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Abstract
Root-tissue colonizing bacteria demonstrated with multiple PGP traits from sorghum plants were identified as Ochrobac-
trum sp. EB-165, Microbacterium sp. EB-65, Enterobacter sp. EB-14 and Enterobacter cloacae strain EB-48 on the basis 
of 16S rRNA gene sequencing. Here, the in vivo experiments using ½-MS media and ½-MS media + 15% PEG 8000 (for 
inducing drought stress) indicated stress tolerance imparting ability of these rhizobacterial endophytes in a non-stay green 
and senescent genotype (R-16) of sorghum. In the experiment with sterile soilrite mix base, seed bacterization with these 
isolates showed improved plant growth specifically the roots, in terms of root length (~ 44.2 to 50.8% over controls), root dry 
weight (~ 91.3 to 99.8% over controls) and root surface area (~ 1 to 1.5 fold over controls) under drought stress. Rhizobacterial 
endophytes were successful, not only in providing better cellular osmotic adjustment in leaves (≥ 1-fold increase in proline 
accumulation over controls), but favorable physiological responses like Relative Water Content (RWC) and cell Membrane 
Stability Index (MSI) in the inoculated plants during the drought stress induction. Up-regulation of drought responsive genes 
like sbP5CS2 and sbP5CS1 was observed in these endophytes-treated plants as compared to untreated control and Escherichia 
coli DH5α (negative control)-treated plants. Interestingly, the stress imparting traits of rhizobacterial endophytes, including 
up-regulation of specific genes, were observed during sorghum seedling growth only under drought stresses. The results 
of this study lead to the conclusion that the potential endophytic rhizobacterial interactions can contribute to plant growth 
promotion as well as induced stress tolerance in sorghum.
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Introduction

Plants are naturally associated with microorganisms both 
externally and internally in various ways. Rhizosphere 
and phyllosphere-derived microorganisms, which are 
either bacteria or fungi, penetrate the interior of the plant 
and colonize the intercellular spaces and vascular tissues. 
This colonization causes beneficial/symbiotic, neutral or 

pathogenic interactions with the plants (Rosenblueth and 
Martínez-Romero 2006; Compant et al. 2010). In an endo-
symbiotic beneficial interaction, such as the symbiosis 
of legumes with rhizobia or the formation of arbuscular 
mycorrhiza with fungi, the development of an organized 
symbiotic structure is a common phenomenon, where the 
microsymbionts are intracellularly accommodated within a 
host membrane. Mycorrhizal fungi and rhizobial symbiosis 
provide plants with mineral nutrients and fixed nitrogen, 
respectively, in exchange for plant-derived carbon. On the 
contrary, “endophytic interactions” are characterized by 
the colonization of plant inter- and intracellular spaces by 
the diverse group of bacteria and fungi (Reinhold-Hurek 
and Hurek 2011; Govindasamy et al. 2018). Many of these 
microorganisms that reside within plant tissues (endophytes) 
do not cause any plant diseases but often contribute signifi-
cantly to the nutrient supply of their host plant and can help 
the plant to overcome a variety of biotic or abiotic stresses. 
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Though, few bacterial and fungal species have been well 
characterized, the identities and the functions of large major-
ity of microbial species in the plant root–shoot microbiome 
(rhizosphere, root inter- and intracellular spaces) are yet 
unknown.

Plants are endophytically colonized by bacteria belong-
ing to different phylogenetic groups such as Proteobacte-
ria, Firmicutes, Actinobacteria, Bacteroides, etc. Under 
these phylogenetic groups, Pseudomonas, Enterobacter, 
Klebsiella, Serratia, Rhizobium, Bacillus, and Streptomy-
ces are amongst those commonly found genera in different 
agricultural crops (Compant et al. 2010; Reinhold-Hurek 
and Hurek 2011; George et al. 2013; Govindasamy et al. 
2014). The structural composition of endophytic bacterial 
communities depends on the genotype of the host, plant tis-
sue and its vegetation stage. Also, the species composition 
is significantly influenced by the plant stress and soil types 
(Hirsch and Mauchline 2012; Govindasamy et al. 2017). 
Numerous reports have shown that endophytic bacteria can 
have the capacity to improve plant growth through various 
mechanisms. One such mechanism of systemic resistance 
against biotic stresses (insects, pathogens and nematodes), as 
induced by rhizobacterial/bacterial endophytic interactions, 
has been well documented (Kloepper et al. 2004; Senthil-
kumar et al. 2009; Govindasamy et al. 2011; Pieterse et al. 
2014). Similarly, the concept of induced systemic toler-
ance (IST) has been proposed for rhizobacterial/bacterial 
endophyte-induced physical and chemical changes in plants 
leading to the enhanced tolerance against various abiotic 
stresses (Dimkpa et al. 2009; Yang et al. 2009). The possible 
mechanisms of IST include increasing host plant nutrition, 
promotion of plant growth by secretion of phytohormones, 
improved plant osmotic regulation, balancing the plant hor-
mones and reactive oxygen species (ROS) production; and 
inducing expression of host plant stress-responsive genes 
(Sziderics et al. 2007; Govindasamy et al. 2011). Most of the 
above mechanisms that induce abiotic stress tolerance were 
documented in the model plants with cultured rhizobacteria/
bacterial or fungal endophytes.

