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Abstract
Background and aims Plant growth-promoting
rhizobacteria (PGPR) have important roles in improving
plant growth and alleviating stress induced damage
under drought stress conditions. The aims of this study
are: 1) to isolate and identify drought-tolerant PGPR
from rhizosphere soil of jujube, a drought-tolerant plant
grown in semi-arid and arid regions; and 2) to evaluate
the effects of inoculation with the isolated strains on the
growth and physiological responses of jujube seedlings
under drought stress conditions.
Methods Rhizosphere bacteria with 1-amino-
cyclopropane-1-carboxylate (ACC) deaminase activity
were isolated from the rhizosphere of jujube and were
identified by 16S rDNA sequencing analysis. Then, the
isolates were screened for drought tolerance and plant
growth promoting activities. The growth and physiolog-
ical changes of jujube under drought stress, including
the plant height, shoot and root dry matter,

malondialdehyde (MDA), indoleacetic acid (IAA),
abscisic acid (ABA) content, superoxide dismutase
(SOD), and peroxidase (POD) activity, were also
detected.
Results Eight ACC deaminase-producing bacterial
strains were isolated and identified as Pseudomonas,
Bacillus, and Serratia. Under drought stress conditions,
Pseudomonas lini and Serratia plymuthica significantly
increased plant height, shoot and root dry matter, and
relative water content. Moreover, malondialdehyde and
ABA levels were decreased, and antioxidant enzyme
activities were increased. In addition, they also en-
hanced soil aggregate stability. The best effect was
observed with mixed inoculation.
Conclusions Strains of Pseudomonas lini and Serratia
plymuthica played an important role in enhancing toler-
ance of jujube seedling and can be considered as prom-
ising bioinoculants of jujube.

Keywords Plant growth-promoting rhizobacteria
(PGPR) . 1-aminocyclopropane-1-carboxylate (ACC)
deaminase . Drought stress . Ziziphus jujuba .

Pseudonomas sp. . Serratia sp.

Introduction

With the change in global climate, drought stress is one
of the major limiting factors on plant growth and yield in
agricultural production worldwide, thus affecting the
world’s food security (Vurukonda et al. 2016; Chandra
et al. 2018a). At present, there are many strategies to
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cope with drought, including water-saving irrigation,
breeding for drought-tolerant varieties, and regulating
crop calendars. However, these strategies are costly,
time consuming, labor intensive and difficult to use in
practice.

The application of plant growth-promoting
rhizobacteria (PGPR) is one of the efficient ways to
increase drought tolerance of plant. Many studies have
reported that inoculation with PGPR is useful to help
enhance drought tolerance of plants (Garcia et al. 2017;
Khan et al. 2018a, b). It was reported that water deficit
could induce ethylene product ion in plant
(Ravanbakhsh et al. 2018). The increase of ethylene
content would restrain root, shoot development and leaf
expansion (Li et al. 2017), which consequently impact
plant growth. 1-aminocyclopropane-1-carboxylic acid
(ACC) is a precursor for ethylene synthesis
(Vanderstraeten and Van Der Straeten 2017). The
ACC deaminase enzyme produced by PGPR plays an
important role in reducing ACC content through
degrading ACC into α-ketobutyrate and ammonia
(Danish and Zafar-ul-Hye 2019) and then reduces eth-
ylene production in plants. Therefore, isolation of PGPR
producing ACC deaminase activities is of great impor-
tance in helping plants to alleviate the effects of stress-
generated ethylene. In addition, these beneficial micro-
organisms could induce changes in morphology, phys-
iology, and biochemistry in plants in other ways: (1) by
producing exopolysaccharides (EPSs) and phytohor-
mones and (2) by inducing the accumulation of
osmolytes, antioxidants, and alteration of root morphol-
ogy (Vurukonda et al. 2016) and eventually alleviating
drought stress. However, the effectiveness of inoculated
PGPR mainly depends on colonization of the rhizo-
sphere, especially under stress conditions (Yuan et al.
2018; Batista et al. 2018). Most microorganisms might
not be actively growing in a water deficit environment
(Williams and Rice 2007; Wang et al. 2008). Therefore,
drought-tolerant PGPR producing ACC deaminase
might be well adapted to the stressful environment and
function well. In addition, studies on the inoculation
effect of PGPR on alleviating drought stress have chief-
ly focused on crops, such as sugarcane (Chandra et al.
2018b), maize (Skz et al. 2018), soybean (Martins et al.
2018), foxtail millet (Niu et al. 2018), and chickpea
(Khan et al. 2018c). The impacts of PGPR on plant
growth and the alleviation of drought stress in jujube
have not been evaluated. Additionally, few studies have
comprehensively revealed the interrelationships

between PGPR and plants under stress conditions. To
the best of our knowledge, this is the first report to detect
the effect and mechanism of PGPR on jujube seedlings
under drought stress.

Jujube (Ziziphus jujuba) is an important perennial
fruit tree that is widely cultivated in arid and semiarid
regions, such as the Loess Plateau, which lies in semi-
arid Northwest China. This is mainly because (1) the
fruits are rich in sugar, flavonoids, minerals (e.g. calci-
um, iron). (2) The species plays an important role in soil
and water conservation. (3) The tree species is cold- and
drought-tolerant, and well adapted to the area. Although
jujube is a drought-tolerant plant, drought stress be-
comes more of a threat in arid regions and results in
limited jujube growth and reduced productivity. Pruning
(to reduce canopy leaf area) (Chen et al. 2016), gene
breeding (Ji et al. 2019), and plant cover (Pan et al.
2017) are often used as methods of alleviating drought
stress in jujube. However, these methods are time-and
labor-consuming. It was reported that rhizosphere mi-
crobial populations distributed in drought-tolerant
plants helped their host plants adapt to drought stress
conditions (Huang et al. 2017; Misra et al. 2019). Ac-
cording to previous studies, we assumed that bacteria
living in the rhizosphere of jujube grown in arid areas
may have adapted to a drought environment due to long
term water shortage. Thus, they may play a vital role in
enhancing tolerance to drought stress in jujube.

Therefore, the main aim of the present study was to
(1) isolate and identify drought-tolerant bacterial strains
from the jujube rhizosphere in arid land in the Loess
Plateau, Northwest China and (2) evaluate the effect of
the strains on the drought response of jujube seedlings
under simulated drought stress conditions.

Materials and methods

Isolation of rhizobacteria with ACC deaminase activity

The bacterial strains were isolated from the rhizosphere
soil of 11-year jujube trees (Ziziphus jujuba), which
were growing in arid land in the Gully Region of the
Loess Plateau. The sampling area is characterized by a
temperate continental monsoon climate. The annual
rainfall is 450 mm and mainly occurs from July to
September. The soil is classified as loess soil according
to the USDA soil taxonomy (US Department of
Agriculture 2010). The basic characteristics of the
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sampling sites were as follows: pH = 8.35, total organic
carbon = 4.18 g·kg−1, total nitrogen = 0.31 g·kg−1, am-
monium nitrogen = 2.85 mg·kg−1, and available phos-
phorus = 1.15 mg·kg−1. For rhizosphere soil samples,
the bulk soil was removed by gently shaking the roots.
A soil suspension was obtained by dipping five grams of
roots into flasks containing 100 mL sterilized distilled
water followed by shaking at 120 rpm for 30 min. The
suspension was serially diluted to the concentration of
10−6•mL−1. 0.1 mL suspension of each dilution was
spread on Nutrient agar medium containing 0.5% pep-
tone and 0.3% beef extract and incubated at 28 °C for
48 h. The bacterial colonies with different morphologi-
cal features were isolated and purified. Isolates were
kept in Nutrient Agar slants at 4 °C and were used for
further study.

