cs-R CAGCCTGCTGGATAGTCTATTTTT Stolf-Moreira et al. 2010

Gmgols-F Gmgols AY126715 TGGAAATCAAGTGTGATCCAAG 113 Stolf-Moreira et al. 2010

Gmgols-R GAAAAGCCGGGACACATAAA Stolf-Moreira et al. 2010

Sd1-F Gmdreb1a AF14908.1 AGAACGGGTAGAAGAAGTCC 94 aThis study

Sd1-R TTGTTGGGTTCTCTGATCTC aThis study

Sd2-F Gmereb AF537220 GCTGATCAGGTTCAGAAGAC 87 aThis study

Sd2-R AAGAAGGGGTCTCAAAGAAC aThis study
bGm18SrRNA-F Gm18SrRNA X02623.1 AAACGGCTACCACATCCAAG 150 Stolf-Moreira et al. 2010
bGm18SrRNA-R CCTTCAATGGATCCATCGTTA Stolf-Moreira et al. 2010

aGmdreb1a and Gmereb primers were designed using Custom Primer-Oligo Perfect™ Designer
bGm18SrRNAwas used as a reference gene
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replications were submitted to analysis of variance
(ANOVA) respectively for in vitro and in vivo tests.
Duncan’s multiple range, Dunnett’s, Scott-Knott’s, and
Student’s t tests (P < 0.05) were applied for significant
means when necessary. For all analyses, the assumption
of normality was checked by the Shapiro-Wilk and
Kolmogorov-Smirnov tests prior to analysis, and no trans-
formation was necessary. SigmaPlot® version 11, Sisvar
(Build 72) and GraphPad Prism 7.0 were used for statis-
tical analyses and artworks (Ferreira 2011).

Results

Five bacteria from the sclerotia and five from soybean rhi-
zosphere were isolated and used for the in vitro screening
test for growth in reduced water activity. Under the medium
with 2.5% of glycerol, most of the isolated bacteria had a
decrease in their growth compared to the control (Fig. 1).
However, four strains identified as Bacillus subtilis UFGS1
(Universidade Federal de Goiás sclerotia 1), Bacillus
thuringiensis UFGS2 (Universidade Federal de Goiás scle-
rotia 2), Bacillus cereusUFGRB2 (Universidade Federal de
Goiás rhizobacteria 2), and Bacillus cereus UFGRB3
(Universidade Federal de Goiás rhizobacteria 3) did not
have their growth reduced under lower water activity com-
pared to the control (P = 0.1757, P = 0.7646, P = 0.7309,
P = 0.9451, respectively) (Fig. 1, Supplementary 1).

Although the treatments did not differ among themselves
regarding plant height, there was an increase by 2-fold in the

number of seedlings when seeds were treated with UFGRB2
compared to the control (water) (P = 0.002) (Fig. 2).

When soybean seedlings were assessed regarding poten-
tial quantum efficiency of photosystem II (Fv/Fm) at 1, 2,
and 3 days after the irrigation suspension (DAIS), there was
a decrease at 3 DAIS, except in UFGS2 (P = 0.323) and
UFGRB2 (P = 0.250). These two plant-associated bacteria
sustained the plant photochemical efficiency at the same
level in all the assessments under drought stress (Fig. 3).

Likewise, when soybean seedlings were assessed for pho-
tosynthetic rate, stomatal conductance, and transpiration at 1
and 2 days after the irrigation suspension (DAIS), UFGRB3
maintained the photosynthetic rates in higher levels when
compared to the control (water) at both 1 and 2 DAIS (P =
0.0130 and P = 0.0179, respectively) (Fig. 4a). In addition,
UFGS2 sustained photosynthetic rates at 2 DAIS when com-
pared to the control water (P = 0.0059) (Fig. 4a). On the other
hand, for the UFGS1-treated plants there was a decrease in the
photosynthetic rates at 1 DAIS (P = 0.0014) (Fig. 4a).
However, at 2 DAIS, the UFGS1 treatment did not differ from
the water control (P = 0.5426) (Fig. 4a).