Scarcity of soil water is a severe environmental con-
straint to plant productivity and drought-induced loss in crop 
yield probably exceeds losses from all other plant growth 
constraints. Water is very essential for plant growth and 
has an effect on all stages from germination to maturity. 
Drought-induced stress reduces leaf size, stem extension 
and root proliferation, modifies metabolic processes or the 
uptake of water and nutrients, disturbs plant–water rela-
tions, reduces water-use efficiency and affects plant pho-
tosynthesis (Ahanger et al. 2014). Plants display a variety 
of physiological and biochemical responses at cellular and 
whole-organism levels toward prevailing drought stress, 
thus making it a complex phenomenon. Injury caused by 
reactive oxygen species to biological macromolecules under 

drought stress is among the major deterrents to plant growth. 
Plants display a range of mechanisms to withstand drought 
stress. The major mechanisms include curtailed water loss 
by increased diffusive resistance, enhanced water uptake 
with prolific and deep root systems and its efficient use, and 
smaller and succulent leaves to reduce the transpirational 
loss. Among the nutrients, potassium ions help in osmotic 
adjustment; silicon increases root endodermal silicification 
and improves the cell water balance (Ahanger et al. 2015; 
Ahanger and Agarwal 2017; Ahanger et al. 2017). Low-
molecular weight osmolytes, including glycine betaine, 
proline and other amino acids, organic acids, and poly-
ols, are crucial to sustain cellular functions under drought 
(Ahanger et al. 2014; Ahanger and Agarwal 2017). To miti-
gate drought stress-induced challenges in crop production, 
understanding the effects of drought on plants, identification 
of drought stress adapted crop plants and understanding their 
morphological and physiological adaptation mechanisms are 
highly essential.

Sorghum [Sorghum bicolor (L.) Moench] is the world’s 
fifth most important cultivated cereal after wheat, rice, 
maize and barley, with a global production of 60 million 
tons (Dicko et al. 2006). Naturally, sorghum is a very hardy 
and drought-tolerant crop. However, interactions with the 
associated rhizospheric and endophytic microbes may also 
partly contribute to the adaptation and tolerance mecha-
nisms. From the culture-dependent studies, various sorghum 
rhizospheric-associated bacteria have been isolated (Ped-
ersen et al. 1978; Budi et al. 1999; Zinniel et al. 2002) and 
characterized for their PGP activities (Zinniel et al. 2002; 
Ali et al. 2009; Funnell-Harris et al. 2013). Also, many 
phylogenetically diverse root-endophytic bacteria, associ-
ated with the drought-tolerant sorghum genotypes, were 
identified and characterized for their potential PGP activi-
ties (Govindasamy et al. 2017). Thus, some of the essential 
mechanisms of IST by the plant colonizing microorganisms 
against abiotic stresses have been reported (Dimkpa et al. 
2009; Govindasamy et al. 2017, 2018). Drought stress is one 
of the most important abiotic factors in reducing the growth, 
development and grain yield of sorghum in the semi-arid 
agro-ecologies. Functional characterization of sorghum-
associated microbial resources and their field application 
can be a better agronomic option to mitigate drought stress. 
Hence, we hypothesize that rhizobacterial endophytes asso-
ciated with the drought-tolerant genotype of sorghum would 
impart stress tolerance through their PGP activities. Accord-
ingly, the objective of the present work was formulated to 
evaluate these rhizobacterial endophytes for their ability 
to improve the plant growth and induce/impart tolerance 
against imposed drought stress, and to study the physiologi-
cal and molecular mechanisms underlying the prospective 
drought tolerance as imparted by the rhizobacterial endo-
phytes in sorghum.
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Materials and methods

Bacterial strains and growth conditions

Four root-tissue colonizing bacterial isolates with multi-
PGP trait were isolated and characterized from the surface-
sterilized roots of drought-tolerant sorghum cultivars, 
Maldandi 35-1 and Phule Maulee (Govindasamy et  al. 
2017). In the present study, these isolates were evaluated for 
their ability to induce drought stress tolerance in a drought 
susceptible sorghum genotype (R-16). Tryptic soy agar 
(TSA, Himedia, Mumbai, India) medium was used for cul-
turing these isolates at the temperature of 28 ± 2 °C. Escher-
ichia coli DH5α (Thermo Fisher Scientific, Massachusetts, 
USA) was cultured in Luria–Bertani broth (LB broth, Hime-
dia, Mumbai, India) incubated at 37 °C. The pure cultures 
of root-endophytic bacterial isolates and E. coli DH5α were 
maintained at − 80 °C as 15% glycerol stocks.

16S rRNA gene PCR–RFLP and sequence analyses

The genomic DNA of endophytic bacterial isolates was 
extracted following the protocols of Charles and Nester (1993) 
and Sambrook and Russell (2001). The universal bacterial 
primers 8F (5′-AGA​GTT​TGA​TCC​TTG​GCT​CAG-3′) and 
1492R (5′- GGT​TAC​CTT​GTT​ACG​ACT​T-3′) were used for 
the amplification of 16S rRNA gene (Lane 1991). PCR was 
performed in a BioRad thermocycler 1000 (Biorad, USA) and 
the resultant PCR-16S rRNA products were gel purified using 
GeneJET™ Gel Extraction Kit (Fermentas, USA). The puri-
fied 16S rRNA gene products were subjected to restriction 
digestion with three restriction endonucleases—MspI (Fer-
mentas, USA), RsaI and HhaI (NEB, UK) individually by 
incubating the reaction mixture at 37° C for 4 h. Digested PCR 
products were resolved in a 1.3% agarose gel and the profile 
was digitized using the Gel imaging system (SynGene, USA). 
Restriction digestion banding patterns were scored manually. 
The scores were analyzed and a combined genetic diversity 
dendrogram was constructed based on SAHN method for 
UPGMA using NTSYS software version 2.02e (Applied Bio-
statistics Inc., New York). Purified 16S rRNA gene amplicons 
of each endophytic bacterium were sequenced at SciGenom 
(SciGenom Labs Pvt. Ltd., India). BLASTn search was per-
formed for nucleotide sequence homology studies and 16S 
rRNA gene sequences were deposited at GenBank, NCBI.