Generally, selection of ACC deaminase producing
bacteria mainly depended on the ability to utilize ACC
as the sole nitrogen source (Glick et al. 1995). In order to
screen the capacity of using ACC as sole nitrogen
source, the method of Cedeno-Garcia et al. (2018) was
carried out. Bacterial strains were inoculated onto three
agar mediums: (1) DF agar medium supplemented with
3 mM ACC as sole nitrogen source; (2) DF agar medi-
um supplemented with (NH4)2SO4 as sole nitrogen
source, and (3) DF agar medium without nitrogen
source, respectively. The positive control was DF agar
medium supplemented with (NH4)2SO4. The negative
control was DF agar medium without nitrogen source.
Five microlitres of bacterial suspensions were placed on
each medium and cultured at 28 °C for 3 days. The
growth on the plate was checked daily. The bacterial
strains that can grow in DF medium were considered as
the potential of containing ACC deaminase activity (Qin
et al. 2014; Huang et al. 2017).

Based on the above experiment, the ACC deaminase
activities in eight isolates were detected quantitatively.
The ACC deaminase activities of the bacterial strains
were evaluated by detecting the amounts of α-
ketobutyrate, which were generated by the degradation
of ACC. A detailed protocol was used as described by
Penrose and Glick (2003). Isolates were grown in 5 mL
of Tryptic soybean broth (TSB) medium at 28 °C until
they reached the stationary phase. Then, the cells were
collected by centrifugation, washed twice with 0.1 M
Tris-HCl (pH = 7.5), suspended in 2 mL of modified DF
minimal medium with 3 mM ACC as the sole source of
nitrogen and incubated at 28 °Cwith shaking for another
24 h. ACC deaminase enzymatic activity was

determined by measuring the production of α-
ketobutyrate generated by the degradation of ACC.
The protein content in toluenized cells was detected by
Bradford reagent (Bradford 1976). Bovine serum albu-
min was used for the standard curve. The ACC deami-
nase activities were expressed as μmol of α-KB mg−1

protein h−1.

Bacterial identification using 16S rDNA sequences

Characterization of the eight ACC deaminase-
producing strains to the genus level was performed by
partial sequencing of the 16S ribosomal DNA gene,
which was amplified by PCR using the universal
primers 27f (5’-AGAGTTTGATCCTGGCTCAG-3′)
and 1492r (5’-GGTTACCTTGTTACGACTT-3′)
(Islam et al. 2014; Niu et al. 2018). PCRs were carried
out in a total volume of 25 μL reaction mixture contain-
ing 1× reaction buffer, 10 pM of each primer, 2.5 mM
dNTPs, 1 U of Taq DNA polymerase (Tiangen Biotech-
nology Ltd., Beijing, China), and 25 ng of template
DNA. Amplification was carried out in a thermocycler
(BioRad, USA) programmed as follows: initial denatur-
ation at 94 °C for 4.5 min, followed by 35 cycles in-
cluded denaturation at 94 °C for 1 min, annealing at
57 °C for 30 s, and extension at 72 °C for 2 min. A final
extension step was carried out at 72 °C for 7 min.
Purified PCR products were sequenced using an
ABI3730-XLDNA sequencer from Sangon Biotechnol-
ogy Ltd. (Shanghai, China). The obtained 16S rDNA
sequences were aligned and compared with the known
sequences in the NCBI nucleotide database by the
BLAST algorithm to find closely related bacteria. Iden-
tification at the species level was considered as a detect-
ed 16S rDNA sequence similarity score ≧99% with
strain sequences deposited in GenBank. A phylogenetic
tree was established through the neighbor-joining meth-
od from distance matrices.

Assessment of drought tolerance and plant growth
promoting traits

Nutrient broth medium (NB) with different water poten-
tials (0, −0.05, −0.30, −0.49, and − 0.73 MPa) was pre-
pared by adding different concentrations (0, 10, 15, 20,
25% (w/v)) of PEG 6000 (Michel and Kaufmann 1973)
and then inoculated with 1% overnight cultivated bacte-
rial cultures. These cultures were incubated at 28 °C
under shaking conditions (120 rpm) for 24 h. The growth
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of bacterial isolates was determined by measuring the
optical density at 600 nm using a spectrophotometer. To
detect phosphate solubilization, after activation for 24 h,
the bacterial strains were spotted on Pikovskaya’s agar
media including 2% tricalcium phosphate and were ob-
served for the appearance of a clear halo zone around
their colonies after 72 h of incubation at 28 °C (Sandhya
et al. 2009). For quantitative measurement, 1 mL of
bacterial culture (1 × 108 cfu·mL−1) was inoculated in a
300 mL flask with 80 mL of Pikovskaya’s liquid medi-
um. Flasks were incubated on a gyratory shaker at
200 rpm for 3 days at 28 °C. The cellular P and phos-
phorus in the supernatant were measured by the Mo-blue
colorimetric method (Watanabe and Olsen 1965). Poten-
tial for nitrogen fixation was evaluated preliminarily
using nitrogen-free medium (Day and Döbereiner 1976)
by the strain growth test in this medium. It has been
reported that bacterial strains that can grow in nitrogen
free medium are considered presumptive for N2 fixation
(Cattelan et al. 1999). The bacterial were grown in this
medium at 28 °C for 3 days. The bacterial strains that
could grow in this medium after incubating 3 days were
considered to have potential capacity for nitrogen fixa-
tion (Cattelan et al. 1999). IAA production was examined
by the colorimetric method, using Salkowsky coloring
reagent (Malik and Sindhu 2011). To quantitatively de-
termine EPS production, overnight bacterial cultures
were inoculated in 50 mL of TSB and incubated on a
shaker at 200 rpm for 3 days at 28 °C. Extraction of the
released and intracellular EPS mainly based on the pro-
cedure described by Ali et al . (2014). The
exopolysaccharide was quantified according to the
phenol-sulfuric acid method (Dubois et al. 1956).

Pot experiment

According to the results, the two best-performing bac-
terial strains Pseudomonas liniDT6 (accession number:
CGMCC 1.18402) and Serratia plymuthica DT8 (ac-
cession number: CGMCC 1.17845) which could effi-
ciently colonize in the jujube rhizosphere were selected
for pot experiments. Inocula were prepared by incubat-
ing the bacterial strains in NB to the mid-exponential
growth phase followed by diluting the cultures with
sterile distilled water to a final concentration of
108 cfu mL−1. A sandy loam was collected from the
jujube experimental station of Northwest A&F Univer-
sity in arid land in Qingjian County, Shaanxi Province
(37°6′36”N, 110°4′48″E) and used as the potting soil.