Regarding stomatal conductance, there was a decline at
1 DAIS for UFGS1 and UFGS2 treatments (P = 0.0006 and
P = 0.0104, respectively) (Fig. 4b). However, at 2 DAIS
UFGS2 showed an increase in the stomatal conductance com-
pared to the water control (P = 0.0028) (Fig. 4b).

A decrease in transpiration was found at 1 DAIS for the
UFGS1, UFGS2, and UFGRB2 treatments (P = 0.0001, P =
0.0079, and P = 0.0274, respectively) (Fig. 4c). In contrast, at
2 DAIS UFGS2 presented a higher transpiration compared to
the water control (P = 0.0077) (Fig. 4c).

Fig. 1 Effect of the addition of
glycerol (2.5%) in the nutrient
agar (NA) medium on the
bacterial growth, assessed at 48 h.
*Significant at the 0.05
probability level by Student’s t
test. ***Significant at the 0.001
probability level by Student’s t
test. ns = not significant. Error
bars represent ± SE. (Means of
four replicates for each treatment
with glycerol and without
glycerol)
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The bacterial strains UFGS2, UFGRB3, and UFGRB2
increased the dry shoot weight by 14, 31, and 41%,
respectively (P = 0.0455), in addition to increasing the
dry root weight by 23, 50, and 45%, respectively, when
compared to the control (water) (P = 0.0217) (Fig. 5).
Furthermore, the dry root weight was 25% higher for
the ASM (P = 0.0217). Additionally, there was an in-
crease in the fresh shoot weight by 29, 64, and 28%
when seeds were treated with ASM and with the bacteria
UFGS2 and UFGRB3, respectively (P = 0.0197).
Moreover, fresh root weight was 29 and 62% higher

for the treatments UFGRB3 and UFGS2, respectively
(P = 0.0132).

Figure 6 shows the expression of the drought-related
genes Gmp5cs, Gmgols, Gmdreb1a, and Gmereb analyzed
26 days after seed treatment with the plant-associated bac-
teria (PAB) and 3 DAIS.

None of the PAB treatments differed from the control
(water) regarding Gmp5cs expression. However, there was
an upregulation for both Gmgols and Gmdreb1a in the pres-
ence of UFGRB2 by 1.7- and 5-fold, respectively. Moreover,
UFGS1 upregulated Gmdreb1a by 2-fold. On the other hand,

Fig. 2 Effect of seed treatment
with plant-associated bacteria
(PAB), acibenzolar-S-methyl
(ASM) or water on the emergence
and height of soybean seedling
cultivar TMG 132, assessed at the
third day after the irrigation
suspension (DAIS). **Significant
at the 0.01 probability level by
Student’s t test compared to the
water (control). ns = not
significant compared to the water
(control). Error bars represent ±
SE. The experiment was repeated.
(Means of two experiments of
five replicates each)

Fig. 3 Effect of seed treatment
with plant-associated bacteria,
acibenzolar-S-methyl (ASM) or
water on the potential quantum
efficiency of photosystem II (Fv/
Fm) of soybean plant cultivar
TMG 132, assessed at 1, 2, and
3 days after the irrigation
suspension (DAIS). Bars with the
same letter are similar at the 5%
level according to Duncan’s
multiple range tests. ns = not
significant. Error bars represent ±
SE. The experiment was repeated.
(Means of two experiments of
three replicates each). Fv/Fm* =
optimal quantum yield
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Gmereb was downregulated by ASM, UFGS2, and UFGRB3
by 1-, 1-, and 0.9-fold, respectively.

When the antagonistic activity of the four PAB was
tested against Sclerotinia sclerotiorum sclerotia, it was
found that one of the tested PAB strains, Bacillus cereus
UFGRB3 inhibited by 4.24-fold the germination of
Sclerotinia sclerotiorum sclerotia when compared to the
water control (P < 0.001) (Fig. 7).