In vivo studies in tissue culture media under control 
and induced drought stress conditions

Seeds of sorghum genotype (R-16, a non-stay green and 
senescent) were surface sterilized with 10% NaOCl for 5 min 

followed by 70% ethanol sterilization for 1 min. The surface 
sterilization steps were interspersed with several washings of 
seeds in sterile distilled water. Cultures of the bacterial endo-
phytes were grown in nutrient broth kept in an orbital incu-
bator shaker (200 rpm at 28 °C) for 48 h. Bacterial cells were 
harvested after centrifugation at 10,000 rpm for 10 min at 
room temperature and resuspended in sterile distilled water. 
The surface-sterilized seeds were imbibed in the endophytic 
bacterial suspension (A600 nm = 1.0 equal to 1.0–1.2 × 108 cfu/
ml) for 4 h. The bacterized seeds were transferred and placed 
on ½Murashige and Skoog (MS) media containing 0.3% 
Gelzan as a solidifying agent (Sigma-Aldrich, USA) with 
and without 15% PEG 8000 (Sigma-Aldrich, USA). In the 
media tubes, 3 seeds per tube were incubated at 25 ± 2 °C for 
initial 12 h dark period, followed by 16 h light and 8 h dark 
cycle of photoperiod in a growth chamber. To induce drought 
stress, 15% PEG 8000 (w/v) was used in ½ MS media, which 
is equivalent to the water potential (ψ) of ~ − 1.21 MPa. All 
treatments, including unbacterized control and E. coli DH5α 
(negative control) bacterized plants, were maintained in five 
replicates. The root and shoot length of the seedlings was 
recorded on 15th day after incubation in a growth chamber.

In vivo studies in sterile soilrite mix under watered 
and imposed drought stress conditions

Soilrite containing a mixture of perlite, peat and exfoliated 
vermiculite in equal ratio (1:1:1) was used as a growth base 
for pot filling. Soilrite mix in biohazard bags was sterilized 
3–4 times by intermittent autoclaving with 3 days interval at 
121 °C for 1 h and aseptically air dried for 5 days. Around 
200 g of sterile, completely dry soilrite mix was filled in the 
pots of 250 g capacity. The bacterized seeds were sown in 
sterile soilrite mix at the rate of 6 seeds per pot and incu-
bated at 25 ± 2 °C, with dark treatment for initial 12 h, fol-
lowed by the growth in greenhouse conditions. In total, six 
treatments were maintained including the unbacterized con-
trol and negative control seeds treated with E. coli DH5α. 
Two sets of five replications were kept for each treatment: 
one set was watered regularly at every 3–4 days interval. 
Another set of treatments was watered twice: first at the time 
of sowing and second after 4 days during initial establish-
ment. Drought stress was imposed by no addition of water 
and maintained for the remaining period until 30 days after 
sowing. Root length and shoot length of the seedlings were 
recorded on 30 days after sowing. The harvested root sam-
ples were stored in hot air oven for 7 days at 60 °C for com-
plete desiccation and dry weight of the roots was recorded.

Determination of root surface area

Sorghum seedlings from well-watered and drought 
stress treatments in tissue culture media (15th day after 
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incubation) and sterile soilrite mix (25th day after sow-
ing) were harvested. Total root surface area (cm2) of three 
plants from each replication was determined based on the 
adsorption and desorption of nitrite as suggested by Ansari 
et al. (1995). Harvested roots of individual seedlings were 
immersed in 0.05 M NaNO2 solution for 10 s. Prior to 
this, a thorough washing was done to remove the particles 
adhering to the roots. Excessive nitrite droplets adhering to 
roots were drained and the roots were transferred to a fresh 
beaker containing known volume of double distilled water. 
The roots were swirled in water for 2–3 times with 15 min 
incubation period and the aliquots were then spectropho-
tometrically analyzed at 540 nm for nitrite content after 
adding 1% sulphanilamide and 0.01 N NEDD. A standard 
curve was prepared using roots of known surface area and 
the total root surface area (cm2) of sorghum seedlings was 
calculated using this standard curve (Ansari et al. 1995).

Estimation of free proline accumulation in leaves

Leaves were harvested from all treatment seedlings 
grown in tissue culture media (15th day after incuba-
tion) and sterile soilrite mix (25th day after sowing). 
Harvested leaf samples from 3 seedlings under each 
replication were pooled. Individual pooled samples 
(200 mg) were homogenized with aqueous sulfosalicylic 
acid (3% w/v). Filtered homogenate (2 mL) was added 
with equal volume each of acid ninhydrin and acetic acid 
and the reaction mixture was kept at 100 °C for 1 h. The 
ice cooled reaction mixture was mixed vigorously with 
4 mL of toluene followed by aspiration of aqueous phase 
that was warmed to room temperature. The absorbance of 
chromophore containing toluene was recorded at 520 nm 
using the toluene as a blank. Free proline concentration 
of leaves (µmoles g−1 FW) was estimated from a standard 
curve (Bates et al. 1973).

Estimation of cell Membrane Stability Index (MSI) 
of leaves

Leaves from three plants under each replication were pooled 
and harvested leaf samples of all the treatments were pro-
cessed to estimate MSI. Matured leaves were cut into small 
pieces (1 cm2 discs) and then placed (0.5 g) in test tubes 
having 10 mL of double distilled water in two sets. One set 
was kept at 40 °C for 30 min and another set at 100 °C in 
boiling water bath for 15 min and their respective electri-
cal conductivity C1 and C2 were measured by conductiv-
ity meter (Adawa-260, Thermo Scientific, USA) and MSI 
was calculated using the formula, MSI = 1 − C1/C2 × 100 
(Sairam 1994).

Measurement of relative water content (RWC) 
of leaves

One leaf each from three plants under each replication was 
harvested and pooled. Individual pooled leaf samples of all 
the treatments were processed to estimate RWC. Leaves 
were wrapped in aluminum foil immediately and the leaves 
were put in a plastic bag and kept in a cool place. Fresh 
weight was determined after 2 hours. Then, the leaves were 
placed in distilled water at room temperature (approximately 
20 °C) for 3–4 h, then they were carefully dried to measure 
their turgid weight. The same leaves were wrapped in paper 
cover and desiccated in the hot air oven at 60 °C for 48 h 
and dry weight was recorded. Finally, relative water con-
tent (RWC) of the leaves was calculated using the equation, 
RWC = (fresh weight − dry weight)/(turgid weight – dry 
weight) × 100 (Cornic 1994).