The soils were sterilized by autoclaving at 121 °C for 4 h
(Zhang et al. 2016). The purpose of using sterilized soil
was to avoid the interference of the native microbiome
in the rhizosphere and improved colonization efficiency
of the bacteria inocula. The chemical properties of the
soil were as follows: pH 7.82, organic matter
11.09 g·kg−1, total nitrogen 0.87 g·kg−1, total phospho-
rus 0.35 g·kg−1, available P 4.56 mg·kg−1. Urea and
potassium nitrate were mixed with the potted soil based
on the doses of N (300 mg·kg−1 soil) and potassium
(200 mg·kg−1 soil, calculated as K2O).

A pot experiment was carried out with a two-factor
completely randomized design with 5 replications. For
drought treatment, 60 plants were randomly divided into
three groups (20 plants in each group). Plants in the
three groups were grown at 80% (control, ND), 60%
(moderate drought stress, MD) or 40% (severe drought
stress, SD) field capacity, respectively. According to the
method of Jia et al. (2015), each pot (26.0 cm diameter ×
36.5 cm height) was weighed daily, and the amount of
water equal to the losses of transpiration and soil evap-
oration was added to achieve the target field capacity.
For bacterial inoculants, there were four treatments as
follows: (1) control without bacteria (CK); (2) Pseudo-
monas lini (T1); (3) Serratia plymuthica (T2); and (4) a
1:1 volume mixture of T1 and T2 (T3). Under all of the
drought treatments, 20 plants were divided into four
groups (5 plants each group), and the plants in each
group were inoculated with one of four bacterial inocu-
lants. A 100 mL bacterial suspension was inoculated in
to the middle of seedling roots using a syringing method
(Aslantas et al. 2007). The same volume of sterilized
nutrient broth was applied for the control plants. The
drought treatment lasted for 20 days. Subsequently,
jujube seedlings were harvested. Growth promoting
effects were evaluated by measuring plant height, shoot
and root dry weight, nitrogen and phosphorus content.
Seedlings from the same treatment were also used for
assessment of the physiological indexes, including
malondialdehyde and antioxidant activities. In addition,
the ratio of root adhering soil (RAS) to root tissue, soil
aggregate stability, and relative water content of jujube
seedlings under serious drought stress conditions were
determined after the stress experiment was over.

Parameters measured

Soil chemical properties were detected by the method of
Cui et al. (2018). Soil pH was measured in a 1:2.5 soil:
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water suspension after 20 min of oscillation by a pH
meter (Metrohm 702, Herisau, Switzerland). For the
measurement of soil organic matter, 0.5 g of air-dried
soil was digested in mixture containing 5 mL 0.8 M
K2Cr2O7 and 5 mL H2SO4 at 170–180 °C for 5 min and
was then titrated with 0.2 M FeSO4. Total nitrogen was
detected by the Kjeldahl method. Total phosphorus
content was estimated bymolybdenum blue colorimetry
after digestion with a mixture of 2 mL HClO4 and 3 mL
H2SO4. For determination of available phosphorus,
2.5 g of air-dried soil was supplemented with 50 mL
0.5 M sodium bicarbonate and one spoon of active
carbon without phosphorus and was vibrated at 25 °C
for 30 min. Then the filtrate of the solution was mea-
sured using molybdenum blue colorimetry.

Shoot and root dry weight was analyzed after drying
in a forced hot-air oven at 70 °C for two days (Calvo-
Polanco et al. 2016).

The contents of nitrogen and phosphorus in the leaves
were analyzed according to the protocol of Chandra et al.
(2019). Oven-dried leaf samples were ground through a
1 mm sieve. Total nitrogen content was detected using
the Kjeldahl method. The phosphorus content was deter-
mined using molybdenum blue colorimetry after diges-
tion with nitric and perchloric acids.

The MDA level in the leaves was detected as de-
scribed by Li et al. (2017). One gram of fresh leaves was
extracted and homogenized with 20 mL of 0.1% trichlo-
roacetic acid (TCA) solution and centrifuged for 10 min
at 12,000 g. Four milliliters of TCA solution including
5% thiobarbituric acid (TBA) was mixed with 1 mL of
supernatant. Themixture was heated at 95 °C for 30min
and then cooled to room temperature. The absorbance of
the mixture was recorded at 532 nm and 600 nm. The
MDA content was calculated based on an extinction
coefficient of 155 mM−1 cm−1.

Antioxidant enzymes, superoxide dismutase (SOD)
and peroxidase (POD) enzymes of leaves were extracted
according to Abedi and Pakniyat (2010). Fresh leaves
(0.5 g) were homogenized with pre-cooled Tris-HCl
buffer (pH 7.5) containing 5% sucrose and 0.1%
mercaptoethanol. The homogenate was centrifuged at
12,000 g for 20 min at 4 °C. The supernatants were used
for determination of SOD and POD activities. The SOD
activity was measured at 560 nm via nitro blue tetrazo-
lium chloride (NBT) photoreduction (Beyer and
Fridovich 1987). The POD activity was determined at
470 nm by guaiacol oxidation caused by H2O2 (Zhou
and Leul 1998).

Leaf phytohormones (indole-3-acetic acid (IAA)) and
abscisic acid (ABA) were quantified with the Phytodetek-
IAA and Phytodetek-ABA Immunoassay kits (Agdia,
Elkhart, IN), respectively. Phytohormone contents were
analyzed according to the manufacturer’s protocol.

The RAS/RT ratio was calculated based on the method
of Sandhya et al. (2009). The RASs were separated by
washing roots in distilled water. The root dry weights were
recorded after drying at 105 °C. Soil water-stable aggre-
gates were fractionated using the wet sieving method. The
amounts of water-stable aggregates (>0.25 mm) were cal-
culated by subtracting the coarse sand and root fragments
remaining on the sieve. Soil aggregates were oven-dried
and transferred to dispersion cups and stirred for 10 min
with 10% sodium hexametaphosphate. Aggregate stability
was evaluated based on the amounts of water-stable ag-
gregates (Bartoli et al. 1991; Sandhya et al. 2009). The
relative leaf water content was determined as the method
of Wang et al. (2016), the fresh leaves in vitro were firstly
weighed and then placed in distilled water for 12 h and
turgid weight were obtained. The leaves were dried at
80 °C to constant weight and dry weight were detected.
The relative leaf water content was calculated according to
Sharp et al. (1990).

Isolation of the acdS mutant strain and determination
of stress-induced ethylene

The wild strains DT6 and DT8 were used for isolating
their corresponding acdSmutant strains according to the
methods of Sarkar et al. (2018a, b). Bacterial cells
harvested from overnight culture were washed twice
using the sterile Tris-maleate (TM) buffer (pH 6.0) and
then were suspended again. Then, 4 mL bacterial sus-
pension (diluted to 108 cfu mL−1) added 1 mL
100 μg·mL−1 N-methyl-N′-nitro-N-nitrosoguanidine
(MNNG) solution was incubated statically at 28 °C for
24 h. After incubation, the bacterial cells were
suspended with 20 mL DMmedium supplemented with
ACC as the sole nitrogen source with 400 μg·mL−1

amoxicillin and incubated at 30 ± 2 °C with shaking
for 24 h. After incubation, the colony was isolated using
DMmedium having (NH4)2SO4 as nitrogen source. The
acdS mutants were selected through the replica-plating
method using DM medium with 3 mM ACC as sole
nitrogen source and DF medium supplemented with
(NH4)2SO4 as nitrogen source. The mutants DT6s and
DT8s could not grow in minimal medium due to
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missing the ability of utilizing ACC, but able to grow in
complete medium with (NH4)2SO4 as nitrogen source.

