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Abstract
Endophytic bacteria have been reported to have symbiotic, mutualistic, commensalistic or trophobiotic relationships with 
various plant parts. As part of its adaptation, many endophytic organisms are known to exhibit properties with multiple 
beneficial effects to the plant system. Even though many bacterial genera have been identified to have endophytic association, 
isolation of those which were previously demonstrated well for human association is quite interesting. In the study, endophytic 
bacteria Ceb1 isolated from the rhizome of Curcuma longa was identified by 16S rDNA sequencing as Staphylococcus sp. 
Further, Ceb1 was observed to have the ability to tolerate drought stress. While screening for the plant growth-promoting 
traits, Ceb1 was found to be positive for IAA production both under drought-stressed and normal conditions as confirmed by 
HPLC. The Ceb1 priming with Vigna unguiculata was observed to enhance the growth parameters of the plant. Analysis of 
Ceb1-treated plants by ICP-MS further showed modulation of both macro- and micronutrients. Upon drought stress induc-
tion in Vigna unguiculata, Ceb1 was found to provide synergistic plant growth-promoting effect to the plant along with the 
supplemented silicate sources. Under the changing agroclimatic conditions, exploring the plant stress-alleviating effects of 
endophytes is highly significant.
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Introduction

By living within the host plant, endophytic bacteria are 
sheltered from environmental stress and microbial compe-
tition (Santoyo et al. 2016). Their association with plants 
can generally be symbiotic and mutualistic. Within the 

plant system, endophytes have already been described to 
influence the physiological and biochemical mechanisms 
(Lata et al. 2018). They promote the plant growth by facili-
tating the acquisition of nutrients or modulating the level 
of hormones. This makes the consideration of endophytic 
association to be a universal phenomenon in plants. Indole-
3-acetic acid (IAA) synthesized by endophytic bacteria has 
been reported to influence the cell division, differentiation, 
tuber germination, xylem and root development. It is also 
involved in vegetative growth, lateral and adventitious root 
formation, responses to light, gravity and photosynthesis. 
Endophytic bacteria solubilize the inorganic phosphate 
through acidification, secretion of organic acids or chela-
tion and exchange based mechanisms (Adnan et al. 2017). 
1-Aminocyclopropane-1-carboxylic acid (ACC) deaminase 
produced by them could degrade the precursor of ethylene 
and thereby repress the adverse effects of elevated ethylene 
level (Jaemsaeng and Jantasuriyarat 2018). They also assist 
iron acquisition in plants through siderophore production 
(Etminani and Harighi 2018). Performance of endophytic 
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diazotrophs over rhizobacteria is also remarkable due to 
their effective  N2 fixation (Yan et al. 2018).

Soil microbial community acts as the immediate source 
for the recruitment of endophytic bacteria and hence many 
soil bacterial genera like Pseudomonas, Burkholderia and 
Bacillus have been reported as endophytes from many 
plants (Ryan et al. 2008). Many others like Stenotropho-
monas, Micrococcus, Pantoea, Microbacterium, etc. have 
also been isolated as common endophytes. However, only 
limited reports are there on characterization of endophytic 
Staphylococcus sp. with plant growth promotion promises. 
Plant beneficial features of these organisms with well-known 
human association can be demonstrated only by its isolation 
and characterization from diverse plants. Hence, the Staphy-
lococcus sp. Ceb1 isolated endophytically in the study was 
subjected to detailed analysis.

Along with the microbiome, the composition of ele-
ments can also significantly influence the response of plants 
towards stress conditions like drought. The elements such 
as silicon (Si) have already been reported to be effective to 
enhance the drought tolerance of plants. Mechanistically, sil-
icate is known to favor the maintenance of the water poten-
tial of leaf, photosynthetic activity, stomatal conductance 
and strength of stem (Shi et al. 2016). Hence, the synergistic 
functions of both microbiome and elements can expect to 
make the plant more competent to manage environmental 
stress. So, the study was mainly focused on plant benefi-
cial features of a newly isolated endophytic Staphylococcus 
sp. and its synergistic effects with silicate on plant stress 
management. The observed results indicate the possibilities 
to broaden the functioning and applications of endophytic 
bacteria.