Expression analysis of drought responsive genes

Surface-sterilized seeds of sorghum genotype R-16 were 
inoculated separately with rhizobacterial endophytes 
viz., EB-14, EB-48, EB-65 and EB-165 and drought 
stress was imposed using 15% PEG 8000 in ½ MS basal 
medium + 0.3% Gelzan (solidifying agent), whereas another 
set of seedlings was maintained without 15% PEG as rep-
resenting non-stressed controls. A total of six treatments 
in three replications each were maintained including the 
unbacterized control and E. coli DH5α bacterized plants 
are considered as negative control. Leaves of the sorghum 
plants were harvested at 15 days after seed inoculation and 
total RNA was extracted using QIAGEN RNeasy extrac-
tion kit following manufacturer’s protocol (QIAGEN, 
Germany). Extracted total RNA was treated with DNase 
I to remove the DNA contamination. DNase-treated RNA 
was reverse transcribed using RevertAid H minus Strand 
cDNA synthesis kit (Thermo Fisher Scientific, USA). Semi-
quantitative RT-PCR analysis was carried out with cDNA 
templates and drought responsive genes-specific primers, 
viz., sbDREB2A (DROUGHT RESPONSIVE ELEMENT 
BINDING PROTEIN 2A), sbCBL01 (Calcineurin B-like 
protein 01), sbP5CS1 (Pyrroline-5-carboxylate synthase 
1), sbP5CS2 (Pyrroline-5-carboxylate synthase 2), taERD1 
(EARLY RESPONSIVE TO DEHYDRATION 1) (Table 1). 
Expression status of housekeeping gene Actin was kept as 
an internal control for comparison. Similarly, the expression 
levels of selected drought responsive genes (sbP5CS1 and 
sbP5CS2) under drought stress were ascertained through 
quantitative reverse transcription PCR (qRT-PCR). Gene-
specific reverse and forward primers were designed (Table 1) 
and qRT-PCR was performed using QuantiTect SYBR 
Green PCR Kit (Qiagen). qRT-PCR was carried out in Light 
Cycler® 480 II (Roche, Germany) and the amplification 
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conditions were as follows: 95 °C for 2 min, 40 cycles of 
95 °C for 10 s, 55 °C for 30 s and 72 °C for 30 s. Actin was 
served as a reference gene for normalization of expression 
data. Relative fold change in the gene expression was calcu-
lated by 2−ΔΔCt method.

Statistical analysis

Statistical analysis was carried out using the SPSS statisti-
cal software package version 16.0 (IBM SPSS, USA). Data 
regarding plant growth measurements like root length, shoot 
length, root dry weight and root surface area; plant physi-
ological responses in terms of free proline content, MSI and 
RWC of leaves were analyzed by the analysis of variance 
(ANOVA) and the treatment means were subjected to the 
least significant difference (LSD) and compared by Dun-
can’s Multiple-Range Test (DMRT). All the hypotheses were 
tested at the 95% confidence interval (α = 0.05).

Results

Genetic distinctness and phylogenetic identity 
of multi‑trait PGP rhizobacterial endophytes

The four endophytic rhizobacteria were selected on the 
basis of their PGP traits from a total of 280 isolates char-
acterized from the roots of drought-tolerant sorghum geno-
types (Govindasamy et al. 2017). Isolate EB-48 showed 
three PGP traits such as P-solubilization, siderophore and 
IAA production. Isolate EB-65 showed PGP traits like 
N-fixation, IAA production and ACC deaminase activities. 

Isolates EB-14 and EB-165 showed four and five PGP 
traits, respectively (Table 2). A combined genetic diver-
sity dendrogram was generated based on 16S rRNA gene 
PCR–RFLP and similarity coefficient analysis (Fig. 1a, 
b). The isolates EB-14 and EB-48 clustered together with 
similarity coefficient of 0.70 showing their close genetic 
relatedness, whereas isolate EB-165 formed a separate 
cluster with similarity coefficient of 0.20, thus showing 
its genetic distinctness. Isolate EB-65 was an outgroup 
showing genetic distinctness from all other three isolates. 
Partial 16S rRNA gene sequencing of these bacterial endo-
phytes (GenBank Accessions KU258056–KU258059) 
and BLAST analysis further confirmed their distinctness 
as shown in RFLP dendrogram (Fig. 1b) and helped in 
tracing their phylogenetic identity/taxonomic position 
(Table  2). 16S rRNA gene sequence of isolate EB-14 
was identical to many sequences, belonging to the genera 
Enterobacter, Klebsiella and Leclercia (100% identity and 
100% coverage), whereas the isolate EB-48 showed 99% 
sequence similarity with several strains of Enterobacter 
cloacae (for example, 99.75% with Enterobacter cloacae 
strain KNR2.7) which showed the phylogenetic identity of 
γ-Proteobacteria and Gram-negative bacteria. 16S rRNA 
gene sequence of isolate EB-165 was 99% identical to the 
genus Ochrobactrum (for example, 99.22% with strain of 
Ochrobactrum sp. P14P1), which belonged to the phy-
logenetic group of α-Proteobacteria and Gram-negative 
bacteria. Whereas 16S rRNA gene sequence of EB-65 
was in close relationship with the genus Microbacterium 
(for example, 99.87% with strain of Microbacterium sp. 8 
SY-2016) belonging to the group of Actinobacteria with 
high-G + C containing Gram-positive bacteria (Table 2). 