In order to evaluate the effects of strains and their
acdS mutants on the reduction of stress ethylene of
jujube seedlings under drought stress conditions, a pot
experiment was conducted. The experiment design,
bacterial inoculum preparation and inoculation method
of the acdS mutants were the same as described above.
The ethylene content in the leaf was detected according
to the methods of Grodzinski et al. (1982) and Gupta
and Pandey (2019). 3 g of jujube seedling leaves per
treatment were put into sealed tubes and incubated at
25 °C for 3 h. From each tube, 1 mL of gas sample was
collected with a syringe and injected into the gas chro-
matographic analyzer. The rate of ethylene production
was presented as nmol g−1 fresh weight (FW) h−1.

Statistical analysis

The data were subjected to one-way analysis of variance
(ANOVA) using the SPSS package (version 11.0).
Means were compared using Duncan’s multiple-range
tests at a significant level of P < 0.05.

Results

Isolation and identification of ACC
deaminase-producing bacteria

A total of 86 bacterial strains were isolated from the
rhizosphere soil of jujube. Among them, there were 8

ACC-deaminase-producing bacterial strains. As
shown in Table 1, these isolates showed different
ACC deaminase abilities. The highest ACC deami-
nase activity was exhibited by isolate DT6 (234.98 ±
0.59 (μmol α-KA/(mg Pr·h)), followed by DT8
(171.39 ± 0.45 (μmol α-KA/(mg Pr·h)), and then
DT2 (129.06 ± 0.36 (μmol α-KA/(mg Pr·h)). Then,
the 8 ACC deaminase-producing strains were identi-
fied by sequencing of the 16S rDNA gene. Based on
the sequence of the 16S rDNA gene, these strains
revealed a high similarity to known bacteria belong-
ing to the genera Pseudomonas (6 isolates), Bacillus
(1 isolate), and Serratia (1 isolate). Pseudomonas
strains were particularly dominant (Table 2, Fig. 1).

Characterization of drought tolerance, other plant
growth promoting properties, and EPS production

The growth of these isolates was affected by drought
stress. However, three isolates DT3, DT6 and DT8 were
able to grow at −0.30 MPa water potential (Table 1).
Compared to non-stress conditions, the ACC deaminase
activities of the three strains were significantly reduced
by 30.42%–55.84% at −0.30 MPa water potential (data
not shown). In addition, all 8 strains were grown in
nitrogen-free medium and showed potential for nitrogen
fixing abilities. The strains DT6 and DT8 showed higher
IAA secretion (30.82 ± 0.34 and 45.75 ± 0.50 μg·mL−1)
and phosphate solubilization abilities (69.16 ±
1.11 μg·mL−1 and 60.10 ± 1.56 μg·mL−1), but they also
produced exopolysaccharides (Table 1). Thus, DT6 and
DT8 were selected for further experiments.

Table 1 ACC deaminase activity and plant growth promoting characteristics of the isolates

Strain ACC deaminase
(μmol α-KA/(mg
Pr•h))

Drought tolerance
(OD600 at
−0.30 MPa)

IAA
synthesis
(μg•mL−1)

Nitrogen
fixation

Soluble
phosphorus
circle(mm)

Phosphate-
dissolving
(μg•mL−1)

EPS production
(mg•mg−1protein)

DT1 46.78 ± 0.46f – 33.90 ± 0.35b + 12.80 ± 0.36 cd 67.43 ± 1.12b 3.92 ± 0.10

DT2 129.06 ± 0.36c – 13.52 ± 1.02e + 19.93 ± 0.57a 79.50 ± 1.05a 4.34 ± 0.22

DT3 34.55 ± 0.88 g 0.82 25.11 ± 0.79d + 12.00 ± 0.46de 60.41 ± 0.90 cd –

DT4 67.49 ± 0.39e – 15.07 ± 0.33e + 12.10 ± 0.40de 70.19 ± 1.41b 6.39 ± 0.18

DT5 95.95 ± 0.58d – 8.80 ± 0.13f + 11.17 ± 0.35e 63.42 ± 1.04c –

DT6 234.98 ± 0.59a 1.45 30.82 ± 0.34c + 14.20 ± 0.30b 69.16 ± 1.11b 10.25 ± 0.23

DT7 14.23 ± 0.35 h – 24.68 ± 0.50d + 12.77 ± 0.74 cd 52.75 ± 0.83e –

DT8 171.39 ± 0.45b 1.21 45.75 ± 0.50a + 13.83 ± 0.35bc 60.10 ± 1.56d 7.68 ± 0.16

Values are presented as themean ± standard deviation (n = 3). Different lowercase letters indicate significant differences according to Ducan′
range test at P < 0.05 level
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Growth response of jujube seedlings

The effects of inoculation with PGPR on plant growth
are shown in Table 3. The plant height, shoot and root
dry matter, and nitrogen and phosphorus contents sig-
nificantly decreased with the increase in drought stress
intensity. However, inoculation with bacterial inocu-
lants significantly enhanced the plant height, shoot and
root dry matter, nitrogen, and phosphorus content com-
pared with the control. Particularly under 40% field
capacity (severe drought stress), these indexes increased
by 49.68%–82.95%, 53.52%–86.62%, 27.31%–
49.45%, and 12.52%–26.97%, respectively. The maxi-
mum index values were observed in plants co-
inoculated with Pseudomonas lini and Serratia
plymuthica (T3) for all water treatments. In addition,
there were no significant differences between inoculated
and non-inoculated plants under sufficient water condi-
tions. With the enhancement of drought stress intensity,
the root/shoot ratio significantly decreased. Under se-
vere drought stress conditions, the root/shoot ratio de-
creased by 9.66%–17.24%.

Antioxidant enzyme activity and MDA contents

As shown in Table 4, the SOD and POD activities
showed the same trend. When the water capacity was
80%, the differences were small between bacterial

inoculated and untreated seedlings. However, bacte-
rial inoculation significantly increased the enzyme
activities under drought stress conditions compared
to noninoculated seedlings for all bacterial treatments,
indicating the ability of PGPR strains to alleviate
drought stress. Among the PGPR strains, mixed inoc-
ulation had the greatest effect, with increases in SOD
and POD activities of 5.50%–22.55% and 16.67%–
37.50% compared with noninoculated seedlings,
respectively.

Under no water stress conditions, the MDA content
remained at a low level in all treatments. When the
plants were subjected to water stress, the MDA content
increased gradually. Inoculation with the three bacterial
strains had important effects on retraining the content of
MDA under drought stress conditions. The MDA con-
tent was significantly lower than that of the control
under moderate and serious drought stress conditions.
The minimum MDA content occurred with the com-
bined microbial inoculation treatment.

IAA and ABA contents

The effects of inoculation with PGPR strains on IAA
andABA contents are presented in Table 5. IAA content
showed a decreasing trend for treatments with bacteria.
However, the IAA contents of inoculated seedlings were
significantly higher than those of noninoculated seed-
lings under drought stress conditions. Especially under
severe stress conditions, the IAA content of the inocu-
lated treatment increased by 56.37%–87.62% compared
with the control.