Discussion

Even though there has been significant research on im-
proving the ability of crop plants to tolerate drought
stress through genetic modification (Nakaya and Isobe
2012; Yu et al. 2012), there are still significant hurdles
to overcome. This may be associated with the complex-
ity of networks involved in drought tolerance and the

Fig. 4 Effect of seed treatment
with plant-associated bacteria,
acibenzolar-S-methyl or water on
the photosynthetic rate (a),
stomatal conductance (b), and
transpiration rate (c) of soybean
plants cultivar TMG 132 assessed
at 1 and 2 days after the irrigation
suspension (DAIS). The plants on
the bottom are 24 days old, and
the pictures were taken at 2 DAIS.
*Significant at the 0.05
probability level by Student’s t
test compared to the water
(control). **Significant at the
0.01 probability level by
Student’s t test compared to the
water (control). ***Significant at
the 0.001 probability level by
Student’s t test compared to the
water (control). ns = not
significant water (control). Error
bars represent ± SE. The
experiment was repeated. (Means
of two experiments of three
replicates each)
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likely yield penalty associated with breeding (Krannich
et al. 2015). In this study, we presented some plant-
associated bacteria (PAB) as an eco-friendly alternative
to cope with drought stress. PAB isolated from soybean
rhizosphere and from Sclerotinia sclerotiorum sclerotia
demonstrated they could increase the water use efficien-
cy in soybean seedlings stressed with low water avail-
ability. Some plant physiological responses, such as po-
tential quantum of photosystem II (Fv/Fm), photosyn-
thetic rate, stomatal conductance, and transpiration were
shown to have an important role in the process of min-
imizing drought effects in soybean (Figs. 3 and 4a–c).
In a non-invasive way, chlorophyll fluorescence pro-
vides useful data for estimating the potential quantum
efficiencies of PSII photochemistry, and photosynthesis
data can link them to carbon assimilation (Genty et al.
1989). These parameters may be used as a stress indi-
cator by comparing the metabolic and energetic balance
of photosynthesis in plants under drought stress, as
shown by Rahbarian et al. (2011) and Mishra et al.
(2012). For UFGS2 and UFGRB2 treatments, even at
the third day after irrigation suspension, no decrease in
the Fv/Fm was found, suggesting integrity of the plant
photochemical apparatus. The high Fv/Fm ratio associ-
ated with the decrease in gs (stomatal conductance) and
E (transpiration rate) at the first day after irrigation sus-
pension seems to have contributed to the turgor mainte-
nance of UFGS2-treated plants, as shown in Fig. 4,
which was taken at 2 DAIS. In addition, UFGS2-
treated plants presented higher dry biomass, which indi-
cates an effective photoassimilate increase, as expected,
owing to the higher A (photosynthetic rate) at 2 DAIS,

in relation to the control. Likewise, plants treated with
UFGRB2 showed a higher dry biomass and a decrease
in E (transpiration rate) at the first day after irrigation
suspension, in addition to maintaining a high Fv/Fm
ratio on the third day after irrigation suspension.
However, no variation in A (photosynthetic rate) was
found. Similarly, the increase in the dry biomass of
UFGRB3-treated plants was also related to high photo-
synthetic rates, when compared to the control plants.

By sustaining the plant physiological activities at nor-
mal levels under low water availability, PAB prevented
the plant from using unnecessary metabolic energy,
which could be applied to other important metabolic pro-
cesses, such as growth and reproduction. As shown by
Niu et al. (2011), Arabidopsis thaliana primed with a
plant growth-promoting rhizobacteria, Bacillus cereus
AR156, invested less energy in activating cellular de-
fense responses to biotic stress.

Among the genes that were analyzed in this study,
dehydration-responsive binding protein (Gmdreb1a) was
the one that showed the strongest expression in response
to drought stress in the presence of the PAB (Fig. 6).
Chen et al. (2006) and Stolf-Moreira et al. (2010) have
shown that Gmdreb1a was also upregulated in wild and
drought-sensitive soybean genotypes, respectively. In this
work, we have shown that the bacteria UFGS1 and
UFGRB2 increased Gmdreb1a expression of a drought-
sensitive cultivar (TMG 132) when compared to the
plant’s natural response to drought stress.