Table 1   List of drought responsive genes and RT-PCR primer pairs used in the study

Gene name Forward primer sequence Reverse primer sequence GenBank-NCBI 
accession 
number

References

Semi-quantitative RT-PCR
 taERD1 5′-GGC TCT CCTC CTG GTT ATG 

TTG GC -3′
5′-TCC GGA GTG GTC GTG CAC CGT 

A -3′
At5g51070 Sherameti et al. (2008)

 sbDREB2A 5′-CGC CGA GAC CAT CAA GTG RTG 
GAA RGA RC -3′

5′-GA AGC CGT CGT CGC CYT CYT 
GRT A-3′

DQ403725 Nayak et al. (2009)

 sbCBL01 5′-CCT CCC AAA CCG CCT TCA -3′ 5′-GAC ACC CCT TTT CTT GAC ATC 
G -3′

FJ901259 Zhang et al. (2011)

 sbP5CS1 5′-TAA TGT TGG AAG AGG TGG C -3′ 5′-CAA GGC CCT CAC TCT TGT -3′ ACU65226 Su et al. (2011)
 sbP5CS2 5′-GCT CTG GGT AGA TTA GG- 3′ 5′-GTG CTG CAG ATA CAT CTA T -3′ ACU65227 Su et al. (2011)
 Actin 5′-TCA CCA TCG GGG CAG AG -3′ 5′-GGG AGG CAA GGA TGG AC -3′ – Su et al. (2011)

Quantitative RT-PCR
 sbP5CS1 5′-TCT CTC TGC GGT GCC TAT TT -3′ 5′-AAT TGC ACG GGA ACA GAT TC 

-3′
– This study

 sbP5CS2 5′-CCT CTT CCC AGC TTC TTG TG -3′ 5′TAG CCA GAA GAC CGG CTA AA 
-3′

– This study
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Table 2   Potential plant growth-promoting traits of four rhizobacterial endophytes isolated from drought-tolerant sorghum cultivars and phyloge-
netic identity based on their partial 16S rRNA gene sequence analysis

N nitrogen fixation, P phosphorus solubilization, S- siderophore production, I indole acetic acid production, A 1-amino cyclopropane-1-carboxy-
late deaminase activity (data from Govindasamy et al. 2017)
† + Positive for the trait; − negative for the trait

Isolate Sorghum cultivar Plant growth 
promoting traits†

Closest match (NCBI acc. no.);  % 
sequence similarity

Phylogenetic group; Gram reaction GenBank sub-
mission (NCBI 
acc. no.)

N P S I A

EB-14 Maldandi 35-1 + + + + − 100% with many strains of gen-
era Enterobacter, Klebsiella and 
Leclercia.

γ-Proteobacteria; Gram negative KU258056

EB-48 Maldandi 35-1 − + + + − Many strains of the genus Enterobac-
ter; 99.75% with Enterobacter cloa-
cae strain KNR2.7 (MG274281)

γ-Proteobacteria; Gram negative KU258057

EB-65 Maldandi 35-1 + − − + + Many strains of the genus Microbac-
terium; 99.87% with Microbacte-
rium sp. 8 SY-2016 (LT009507)

Actinobacteria; High-G + C Gram 
positive

KU258058

EB-165 Phule Maulee + + + + + Many strains of the genus Ochrobac-
trum; 99.22% with Ochrobactrum 
sp. strain P14P1 (KX673853)

α2-Proteobacteria; Gram negative KU258059

Fig. 1   Genetic distinctness of 
multi-PGP root-bacterial endo-
phytes as revealed from PCR–
RFLP gel profile of 16S rRNA 
genes digested with restriction 
enzymes Hha1, Msp1 and Rsa1 
(a) and combined genetic diver-
sity dendrogram constructed 
using NTSYS software version 
2.02e (b)
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Rhizobacterial endophytes enhance plant growth 
and impart tolerance to PEG‑induced drought stress

Studies using tissue culture media showed that all these four 
rhizobacterial endophytes improved the shoot length (cm) 
of bacterized seedlings, but were on par with the negative 
and absolute controls under normal (½-MS media alone) 
conditions. Inoculation with EB-165 resulted in maxi-
mum shoot length followed by EB-14, which was on par 
with other two isolates EB-48 and EB-65. During drought 
stress (½ MS-media + 15% PEG), however, a significant 
improvement in the shoot length was noticed due to these 
endophytic rhizobacteria, compared to the seedlings that 
were un-inoculated or those inoculated with E. coli strain 
DH5α (Fig. 2a). Rhizobacterial endophytes-treated sorghum 
seedlings, when grown in ½ MS media (non-stressed condi-
tions), showed increase in root length, but were statistically 
on par with both the controls. However, under drought stress 
(½-MS media + 15% PEG), a significant increase in root 
length (of more than 6 cm/plant) was observed with all the 
four endophytic rhizobacterial treatments over controls. The 
highest root length was observed in EB-14 (6.85 ± 1.05 cm/
plant) followed by EB-65 (6.30 ± 0.34 cm/plant) and EB-165 
(6.22 ± 0.50 cm/plant) bacterized seedlings (Table 3).

In addition to the increased root length, a signifi-
cant improvement in the root surface area (cm2) was also 
observed in sorghum plants treated with rhizobacterial endo-
phytes containing multiple PGP traits. The highest total root 
surface area of 83.6 ± 6.11 cm2 and 76.89 ± 5.88 cm2 was 
noticed in plants treated with EB-165 and EB-65, respec-
tively, under drought stress (Fig. 2b). A significant increase 
in total root surface area was observed with all the four 
endophytic rhizobacterial treatments as compared to control. 
Under non-stressed conditions (½-MS media alone), endo-
phytic isolates EB-48 and EB-14-treated seedlings recorded 
lower root surface area when compared to isolates EB-65 
and EB-165. However, the total root surface area increased 
significantly in all the four endophytic rhizobacterial treat-
ments as compared to both controls (negative control bac-
terized with the strain of E. coli DH5α and un-inoculated 
control). The proline accumulation in shoots, particularly 
on leaves, is an important physiological indicator of the 
level of stress tolerance in plants. Under non-stressed con-
ditions (½-MS media alone), seedlings treated with all the 
four rhizobacterial endophytes showed increase in proline 
content of > 0.31 ± 0.05 μmol/g fresh weight of leave tissues 
(Fig. 2c). However, proline accumulation in leaves of these 
treatments was not significant over negative and absolute 
controls. Under drought stress (½-MS media + 15% PEG), 