Drought stress conditions increased the content of
ABA in seedlings. Inoculation with the three bacterial
inoculants decreased the synthesis of ABA in jujube
seedlings. The ABA contents were markedly lower by
9.28%–22.01% than noninoculated seedlings under
drought stress conditions. The mixed inoculation was
more effective at inhibiting the synthesis of ABA than
the single inoculations.

RAS/RS ratio, soil aggregate stability, and relative water
content

Inoculation of T1, T2, and T3 had positive effects on
the RAS/RT ratio, soil aggregate stability, and rela-
tive water content of jujube seedlings, and the more
arid the soil, the stronger the positive effects. Under
serious drought stress conditions, the RAS/RT ratio,

Table 2 The 16S rDNA sequence similarities of the isolated
strains

Bacteria
NO.

NCBI closest match
(accession No.)

Accession
number

Sequence
identity %

DT1 Pseudomonas fluorescens
(KJ027533)

MF631836 99%

DT2 Pseudomonas koreensis
(KC790275)

MF631838 99%

DT3 Pseudomonas putida
(KU977141)

MF631844 99%

DT4 Pseudomonas fluorescens
(KJ027533)

MF631840 99%

DT5 Pseudomonas putida
(KU977141)

MF631841 99%

DT6 Pseudomonas lini
(KM349410)

MF631842 99%

DT7 Bacillus filamentosus
(KF265351)

MF631843 99%

DT8 Serratia plymuthica
(AJ233433)

MF631835 99%
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Pseudomonas fluorescens (KJ027533)

Pseudomonas sp. (HM057103)

DT3
DT5
DT6

Pseudomonas lini (KM349410)

Pseudomonas brassicacearum (AF100321)

Pseudomonas salomonii (AY091528)

Pseudomonas grimontii (AF268029)

Pseudomonas libaniensis (AF057645)

DT1
DT2

Pseudomonas koreensis (KC790275)

Pseudomonassp. (KJ534435)

Pseudomonas abietaniphila (AJ011504)

Pseudomonas sp. (AF468452)

Pseudomonas hunanensis (JX545210)

Pseudomonas putida (KU977141)

DT7
Pseudomonas sp. (KY852302)

Pseudomonas sp. (AF302795)

Pseudomonas aestusnigri (HG004394)

Pseudomonas aestusnigri (HG004394)

Serratia marcescens (AJ233431)

Serratia marcescens (AB061685)

Serratia rubidaea (AB004751)

Serratia glossinae (FJ790328)

Serratia fonticola (AJ233429)

Serratia aquatilis (KT387999)

Serratia proteamaculans (AJ233434)

DT8
Serratia sp. (HM099664)

Serratia plymuthica (AJ233433)

Pseudomonas geniculata (AB021404)

Stenotrophomonas maltophilia (AB021406)

Delftia acidovorans (AB021417)

Brackiella oedipodis (AJ277742)

Aminobacter aminovorans (AJ011759)

Alicyclobacillus acidoterrestris (AB042057)

Bacillus beijingensis (EF371374)

Bacillus eolicus (AJ504797)

Bacillus endoradicis (GU434676)

Bacillus acidicola (AF547209)

Bacillus canaveralius (DQ870688)

Bacillus filamentosus (KF265351)

DT4
Bacillus sp. (HQ317158)82
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Fig. 1 Phylogenetic analysis of the eight ACC deaminase producing strains isolated from the rhizosphere of jujube
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soil aggregate stability, and relative water content
were increased by 13.17%–27.87%, 54.80%–
78.07%, and 22.41%–41.04%, respectively, com-
pared to the control. The mixed inoculation resulted
in a better RAS/RS ratio, soil aggregate stability, and
relative water content than the use of single bacterial
strains alone (Table 6).

Ethylene release content

The acdS mutant strains DT6s and DT8s unable to use
ACC as sole nitrogen source were isolated and inocu-
lated into the rhizosphere of jujube seedlings. Under
drought stress conditions, inoculation of DT6 and DT8
significantly decreased the ethylene contents in the

Table 3 Effects of the two drought-tolerant PGPR on growth parameters and nutrient contents of jujube seedlings under different drought
stress

Drought
stress

Treatment Plant height
(cm)

Shoot dry matter
weight (g)

Root dry matter
weight (g)

Root/Shoot ratio TNa (mg·g−1

DW)
TP (mg·g−1

DW)

NDb CKc 14.10 + 1.05gd 35.41 + 0.94de 44.13 + 1.29e 1.25 + 0.0058bcd 21.06 + 1.66bcd 8.34 + 0.16 cd

T1 20.65 + 0.78ab 40.52 + 0.84b 50.49 + 0.68bc 1.25 + 0.0058bcd 27.33 + 0.58a 9.27 + 0.22ab

T2 18.51 + 0.96 cd 39.34 + 1.11bc 48.48 + 0.93 cd 1.23 + 0.0153 cd 26.53 + 0.27a 9.03 + 0.04b

T3 21.72 + 1.20a 43.64 + 0.62a 55.22 + 0.81a 1.27 + 0.0058bc 28.55 + 0.20a 9.76 + 0.18a

MD CK 11.80 + 0.60 h 28.52 + 0.62 g 37.23 + 1.49f 1.31 + 0.0231b 15.93 + 0.85 fg 6.93 + 0.13f

T1 16.48 + 0.46def 37.29 + 0.78 cd 44.52 + 1.02e 1.19 + 0.0058d 21.26 + 0.35bc 8.25 + 0.18 cd

T2 15.61 + 0.84efg 36.48 + 0.56de 43.88 + 0.68e 1.20 + 0.0115 cd 20.46 + 0.22 cd 7.80 + 0.25de

T3 19.04 + 0.45bc 41.27 + 1.02b 51.42 + 0.68b 1.24 + 0.0208 cd 22.99 + 0.27b 8.66 + 0.12bc

SD CK 9.50 + 0.80i 21.15 + 1.56 h 30.51 + 0.78 g 1.45 + 0.0643a 13.73 + 0.69 g 6.23 + 0.40 g

T1 14.75 + 1.05 fg 34.29 + 0.48ef 43.32 + 0.60e 1.26 + 0.0115bc 18.76 + 0.34de 7.42 + 0.13ef

T2 14.22 + 0.84 g 32.47 + 0.80f 42.45 + 0.80e 1.31 + 0.0115b 17.48 + 0.23ef 7.01 + 0.09f

T3 17.38 + 0.77cde 39.37 + 0.79bc 47.28 + 0.49d 1.20 + 0.0115 cd 20.52 + 0.18 cd 7.91 + 0.12de

a TN: total nitrogen; TP: total phosphorus; b ND: no drought stress; MD: moderate drought stress; SD: severe drought stress. c CK: control
without bacteria; T1: Pseudomonas lini; T2: Serratia plymuthica; T3: P. lini + S. plymuthica. d Values are presented as the mean ± standard
deviation (n = 3). Different lowercase letters indicate significant differences according to Ducan′ range test at the P< 0.05 level

Table 4 Antioxidant enzyme activity and malondialdehyde content of jujube leaves under different drought stress

Drought stress Treatment SOD (U·mg−1) POD (U·mg−1) MDA (μmol·g−1)