Materials and methods

Isolation and identification of endophytic bacteria

Endophytic bacterial isolation was carried out from the 
rhizome of Curcuma longa. The rhizome collected from 
the experimental garden was washed with tap water, Tee-
pol and surface sterilized with 70% ethanol and 1% sodium 
hypochlorite (Jayakumar et al. 2018). The rhizomes were 
finally washed several times with sterilized distilled water 
and from this last wash was spread plated onto nutrient agar 
as control. Then the rhizome pieces were macerated and 
serially diluted up to  10–7. Then 0.1 mL from the dilution 
was plated onto nutrient agar followed by incubation at room 
temperature (Zinniel et al. 2002). Different bacterial mor-
photypes obtained were further subjected to the isolation of 
genomic DNA. Then 16S rDNA PCR amplification-based 
identification was carried out using the primers 16S F(5′-
GAG TTT GAT CCT GGC TCA G-3′) and 16S R (5′-GAT 

ATT ACC GCG GCG CCT G-3′). The PCR product formed 
was sequenced and identified by BLAST analysis (Jasim 
et al. 2013).

Screening of drought tolerance potential of Ceb1

The isolate Ceb1 was further selected and screened for 
drought tolerance potential by culturing in trypticase soya 
broth (TSB) supplemented with different concentrations of 
polyethylene glycol (PEG) (− 0.25 MPa, − 0.5 MPa, − 0.75 
MPa, − 1.0 MPa, − 1.25 MPa and − 1.5 MPa) followed by 
measurement of optical density (OD) at 600 nm (Sandhya 
et al. 2017).

Screening of selected endophyte for plant 
growth‑promoting properties under stressed 
and nonstressed conditions

The bacterial isolate Ceb1 was screened for IAA production 
under non-stress and drought-induced stress by inoculating 
into 20 mL of nutrient broth supplemented with 0.2% (v/v) 
of L-tryptophan in the presence or absence of induced water 
potential of − 0.5 MPa, − 1.0 MPa and − 1.5 MPa. The 
experiment was conducted in triplicates and incubated for 
10 days at 28ºC. After this, culture supernatant was col-
lected by centrifugation at 3000 rpm for 20 min (Gutierrez 
et al. 2009). Methanolic extract from this was prepared and 
analyzed by C18 reverse-phase column of analytical HPLC 
(Thermo Scientific) to confirm the IAA production. Here, 
the elution was performed using 6:4 ratio of  H2O and metha-
nol, each containing 0.5% acetic acid. The elution was moni-
tored at 280 nm and was carried out at a flow rate of 1 mL/
min. The ACC deaminase production by Ceb1 was screened 
using DF salt minimal medium amended with 2 g/L ammo-
nium sulphate. For stress induction, medium was supple-
mented with different concentrations of PEG (− 0.5 MPa, 
− 1.0 MPa, and − 1.5 MPa). After incubation for 7 days 
at 28 °C, bacterial growth under stress was estimated by 
measuring the OD at 600 nm. The nitrogen-fixing ability of 
Ceb1 was also screened under stress and non-stress condi-
tions using  Jensen’s media as per previous reports with slight 
modification (Bag et al. 2017). Here, the Jensen’s medium 
supplemented with PEG as described above was used to pro-
vide the stressed condition. Phosphate solubilization prop-
erty of Ceb1 was also analyzed using Pikovskaya medium 
(Sandhya et al. 2010a).

Plant growth‑promoting effect of Ceb1 on Vigna 
unguiculata

For this, seeds of V. unguiculata were surface sterilized 
using 1% sodium hypochlorite for 10 min and were washed 
several times with sterile distilled water and allowed to 
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germinate. The seedlings were further primed with over-
night-grown culture of Ceb1 for 1 h. For pot experiments, 
sterilized soil with ten seedlings were used with triplicates 
in each set. After 7 days of growth, the plant growth param-
eters such as shoot length, root length and root numbers 
were measured and the results were statistically analyzed 
(Ahmad et al. 2008).