free proline accumulation in leaves of all four endophytic 
rhizobacteria-treated seedlings was statistically on par with 
each other. It was also found to be significantly higher as 
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Fig. 2   The effect of multi-trait PGP rhizobacterial endophytes on the 
shoot growth of sorghum (genotype R-16) seedlings (at 5th day after 
incubation in the growth chamber) under drought stress condition 
(a). Effect of multi-trait PGP rhizobacterial endophytes on root sur-
face area (b) and free proline accumulation in leaves (c) of sorghum 
grown under ½ MS and ½ MS + 15% PEG 8000 (induced drought 
stress) conditions. Based on Duncan’s Multiple-Range Test (DMRT), 
the bars in graph with the same alphabet letter indicate non-signifi-
cance at P ≥ 0.05
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compared to the negative control and un-inoculated control 
seedlings.

Rhizobacterial endophytes enhance growth 
and impart tolerance to drought stress in sorghum 
grown in sterile soilrite mix

In the in vivo experiments using sterile soilrite mix, all 
the four rhizobacterial endophytes showed an increase in 
shoot length of bacterized seedlings, but were on par with 
the negative and absolute control seedlings under regularly 
watered conditions. Isolate EB-65 showed increased shoot 
length followed by EB-165, which was on par with other 
two isolates EB-48 and EB-14. However, under drought 
stress the improvement in shoot length by these rhizobacte-
rial endophytes was significant compared to the negative 
control seedlings bacterized with E. coli strain DH5α and 
un-inoculated control (Table 3). Under sufficiently watered 
conditions, root length of sorghum seedlings treated with 
endophytic rhizobacteria EB-165 showed significant 
increase, whereas increase in the root length of seedlings 
treated with three other endophytic isolates was not as sig-
nificant compared to both the controls. Under drought stress, 
there was a significant increase in root length (of more than 
34 cm/plant) in all four endophytic rhizobacterial treatments 
as compared to the control seedlings (Fig. 3a). The highest 
root length was observed when sorghum seeds treated with 
isolate EB-165 (35.83 ± 1.52 cm/plant) followed by EB-65 
(35.10 ± 2.25 cm/plant) and EB-48 (34.63 ± 2.23 cm/plant). 
A slight increase in root dry weight of harvested seedlings 
was observed in the treatments of endophytic rhizobacteria 
EB-165. It was statistically on par with the seedlings treated 
with other three isolates and does not show any significant 
difference over both the controls under regularly watered 
conditions. However, under drought stress, the improvement 
in root biomass/root dry weight by these rhizobacterial endo-
phytes in sorghum seedlings was significantly high com-
pared to the seedlings of negative control and un-inoculated 
control (Table 3).

A significant improvement in the total root surface 
area was also observed in sorghum plants inoculated with 
all these four rhizobacterial endophytes. Under drought 
stress, higher root surface area of 16,786 ± 1402 cm2 and 
15,378 ± 1562 cm2 was found in plants inoculated with 
endophytic isolates EB-165 and EB-65, respectively. These 
treatments were highly significant as compared to both the 
controls. However, under regularly watered conditions, the 
total root surface area of all four endophytic isolates-treated 
seedlings grown in soilrite mix has not shown any significant 
increase as compared to both the controls (Fig. 3b). The 
proline accumulation in the leaves of treated seedlings was 
quite low under regularly watered conditions and showed 
non-significant values (Fig.  3c). However, the proline Ta
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accumulation increased in rhizobacterial endophytes-treated 
seedlings (> 1.35 ± 0.14 μmol/g fresh weight of leave tis-
sues) under drought stress. These values of proline increase 
were highly significant (p ≥ 0.05) as compared to control 
seedlings (Fig. 3c).

In addition to free proline content, the results of other 
physiological parameters such as relative water content 
(RWC) and cell membrane stability index (MSI) showed 

significant improvement in the seedlings treated with 
rhizobacterial endophytes under imposed drought stress. 
Increased RWC was observed with all the four endophytic 
rhizobacteria-treated sorghum leaves as compared to the 
leaves of negative (E. coli strain DH5α) and un-inoculated 
control seedlings (Fig. 3d). Similarly, improvement in cell 
Membrane Stability Index (MSI) was recorded in all the four 
endophytic rhizobacteria-treated sorghum leaves (Fig. 3e). 
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Fig. 3   The effect of multi-PGP trait root-bacterial endophytes on root 
growth of sorghum (genotype R-16) seedlings under drought stress 
condition (a). Effect of multi-trait PGP rhizobacterial endophytes on 
root surface area (b) and free proline accumulation in leaves (c) rela-
tive water content or RWC (d) and membrane stability index or MSI 

(e) of the sorghum grown in soilrite mix under watered and drought 
stress conditions. Based on Duncan’s multiple-range test (DMRT), 
the bars in graph with the same alphabet letter indicate non-signifi-
cance at P ≥ 0.05
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However, under regularly watered conditions, both the RWC 
and MSI did not show any significant difference between 
endophytic rhizobacteria-treated sorghum leaves and leaves 
of both the controls.