NDa CKb 109.36 + 1.89fc 37.15 + 1.04f 17.12 + 0.23e

T1 114.57 + 1.37f 42.13 + 1.27e 16.76 + 0.24ef

T2 114.10 + 2.82f 41.63 + 0.49e 16.86 + 0.48ef

T3 115.37 + 2.50f 43.34 + 0.71e 16.20 + 0.37f

MD CK 130.72 + 3.06e 43.15 + 0.92e 21.64 + 0.34b

T1 152.47 + 2.83c 52.40 + 1.46d 18.58 + 0.37d

T2 149.52 + 3.12c 51.32 + 0.82d 18.04 + 0.23d

T3 160.20 + 1.31b 56.76 + 0.41c 16.87 + 0.36ef

SD CK 142.36 + 2.26d 51.26 + 1.05d 24.51 + 0.39a

T1 165.29 + 2.72b 64.74 + 0.52b 19.72 + 0.35c

T2 162.23 + 1.59b 63.15 + 0.64b 20.41 + 0.13c

T3 174.39 + 2.54a 70.48 + 0.75a 17.89 + 0.23d

aND: no drought stress; MD: moderate drought stress; SD: severe drought stress. b CK: control without bacteria; T1: Pseudomonas lini; T2:
Serratia plymuthica; T3: P. lini + S. plymuthica. c Values are presented as the mean ± standard deviation (n = 3). Different lowercase letters
indicate significant differences according to Ducan′ range test at the P< 0.05 level

Plant Soil (2020) 452:423–440 431



leaves of jujube seedlings compared with control (non-
inoculated treatment). However, the ethylene release
amount in inoculated jujube seedlings with the acdS
mutant strains were similar to control (Table 7).

Discussion

Bacterial ACC deaminase activities could help host
plants alleviate drought stress by changing ACC to

ammonia and α-ketobutyrate and consequently reduc-
ing the ethylene levels in plants (Kruasuwan and
Thamchaipenet 2018). In this paper, we isolated eight
ACC deaminase-producing bacterial strains with ACC
deaminase activity levels that fluctuated between 34.55–
234.98 μmol α-KA/(mg Pr·h). Pseudomonas lini DT6
and Serratia plymuthica DT8 showed the highest ACC
deaminase activities among the eight strains, and under
high levels of drought stress (−0.30 MPa), the ACC
deaminase activities (DT6: 176.63 μmol α-KA/(mg
Pr•h); DT8: 123.45 μmol α-KA/(mg Pr•h)) were only
reduced by 33.04% and 38.83%, respectively, compared
to normal water supply condition. Ali et al. (2014)
reported that organisms with ACC deaminase activities
of 20 nmol α-KA/(mg Pr•h) or higher could increase
host plant resistance under stress conditions. Therefore,
these twoACC deaminase-producing bacteria were cho-
sen to further study their growth promoting characteris-
tics under water shortage conditions. Inoculation with
these two bacterial strains significantly increased the dry
matter weight of jujube seedlings under drought stress
conditions. This result was consistent with previous
studies and indirectly demonstrated increased
resistance to drought stress. In this paper, we isolated
the acdS mutant strains of DT6 and DT8 which were
unable to produce ACC deaminase. Inoculation with
acdS mutant strains had no effect on reducing the
release of stress induced ethylene under water shortage
conditions. It demonstrated that the ethylene release
amount in jujube seedlings could be related to ACC
deaminase secreted by wild strains under stress
conditions. ACC deaminase producing PGPR might
help plants alleviate the damage of plants by reduction

Table 5 Plant hormone content in jujube leaves under different
levels of drought stress

Drought stress Treatment IAA (μg·g−1FW) ABA (μg·g−1FW)

NDa CKb 50.34 + 1.02dc 31.59 + 2.80e

T1 75.60 + 1.11b 30.45 + 2.23e

T2 72.33 + 2.10b 30.09 + 2.20e

T3 81.17 + 2.26a 29.13 + 1.90e

MD CK 39.57 + 1.88e 53.39 + 2.20b

T1 54.63 + 1.31d 46.51 + 2.29c

T2 49.78 + 2.86d 47.25 + 1.40c

T3 62.47 + 1.04c 40.47 + 1.56d

SD CK 22.14 + 2.86 g 61.29 + 1.18a

T1 37.75 + 1.70ef 54.48 + 2.94b

T2 34.62 + 2.87f 55.60 + 1.15b

T3 41.54 + 1.27e 47.80 + 1.82c

a ND: no drought stress; MD: moderate drought stress; SD: severe
drought stress. b CK: control without bacteria; T1: Pseudomonas
lini; T2: Serratia plymuthica; T3: P. lini + S. plymuthica. c Values
are presented as the mean ± standard deviation (n = 3). Different
lowercase letters indicate significant differences according to
Ducan′ range test at the P < 0.05 level

Table 6 RAS/RT ratio, soil structure, and relative water content of jujube seedlings under serve stress condition

Drought stress Treatment RAS/RT ratioc Aggregate stability (%) Relative water content (%)

NDa CKb 30.38 ± 2.35fd 37.14 ± 1.03d 51.73 ± 1.05c

T1 33.06 ± 2.73ef 43.20 ± 0.95c 54.62 ± 0.89b

T2 32.37 ± 1.72ef 42.50 ± 0.74c 53.43 ± 0.72bc

T3 36.47 ± 1.41de 49.66 ± 0.97b 60.43 ± 1.25a

SD CK 40.18 ± 1.18 cd 31.24 + 0.43e 37.79 ± 0.94e

T1 48.49 ± 2.72ab 50.37 ± 0.71b 48.42 ± 1.22d

T2 45.47 ± 2.10bc 48.36 ± 0.86b 46.26 ± 0.98d

T3 51.38 ± 0.82a 55.63 ± 0.62a 53.30 ± 1.02c

a ND: no drought stress; MD: moderate drought stress; SD: severe drought stress. b CK: control without bacteria; T1: Pseudomonas lini; T2:
Serratia plymuthica; T3: P. lini + S. plymuthica. c RAS/RT ratio: the ratio of root associated soil to root. d Values are presented as themean ±
standard deviation (n = 3). Different lowercase letters indicate significant differences according to Ducan′ range test at the P < 0.05 level
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the concentration of ethylene. In addition, Niu et al.
(2018) reported that Pseudomonas strains associated
with millet showed high ACC deaminase activities in
semiarid regions. Our results showed that the eight ACC
deaminase-producing bacterial strains were isolated
from jujube growing under arid conditions. ACC deam-
inase activities of these bacterial strains were signifi-
cantly higher than those previously reported in Pseudo-
monas from other crops (157–972 (nmol α-KA/(mg
Pr•h)) (Singh et al. 2015b). It was suggested that the
environmental stresses of the host plant contributed to
the induction of higher ACC deaminase activities in
rhizosphere microorganisms (Niu et al. 2018). The rise
in ACC deaminase activities was useful for reducing the
stress-related ethylene levels and helping plants increase
their resistance to stress. Therefore, isolates from habi-
tats under stressful conditions provide a foundation for
further use.