ICP‑MS analysis of Ceb1‑treated plants

For this, Ceb1-treated and control (distilled water and 
nutrient broth) V. unguiculata plants were collected after 
7 days of growth and were dried in an oven at 65 °C. These 
were further finely powdered and 0.1 g from each was then 
digested at 85 °C by microwave digestion using 8 mL of 
supra pure (65%)  HNO3. The processed samples were made 
up to 25 mL with ultra pure water and used for ICP-MS 
(Thermo Fischer iCAP Q). The obtained concentration of 
each element in ppb was further converted to µg/mg and 
the result was statistically analyzed (Mihaylova et al. 2013).

Plant growth‑promoting potential of Ceb1 
in the presence of silicate and drought stress

Here, the surface-sterilized V. unguiculata seeds were 
allowed to germinate and the seedlings were treated with 
Ceb1. After 3 days of growth, sodium silicate and potas-
sium silicate were added to separate sets of Ceb1 primed and 
control plants. Then drought was induced by terminating the 
watering of the seedlings for 3 weeks. After this, watering 

was resumed for 1 day and the plant growth parameters such 
as shoot length, root length and root numbers were deter-
mined. In the study, each set containing ten seedlings in 
triplicate was used (Chen et al. 2017).

Results

Isolation and identification of endophytic bacteria

The bacterial isolate Ceb1 obtained from the surface-ster-
ilized rhizome of C. longa was confirmed as endophyte 
due to the absence of any microbial growth in the control 
plate. By analysis of 16S rDNA sequence, Ceb1 was con-
firmed to have 100% identity with Staphylococcus sp. and 
the sequence was submitted to NCBI (accession number 
MN420821). The phylogenetic analysis showed clustering 
of Ceb1 with Staphylococcus sp. (Fig. 1).

Screening of the drought tolerance potential 
of Ceb1

Ceb1 was found to tolerate the water potential up to 
− 1.5 MPa due to its growth in PEG (− 0.25 MPa, − 0.5 
MPa, − 0.75 MPa, − 1.0 MPa, − 1.25 MPa and − 1.5 MPa)-
containing medium. The drought tolerance ability of Ceb1 
was further indicated by measuring its optical density analy-
sis of control samples at 600 nm. Here the control sample 
provided a value of 0.2 and that of Ceb1 treated with PEG 
(− 1.5 MPa) was 0.18.

Fig. 1  Phylogenetic analysis of 16S rDNA sequence of endophytic isolate Ceb1 with other sequences retrieved from NCBI using MEGA 7
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Screening of Ceb1 for plant growth‑promoting 
properties

Staphylococcus sp. Ceb1 was found to produce IAA both 
under normal and drought conditions. HPLC analysis con-
firmed the IAA production by Ceb1 due to the presence of 
peak at 15.4 min which was comparable to the standard IAA 
(Fig. 2). Under water potential of − 0.5 MPa, − 1.0 MPa 
and − 1.5 MPa Ceb1 produced 70, 65 and 60 µg/mL of 
IAA, respectively, and the same for control was 80 µg/mL. 
However, Ceb1 was found to be negative for nitrogen fixa-
tion, phosphate solubilisation, ACC deaminase and ammo-
nia production.

Plant growth‑promoting effect of Ceb1 on Vigna 
unguiculata

Ceb1-treated V. unguiculata seedlings showed signifi-
cant enhancement in shoot length, root length and root 
numbers when compared to the control. In Ceb1-treated 

plants, the shoot, length root length and root numbers 
were 17.11905 ± 1.74195 cm, 7.42857 ± 1.39728 cm and 
15 ± 3.09377 respectively. The same for distilled water 
control were 11.00 ± 1.07 cm, 2.38 ± 0.93 cm, and 8 ± 1.50, 
and for nutrient broth control, it were 11.93 ± 1.58 cm, 
2.52 ± 0.62 cm and 10 ± 1.22 (Fig. 3).