Differential expression of drought responsive genes 
in sorghum

In the absence of moisture stress, transcripts of drought 
responsive genes were not detected or invisible in sor-
ghum (R-16) seedlings of control and bacterized treat-
ments. However, under the influence of drought stress, 
low level of expression of sbP5CS1 was recorded in the 
untreated control and relatively high level of expres-
sion (up-regulation) was observed in sorghum seed-
lings treated with rhizobacterial endophytes (Fig.  4). 
Relatively high levels of expression (up-regulation) of 
sbP5CS 2 were observed when sorghum was inoculated 
with Microbacterium sp. EB-65 followed by Ochrobac-
trum sp. EB-165, Enterobacter cloacae strain EB-48 
and Enterobacter sp. EB-14 under drought. However, 
the expression of this gene was conspicuously less or 
invisible in the seedlings inoculated with E. coli DH5α 
and in the un-inoculated control seedlings. Interestingly, 
other drought responsive genes such as sbDREB2A, 
sbCBL01 and taERD1 showed no perceptible expres-
sion in the sorghum seedlings grown under control and 
drought conditions. From the qRT-PCR results, the 

relative quantification of differentially expressed genes 
showed that 12-fold increased expression of sbP5CS 2 in 
EB-65 inoculated seedlings, followed by ninefold high 
expression in EB-48 inoculated seedlings under drought 
stress (Fig. 5). However, among the various endophytic 
bacterial treatments, sbP5CS 1 exhibited relatively high 
expression of eightfold in EB-165-inoculated seedlings 
under drought stress (Fig. 5). Both genes, sbP5CS 1 and 
sbP5CS 2, showed significantly much higher expres-
sion levels in the endophytes with PGP traits-inoculated 
seedlings as compared to E. coli strain DH5α-inoculated 
seedlings (negative control).

Actin
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(~1000bp)
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(950bp)

½ MS
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taERD1
(NA)

Fig. 4   Semi-quantitative reverse transcriptase-polymerase chain reac-
tion (RT-PCR) analysis of various drought responsive genes from the 
leaves of sorghum (genotype R-16) under ½ MS and ½ MS + 15% 
PEG 8000 (drought stress) conditions (Lane M: 100 bp marker; Lane 
1 Un-inoculated control; Lane 2 inoculated with E. coli DHα; Lane 

3 inoculated with Ochrobactrum sp. EB-165; Lane 4 inoculated with 
Microbacterium sp. EB-65; Lane 5 inoculated with Enterobacter clo-
acae strain EB-48; Lane 6 inoculated with Enterobacter sp. EB-14). 
NA not amplified
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(fold changes in the expression levels) of two drought responsive 
genes, sbP5CS 1 and sbP5CS 2 in the leaves of sorghum (genotype 
R-16) under drought stress (½ MS + 15% PEG 8000) conditions
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Discussion

Utilization of plant-associated microbial communities 
is one of the potential ways to improve the productivity 
of food crops. Endophytic bacterial communities play 
key roles in improving the plant’s nutrition and growth 
(Rosenblueth and Martínez-Romero 2006; Berg 2009). 
Root-endophytic bacterial diversity and their respective 
metabolic functions are influenced by soil characteris-
tics, plant species and its genetic makeup (Hirsch and 
Mauchline 2012; Govindasamy et al. 2017). Understand-
ing the plant–endophyte interactions is very essential 
because these microbes are selectively recruited by each 
plant species to colonize their interior tissues, which in 
turn provides tolerance through IST (Dimkpa et al. 2009; 
Yang et al. 2009; Reinhold-Hurek and Hurek 2011; Mar-
asco et al. 2012; Govindasamy et al. 2018). In the present 
study, sorghum rhizobacterial endophytes, characterized 
with multi-PGP traits, were evaluated for their ability to 
promote plant growth and to provide drought stress toler-
ance in a non-stay green and senescent (drought suscep-
tible) genotype (R-16) of sorghum. These rhizobacterial 
endophytes belong to phylogenetically different groups, 
namely, α-& γ-Proteobacteria and Actinobacteria (Govin-
dasamy et al. 2017). Previous studies have shown signifi-
cant PGP activities of isolated endophytic rhizobacteria 
of the genus Enterobacter and Microbacterium (Zinniel 
et  al. 2002; Rosenblueth and Martínez-Romero 2006; 
Berg 2009; Funnell-Harris et al. 2013). Another impor-
tant endophytic rhizobacterial genus is Ochrobactrum sp. 
EB-165 which also possesses multi-PGP activity. In desert 
soil where the availability of moisture is a major limiting 
factor, Ochrobactrum has been identified as one of the 
most abundant genus within Proteobacteria. This bacte-
rium is known for its ambivalent functional interactions 
along with the potential plant growth promotion effects 
(Berg 2009; Marasco et al. 2012).

Early plant establishment and optimal plant growth 
under the stress conditions can contribute to improved 
tolerance and successful adaptation. In the plant tis-
sue culture media, seedlings treated with rhizobacte-
rial endophytes showed significant increase in shoot 
length (~ 15.71%–23.63% over controls), root length 
(~ 41.75%–60.20% over controls) and root surface area 
(~ more than 1-fold over controls) under PEG-induced 
drought stress (1/2-MS + 15% PEG media) over nega-
tive control and un-inoculated control seedlings. Hence, 
measurement of cellular level osmolytes such as proline, 
betaine and/or sugars is pertinent for the identification of 
crop genotypes that are tolerant to abiotic stresses (Shahid 
et al. 2012). The proline accumulation in shoots, particu-
larly in leaves, is an important physiological indicator of 

stress tolerance. More than twofold increase in free proline 
content in the leaves of seedlings inoculated with rhizobac-
terial endophytes under PEG-induced drought stress was 
observed as compared to the non-stressed seedlings. Under 
induced drought stress conditions, proline content in the 
leaves of seedlings inoculated with endophytic rhizobac-
teria showed 0.5- to 1-fold increase over control seedlings. 
Hmida-Sayari et al. (2005) observed that increased proline 
accumulation in leaves provided salt tolerance in trans-
genic tomato plants. Plant growth-promoting endophyte 
Burkholderia phytofirmans PsJN interacts with grapevine 
plantlets and increases the levels of proline, starch and 
phenolics leading to enhanced cold tolerance (Barka et al. 
2006). Similar increase in free proline content in the leaves 
of sweet pepper plants inoculated with endophytic bacte-
ria due to PEG-induced water deficit stress has also been 
reported (Sziderics et al. 2007).