The distributions of ACC deaminase producing bac-
teria are different in the rhizosphere mainly depending
on the plant species present (Gontia-Mishra et al. 2017).
The genera in the rhizosphere of millet mainly include
Pseudomonas, Enterobacter, and Arthrobacter (Niu
et al. 2018). Gontia-Mishra reported that the predomi-
nant bacterial genera in the rhizosphere of wheat were
Acinetobacter, Klebsiella, and Enterobacter (Gontia-
Mishra et al. 2017). Our results showed that Pseudomo-
nas was dominant in the jujube rhizosphere. It has been
reported that most microbes may not be cultured by
selective media (Joint et al. 2010). At present, some
researchers evaluated the diversity of soil microbial
communities bymolecular biological methods and dem-
onstrated that there were diverse microbes living in the
plant rhizosphere (Gontia-Mishra et al. 2017). These
microorganisms, especially PGPR contains many func-
tional genes, such as IAA production (iaaM), nitrogen

fixation (nifU), biosynthesis of spermidine (speB) and
siderophore (sbnA), which facilitated plant growth and
tolerance under stress conditions (Xiong et al. 2019).
Their community and functional profiles varied with the
stress degree (Liu et al. 2019b). Therefore, we speculat-
ed that there may be various drought tolerant microbes
that cannot be cultured that are distributed in the jujube
rhizosphere. Drought tolerance has been linked to many
other species besides the isolated bacteria.

ACC deaminase producing PGPR alleviated drought
stress by reducing ethylene, enhancing nutrient and
water absorption, thus promoting plant growth. In this
paper, we detected the effects of PGPR on the growth
characteristics and physiological changes of jujube un-
der drought stress conditions to determine how the
bacterial strains helped the host plant alleviate stress.
Our results showed that inoculation with Pseudomonas
lini DT6 and Serratia plymuthica DT8 significantly
increased the content of nitrogen and phosphorus in
the leaves by 27.31–49.45% compared to uninoculated
seedlings. The enhancement of nutrient contents might
be associated with the good capabilities of phosphorus
solubilization, nitrogen fixation, and IAA production in
the two strains. In addition, it has been reported that
drought stress obviously inhibits the nutrition uptake of
plants. Under limiting conditions, plants adopt a kind of
drought avoidance strategy that promotes the absorption
of nutrients by inhibiting shoot growth while improving
root dry weight and elongation (Prudent et al. 2015;
Gupta and Pandey 2019). Such a drought avoidance
strategy leads to an increase in the root/shoot ratio. In
this paper, we found that PGPR decreased the root/shoot
ratio in jujube trees compared to the uninoculated con-
trol. The results were consistent with the previous stud-
ies (Ali et al. 2017; Rocha et al. 2019) and indirectly
demonstrated that PGPR inoculations effectively

Table 7 Ethylene content (nmol g−1 FW h−1) of jujube leaves under drought stress

Treatment NDa MD SD

CKb 0.0853 ± 0.0037dc 0.1232 ± 0.0035b 0.1521 ± 0.0030a

DT6 0.0807 ± 0.0026d 0.0950 ± 0.0035c 0.1182 ± 0.0033b

DT8 0.0830 ± 0.0021d 0.1005 ± 0.0033c 0.1262 ± 0.0053b

DT6s 0.0849 ± 0.0026d 0.1210 ± 0.0029b 0.1501 ± 0.0026a

DT8s 0.0845 ± 0.0029d 0.1223 ± 0.0030b 0.1513 ± 0.0023a

a ND: no drought stress; MD: moderate drought stress; SD: severe drought stress. b CK: control without bacteria; DT6: Pseudomonas lini;
DT8: Serratia plymuthica; DT6s: an acdS mutant strain of DT6; DT8s: an acdS mutant strain of DT8. c Values are presented as the mean ±
standard deviation (n = 3). Different lowercase letters indicate significant differences according to Ducan′ range test at the P < 0.05 level
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alleviated drought stress. In addition, PGPR inoculation
induced systemic tolerance processes and thus improved
physical characteristics in jujube trees by increasing
IAA, SOD, POD, and relative water content and reduc-
ing leaf MDA and ABA contents. According to the
previous research results (Bal et al. 2013; Sarkar et al.
2018a), we deduced that overall enhancement of the
growth characteristics and physiological changes of ju-
jube seedlings might be associated with the reduction of
ethylene and other PGP traits of these strains. The
following paragraph elaborates the effect and mecha-
nism of alleviating drought stress in jujube trees after
inoculation with these strains.

Ethylene, as a very important phytohormone, widely
existed in a serious of tissues and organs of plants. It
plays a positive role in regulating plant growth at very
low concentrations (Glick 2005; Dubois et al. 2018).
However, the content of ethylene increased quickly
under stress conditions and caused adverse impacts on
plants, such as inducing chlorosis, inhibiting root and
shoot growth, and restraining leaf expansion (Singh
et al. 2015a, b). Our results showed that drought stress
significantly increased the release of ethylene. Inocula-
tion with ACC deaminase producing PGPR inhibited
the ethylene biosynthesis in plants through secreting
ACC deaminase, thereby alleviating the restraining
function of growth in jujube caused by ethylene and
improving the drought-resistance of jujube.

Generally, drought stress induced overproduction of
reactive oxygen species (ROS) and destroyed normal
cell metabolism by oxidative damage of membrane
proteins, DNA, and lipids (Kaushal and Wani 2016).
MDA plays an important role in membrane lipid perox-
idation. Previous studies have shown that beneficial
microbes can reduce the content of MDA, prevent the
accumulation of ROS, increase activities of antioxidant
enzymes and maintain plant growth under water deficit
(Silambarasan et al. 2019). Our results showed that
inoculation with Pseudomonas lini , Serratia
plymuthica, or their mixture significantly reduced the
MDA content of jujube seedlings under drought stress.
This result suggested that inoculation with the three
bacteria treatments decreased the detrimental effects of
oxidative damage caused by ROS production under
stress conditions. To remove excessive amounts of
ROS, there is a ROS scavenging system that plants
utilize to protect themselves. SOD and POD are the
most important components of this scavenging system.
SOD catalyzes the dismutation of O2

− to oxygen and

hydrogen peroxide (Saker and Oba 2018). POD plays an
important role in catalyzing hydrogen peroxide to water
and oxygen (Liu et al. 2019a). The ROS scavenging
mechanisms of PGPR had been recently reported. Un-
der environmental stress, excessive ROS along with
MDA accumulated in plants by genes (e.g. PgRboHD;
PgFE) transcription among cells. ROS accumulation
primed transcription of antioxidant genes to scavenge
ROS. Inoculation with PGPR increased expression of
antioxidant genes, thus improved antioxidant enzyme
activities (Sukweenadhi et al. 2018). The enhancements
of these enzyme activities protected chloroplast from
ROS and eliminated superoxide (Sarkar et al. 2018a,
b). In this study, we found that the SOD and POD
activities were significantly higher in inoculated jujube
seedlings compared to the uninoculated seedlings, and
the enzyme activities increased with increasing drought
stress. Therefore, it is deduced that the three bacteria
treatments improved the scavenging activities of jujube
by regulating the expression of antioxidant genes and
enhancing SOD and POD activities under drought stress
conditions to reduce MDA content.