In most cases, when applied to plants, some PAB can offer
additional benefits (Hu et al. 2011;Martins et al. 2015a). Here,
we have shown that in addition to enhancing soybean water-

Fig. 5 Effect of seed treatment
with plant-associated bacteria
(PAB), acibenzolar-S-methyl
(ASM) or water on the fresh and
dry weight of soybean seedlings,
assessed at 26 days after planting
and 3 days after the irrigation
suspension (DAIS). Bars with the
same letter are similar at the 5%
level according to Scott-Knott’s
tests. ns = not significant. Error
bars represent ± SE. The
experiment was repeated. (Means
of two experiments of ten
replicates each)
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use efficiency, some PAB strains promoted plant growth by
increasing both fresh and dry plant biomass as well as seedling
emergence (Figs. 1 and 5). Since agriculture accounts for 70%
of all water use and the world population has continued to
increase over the years, in order to avoid a possible water
gap, we will have to feed more people with less water. A
higher fresh biomass conferred by the PAB, as shown in this
work, suggests that the microbiolized plants were able to hold
more water in their tissues and made the plants more tolerant
to drought (Fig. 5). Furthermore, no disease symptoms or
signs of phytotoxicity in soybean plants were found with the
use of the PAB. Another benefit promoted by the PAB in this
study was that Bacillus cereus UFGRB3 showed in vitro ger-
mination inhibition of Sclerotinia sclerotiorum sclerotia, one
of the most important pathogens in soybean (Fig. 7). The
control of S. sclerotiorum sclerotia currently relies mostly on

the application of chemicals, through the use of highly toxic
fumigants, due to the difficulty of managing the overwinter
fungal structure. However, the misuse of pesticides has led to
serious human health problems, the proliferation of pesticide-
resistant pathogens, and contamination of the environment
(Firoz et al. 2016; Medeiros et al. 2012; Turdi and Yang
2016). Moreover, depending on the inoculum density in an
area, it might require the grower to abandon the infested area,
to insert crop-free periods, or to grow a less- or non-economic
crop. On the other hand, the use of free-living plant-associated
bacteria has been highlighted as a promising broad-spectrum
means to improve plant growth and health, while being a
relatively simple and low-cost alternative strategy (Kim et al.
2013; Martins et al. 2014; Timmusk and Behers 2012).

One of the forms of applying beneficial microbes to
plants and that was used in this work is via seed

Fig. 6 Expression analysis of the drought-associated genes: Δ1-
pyrroline-5-carboxylase synthetase (Gmp5cs), galactinol synthase
(Gmgols), dehydration-responsive binding protein (Gmdreb1a) and
ethylene response factors (Gmereb), in leaf samples of plants grown
26 days after seed treatment with plant-associated bacteria (PAB),
acibenzolar-S-methyl (ASM) or water, and 3 days after the irrigation

suspension (DAIS). *p < 0.05, **p < 0.01, and ***p < 0.001 are
significant compared to the water (control). ns = not significant
compared to the water (control). Expression values were compared by
one-way ANOVA followed by Dunnett’s test. Error bars represent ± SE.
The experiment was repeated. (Means of two experiments of three
replicates each)
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treatment, which reduces costs due to the lower volume of
the product applied and also causes minimum interference
with biological equilibrium, when compared to the spray
method (Prasad et al. 2016). Seed coating also helps
plants ward off threats in priming by making them more
adaptable to biotic and abiotic stresses (Mahmood et al.
2016). In addition, it increases the chance of having a
higher plant stand, as was shown in this work (Fig. 1),
and possibly a higher yield.

Although none of the tested PAB have shown a simul-
taneously positive result for all the analyzed variables, a
better outcome might be possible through the application
of a mixture of strains, a tendency that has been shown in
the last decades (Jetiyanon 2007; Wang et al. 2012). In
order to use this strategy in further studies, a compatibility
test will be performed prior to the in vivo test, so as to
select the best bacterial combinations.

Although it is unrealistic to think that solely the use
of microbials will solve all agriculture problems, its use
has the potential in the integrated management system to
cut down the amount of chemicals used and mitigate
drought due to lack of rain at some point, once most
soybean plantations are not irrigated.
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