In the sterile soilrite mix, improvement in plant growth 
parameters mainly root length (~ 44.2 to 50.8% over con-
trols), root surface area (~ 1–1.5 fold over controls) and root 
dry mater (~ 91.3 to 99.8% over controls) were significant 
in the seedlings inoculated with rhizobacterial endophytes. 
Our findings are supported by the observations of Ali et al. 
(2009) who observed that sorghum rhizosphere-associated 
bacteria Pseudomonas spp. increased the early establishment 
and plant growth promotion, and enhanced stress tolerance 
of the seedlings to the elevated temperatures. Similarly, it 
was reported that stress-tolerant genotypes of crops were 
successful in maintaining higher root growth and producing 
maximum root biomass. This in turn improved water uptake 
and mineral nutrient utilization in these genotypes growing 
under drought and salt stress (Sairam 1994; Shahid et al. 
2012; Singh et al. 2013). In addition to the root growth, 
cellular osmotic adjustment through accumulation of pro-
line in the leaves of seedlings treated with rhizobacterial 
endophytes increased more than 1–1.5-fold under drought 
stress. However, this was more than 2–2.5-fold increase 
over negative control and un-inoculated plants grown under 
regularly watered conditions. Interestingly, proline content 
in leaves of stressed seedlings bacterized with the strain of 
E. coli DH5α increased over control as well as unstressed 
E. coli DH5α-inoculated control. Previously, it has been 
shown that proline accumulated in leaf tissues of Arabidop-
sis thaliana upon recognition of a virulent races of Pseu-
domonas syringae pv. tomato (Fabro et al. 2004). Therefore, 
proline accumulation in unstressed E. coli DH5α may be 
the result of initial biotic stress caused during plant–bacte-
rial interactions. Proline increase in the stress imposed E. 
coli DH5α-treated leaves could be attributed to the additive 
effect of biotic stress and drought stress. However, increased 
proline accumulation in leaves at later stages could result 
from potential plant–endophytic bacteria interactions con-
tributing to improved stress tolerance (Hmida-Sayari et al. 
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2005; Barka et al. 2006; Sziderics et al. 2007). Physiologi-
cal responses to stress like relative water content (RWC) 
and cell membrane stability index (MSI) showed significant 
improvement in the seedlings inoculated with rhizobacterial 
endophytes under drought. It’s in accordance with previ-
ous reports on improvement of RWC under gradual drought 
stress and during stress recovery in two of the medicinal 
species, Plantago ovata and P. psyllium (Rahimi et  al. 
2010). Physiological traits like high MSI and increased 
accumulation of osmolytes were used in the screening of 
stress-tolerant genotypes of wheat and pea to drought and 
salt stress, respectively (Sairam 1994; Shahid et al. 2012). 
Furthermore, to corroborate the changes in physiological 
drought tolerance of sorghum R-16 seedlings (non-stay 
green and senescent genotype), gene expression study was 
undertaken with drought imposed plants attributable to 
endophytic rhizobacteria inoculations. Plants inoculated 
with rhizobacterial endophytes showed high expression lev-
els (up-regulation) of sbP5CS 1 and sbP5CS 2 genes which 
may be responsible for proline accumulation in the leaves 
of sorghum seedlings under drought stress. It also appears 
that inoculation of endophytes per se did not activate any 
drought tolerance trait in the control sorghum seedlings; 
nevertheless, upon drought, expressions of drought respon-
sive genes are activated/up-regulated by the rhizobacterial 
endophytes which may conferred drought stress tolerance 
in the senescent sorghum seedlings. From the present study, 
it is evident that multi-trait PGP rhizobacterial endophytes 
viz, Ochrobactrum sp. EB-165, Microbacterium sp. EB-65, 
Enterobacter cloacae strain EB-48, and Enterobacter sp. 
EB-14 triggers stress-responsive gene expression only under 
stress induced conditions. Similar molecular responses of 
differential expression of abiotic stress related genes were 
observed in sweet pepper inoculated with the endophytic 
bacteria and wheat inoculated with endophytic fungus Piri-
formospora indica (Sziderics et al. 2007; Sherameti et al. 
2008). Thus, in the present study, in vivo plant experiments 
clearly establish the potential of specific plant-endophytic 
rhizobacterial interactions in improving growth promotion. 
Favorable physiological responses/changes caused by multi-
PGP traits containing rhizobacterial endophytes in a geno-
type susceptible to stress can contribute to induced stress 
tolerance and better adaptation of plants to drought stress.

Conclusion

Four rhizobacterial endophytes isolated from the drought-
tolerant sorghum cultivars were characterized with various 
functional attributes that promote plant growth. These endo-
phytes are genetically distinct presenting different phyloge-
netic identity and affinity toward α and γ-Proteobacteria and 
Actinobacteria. Our results indicated that these endophytes 

enhanced plant growth and potentially modulate the physi-
ological responses of the sorghum R-16 seedlings (non-stay 
green and senescent genotype), to induce drought tolerance. 
In addition to the changes in plant physiological drought tol-
erance mechanisms, up-regulation of specific abiotic stress-
responsive genes was observed only when the inoculated 
sorghum seedlings were under imposed drought stress. This 
work thus helps us to understand the molecular mechanisms 
of multi-trait PGP rhizobacterial endophyte-mediated toler-
ance to drought stress. As a future perspective, this study has 
also generated valuable information for the development of 
rhizobacterial endophytes or its consortia-based bio-inoc-
ulants to mitigate the drought stress in sorghum which is 
generally cultivated in resource poor, rain-fed and dry land 
regions.
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