Under drought stress conditions, PGPR strains have
been reported to produce exopolysaccharides (EPS).
These high-molecular weight carbohydrate compounds
play a significant role in promoting plant growth
through the formation of hydrophilic biofilms, which
provide a microenvironment that holds water and dries
more slowly around the rhizosphere, thus protecting
bacteria from drying (Forni et al. 2017). Microbial
EPS production regulated the plant growth promoting
attributes, such as nitrogen fixation, phosphorus solubi-
lization, and hormone secretion, and thus improved the
drought tolerance of the plant (Mukherjee et al. 2019). It
was reported that EPS-producing strains increased the
RAS/RT ratio and macroaggregate stability, which en-
hanced water and nutrient uptake from the soil reserve
(Vardharajula et al. 2011; Kaushal 2019). In the present
study, EPS-producing Pseudomonas lini DT6 and Ser-
ratia plymuthica DT8 significantly increased the RAS/
RT ratio, soil aggregation stability and leaf relative
water content and thus improved plant growth under
drought stress conditions. Therefore, these data indicat-
ed that EPS producing bacterial strains also could in-
crease water availability in plants by the following way:
aggregation of the rhizosphere soil. Better aggregation
could help plants absorb more nutrients and water from
rhizosphere soil, alleviating the damage to plants caused
by drought stress. In addition, it was reported that the
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effects of EPS on keeping higher water potential and
alleviating plant drought stress mainly relied on their
component, structure, and production (Moshabaki
Isfahani et al. 2018; Tahir et al. 2019; Mukherjee et al.
2019). These factors varied with bacterial species,
growth phase, and stress conditions (Costa et al.
2018). Our study demonstrated that Pseudomonas lini
DT6 and Serratia plymuthica DT8 could synthesize
EPSs and protected their functioning under drought
stress. However, the structure, component, and amounts
of EPSs under different drought stresses should be de-
tected to help these two bacterial strains function better.

Phytohormones are critical for the process of plant
adaptation to various stress conditions such as drought,
high salinity, and cold (Potters et al. 2007). Many stud-
ies have reported that beneficial microbes are able to
modulate the production of phytohormones, such as
IAA and ABA in plants under stress (Vives-Peris et al.
2018; Zubair et al. 2019; Jochum et al. 2019). Our
results showed that inoculation with Pseudomonas lini
DT6 and Serratia plymuthicaDT8 significantly induced
the accumulation of IAA in the leaves of jujube seed-
lings under drought conditions. These findings demon-
strated the involvement of IAA in the adaptation to
drought. Timmusk et al. reported that inoculation with
IAA-producing Bacillus thuringiensis significantly in-
creased lateral root density, length, and root hair density
of wheat under conditions of drought stress (Timmusk
et al. 2014). Under stress conditions, PGPR strains
might upregulate the content of endogenous IAA in
plants, which altered root structure and increased lateral
roots. These ways improved the water and nutrient
uptake efficiencies of plant (Li et al. 2017; Jochum
et al. 2019). In the present study, the two PGPR strains,
Pseudomonas lini DT6 and Serratia plymuthica DT8
detected in the rhizosphere had strong capacities to
synthesize IAA (Pseudomonas lini DT6: 30.82 ±
0.34 μg·mL−1; Serratia plymuthica DT8: 45.75 ±
0.50 μg·mL−1), and they formed stable colonies on the
root surface of jujube. In addition, accumulation of IAA
content in inoculated plants could alter ROSmetabolism
and metabolic homeostasis (Sharma et al. 2018). Thus,
we speculated that exogenous IAA produced by micro-
organisms might induce the newly synthesized IAA in
jujube seedlings. The newly synthesized IAA combined
with endogenous IAA served as a signal molecule that
not only regulates root growth and leads to increased
water acquisition and nutrient uptake but also
strengthens SOD and POD enzyme activities and

rapidly removes excessive ROS, ultimately alleviating
stress damage. However, this speculation needs to be
confirmed in further studies.

In addition to IAA, ABA is commonly known as an
important stress hormone that accumulates in plants
under drought stress. It was able to control stomatal
closure and stress signal transduction pathways in plants
during water deficit (Haworth et al. 2018). The decrease
in stomatal conductance might be useful for the plants to
reduce transpiration and thus alleviate drought stress. In
addition, it has been demonstrated previously that ACC-
deaminase producing bacteria could inhibit ethylene
biosynthesis. The amount of ethylene was correlated
with ABA levels. Therefore, ethylene reduction resulted
in the decline of ABA level in plants (Vives-Peris et al.
2018). Our results also showed that bacterial strain
inoculation significantly reduced the ABA concentra-
tion in the leaves compared to that in the uninoculated
plants under drought stress conditions. Similar results
were observed in tomato (Belimov et al. 2015), citrus
(Vives-Peris et al. 2018) and maize (Skz et al. 2018).
These results suggested that stress was lower in inocu-
lated plants under drought conditions, and this is cir-
cumstantial evidence that inoculation of the two strains
may effectively lessen drought stress.

Above all, inoculation with Pseudomonas lini DT6
and Serratia plymuthica DT8 induced systemic effects
including physiological and biochemical changes in
plants to promote plant growth under drought stress
conditions. It was reported that under stress conditions,
PGPR strains activated stress management in plants
mainly by two ways: (1) regulate gene kinds or expres-
sion involved in scavenging ROS enzymes, biosynthe-
sis of ethylene, catalase, superoxide dismutase, peroxi-
dase and signaling of endogenous phytohormone in
plants (Skz et al. 2018; Carlson et al. 2019); (2)
reprogramming metabolic pathways (Abd El-Daim
et al. 2019). Therefore, in order to acquire a deep un-
derstand of the drought resistant mechanism about the
two strains, the molecular ways causing plant physio-
logical changes induced by them need to be studied
further.

Mixed inoculations had better effects on promot-
ing plant growth compared to single inoculations
(Boyer et al. 2015; Castanheria et al. 2017; Zafar-
ul-Hye et al. 2019). Our results were agreement with
these findings and showed that the most pronounced
beneficial effects on jujube seedling growth and
drought tolerance enhancement were observed in
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the co-inoculation of Pseudomonas lini DT6 and
Serratia plymuthica DT8. This is mainly due to the
synergistic effects between microorganisms, which
not only enhanced their colonizing abilities in stress
environments but also improved their abilities to
obtain resources from plants and their environments
by secreting more organic substances, such as
exopolysaccharides and hormones, and indirectly
enhanced plant growth survival and stress tolerance.
Therefore, mixed inoculation may be beneficial for
biofertilizer application. Although this study demon-
strated that the two bacterial strains Pseudomonas
lini DT6 and Serratia plymuthica DT8 play an im-
portant role in promoting plant growth and stress
tolerance in jujube by pot experiments, the use of
these strains in the field will be studied in the future
to detect their effects and stability under those
conditions.

Conclusions

The present study indicates that there were a variety of
rhizobacteria with high drought tolerance and plant
growth promoting traits that colonized the rhizosphere
soil of jujube in arid regions. The majority of drought-
tolerant bacteria in the jujube rhizosphere belong to
Pseudomonas. These strains were isolated and evaluat-
ed for their effects on plant growth under drought stress.
Inoculation tests showed that the bacterial strains P. lini
or S. plymuthica could alleviate drought stress damage
and improve plant survival by enhancing plant growth,
regulating IAA and ABA contents and inducing the
ROS scavenging system. In addition, these two strains
produced EPSs, which improved soil structure and col-
onization abilities. The successful application of the
PGPR strains mainly depends on abiotic and biotic
factors. Therefore, further field studies should be under-
taken to evaluate the inoculation effects of these two
strains on alleviating jujube drought stress before they
can serve as new bioinoculants for use in agriculture,
especially in arid regions.
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