ICP‑MS analysis of Ceb1‑treated plants

The elemental analysis of plants treated with Ceb1 showed 
increase in phosphorous, magnesium, sodium, manganese, 
nickel, copper, neodymium, lanthanum, barium and tho-
rium when compared to the distilled water and nutrient 
broth control. Aluminum, iron, chromium, gallium, vana-
dium, rubidium, strontium, cerium, lead, lithium, arsenic, 
cadmium, zinc, praseodymium, gadolinium, samarium, 
beryllium, indium, caesium, europium, scandium, terbium, 
bismuth, uranium, holmium, erbium, thulium, ytterbium, 
lutetium, thallium and dysprosium concentration in Ceb1-
treated plants were lower than control (Fig. S1).

Fig. 2  HPLC analysis of IAA 
production by Ceb 1 isolate 
along with standard IAA. a 
Standard IAA, b extract from 
Ceb1
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Plant growth‑promoting potential of Ceb1 
in the presence of silicate and drought stress

After 21 days of water deprivation, the control plants were 
severely wilted and desiccated. The plants treated with Ceb1 
were not severely affected but slight curling of leaf could 
be observed. The sodium silicate and potassium silicate 
alone treated control plants were also completely wilted and 

desiccated. However, synergistic effect could be observed 
for Ceb1 and silicate treated plants as evidenced by the 
increased shoot length and increased leaf number (Fig. 4). 
When comparing the synergistic action of Ceb1–sodium 
silicate with Ceb1 potassium silicate, the latter was found 
to favor better growth with more greenish leaves.

Discussion

Drought is one of the harsh environmental conditions that 
causes the reduced crop production worldwide. Mitigating 
the negative effects of drought by plant-associated microbes 
hence has great significance when compared with the exist-
ing techniques. Among the plant microbiome, endophytic 
bacteria have significant role in the plant growth, devel-
opment, fitness, and protection from various environmen-
tal conditions. However, only limited reports are there on 
endophytic bacterial support to plant to manage abiotic 
stress conditions. In the study, endophytic Staphylococcus 
sp. Ceb1 was isolated and characterized for plant growth-
promoting traits under drought stressed conditions. Even 
though endophytic Staphylococcus spp. have previously 
been reported from Zingiber officinale (Jasim et al. 2013), 
Sorghum bicolor (Mareque et al. 2014), Solanum melongena 
(Achari and Ramesh 2014), Anacardium occidentale (Milca 
et al. 2014), Ammodendron bifolium (Zhu and She 2018) and 

Fig. 3  Plant growth promotion analysis of Staphylococcus sp. (Ceb 
1) on Vigna unguiculata seedlings by pot experiment along with 
untreated control (DW and NB)

Fig. 4  Synergistic plant growth promoting effect of Ceb 1 with a sodium silicate and b potassium silicate in V. unguiculata 
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Corchorus olitorius (Haidar et al. 2018), their functional 
significance in plant physiology is not known.

The endophytic Ceb1 isolated in the study was found 
to tolerate up to a water potential of − 1.5 MPa, which 
indicated its drought tolerance. Bacterial cells are already 
reported to have the ability to accumulate osmolytes to pro-
mote cell growth under drought conditions (Sandhya et al. 
2010a, b).

The IAA production by Ceb1 under drought stress further 
showed its ability to support plant growth under harsh envi-
ronmental conditions. Because, microbial IAA together with 
the endogenous IAA of plant is expected to synergistically 
execute regulatory effects on many physiological processes 
in plant (Penrose et al. 2001). Under the stressed condition, 
the microbial contribution can have a determining role to 
keep the plant functions.

The impact of Ceb1 on V. unguiculata was evident due to 
the observed increase in shoot length, root length and root 
numbers. Microbially produced IAA is considered to trigger 
shoot and root elongation and there by the maximal nutrient 
absorption in plants. In a previous study, Staphylococcus 
pasteuri isolated from Corchorus olitorius was demonstrated 
to cause increased root and shoot length by phosphate solu-
bilization, ACC deaminase production, nitrogen fixation and 
siderophore production (Haidar et al. 2018). Staphylococcus 
arlettae inoculation in Triticum aestivum has also demon-
strated to increase the germination, root and shoot length as 
well as dry and wet weight (Sagar et al. 2012). As the isolate 
Ceb1 was positive only for IAA, the observed morphologi-
cal changes of V. unguiculata can be mostly related to the 
IAA production.

During the analysis on the elemental modulatory effect 
of Ceb1 in V. unguiculata, enhancement was observed for 
phosphorous, magnesium, sodium and manganese. In the 
study, biopriming might have caused an increased uptake of 
nutrients, required in higher concentration for plant growth 
(Tripathi et al. 2014). The microelements such as copper and 
nickel were also found to get enhanced. Nickel is already 
known to be essential for the functioning of enzymes (ure-
ase, glycosylase-I, etc.) which are involved in plant meta-
bolic process (Fabiano et al. 2015). Copper is also required 
for enzymatic functioning and it supports plant growth 
through various mechanisms (Dreyer and Schippers 2019). 
Hence, the observed enhancement of macro- and micro-
nutrients can have significant impact on plant growth and 
health. Several studies have already reported the inocula-
tion of microorganisms to result in the reduction of arsenic 
content of plants and there by the promotion of plant growth 
(Das et al. 2014; Shagol et al. 2014; Lampis et al. 2015). 
Hence, the observed decrease in arsenic for the bioprimed 
plants can be beneficial. Pseudomonas sp. from tobacco 
plants have recently been reported to reduce the lead con-
tents in Nicotiana tabacum (Li et al. 2019). Inoculation 

of S. maritima with metal-resistant endophytes has been 
reported to decrease the metal accumulation in plant tissues 
(Mesa et al. 2015). Endophytic isolates from plants grown 
in cadmium-contaminated soils were reported to reduce the 
cadmium content of roots and shoots (Begum et al. 2018). 
Endophytes from rice plants were also reported to reduce the 
nickel and cadmium toxicity in tomato plants (Madhaiyan 
et al. 2007). Hence, the elemental modulation observed in 
the study demands more detailed investigation. Inoculation 
with Bacillus and Pseudomonas spp. has previously been 
reported to increase the plant nutrient contents such as P, Fe, 
Zn, K and Mg along with enhanced growth (Esitken et al. 
2010). Pratiwi et al (2016) have reported the inoculation 
of P. fluorescens to result in increased availability of Fe by 
34.75% when compared to the control plants. Praveen et al. 
(2012) have also previously reported the seed bacterization 
of sorghum with Pseudomonas spp. to result in enhanced 
uptake of essential macro and micro nutrients and there by 
the enhanced growth of plant. These indicate the observed 
elemental changes in the study to be due to the functioning 
of Ceb1.

The plant growth-promoting effect of Ceb1 under 
drought-stressed condition is of great significance due to 
its field application potential. In a previous study, Pan-
toea alhagi isolated from leaves of Alhagi sparsifolia has 
described to improve the growth and drought tolerance in 
wheat (Chen et al. 2017). Generally, endophytic bacteria 
from dry environment can be considered to have stimulatory 
effect on plant growth under drought due to its naturally 
acquired adaptations. In the study, the performance of Ceb1 
under drought stress was found to get improved with silicate 
supplementation. The synergistic action of Ceb1 and sili-
cate here suggests the promises of development of microbial 
formulation with supplemented silicate to improve its field 
performance. As the silicate and drought-tolerant bacteria 
can protect the plant from drought stress, its combined appli-
cation in the field may reduce the need for irrigation which 
makes the study important.

Many Staphylococcal species are demonstrated to have 
plant association with significant growth enhancement 
effects. However, limited results have been reported on 
mechanistic basis of the same. In a recent study, genome-
wide analysis was carried out to identify the adaptive 
changes of endophytic bacteria which were previously 
demonstrated well for human association (Chaudhry and 
Patil 2016a). Analysis of S. epidermidis genome appraised 
97% average nucleotide identity between Staphylococci 
from human and plant sources. Analysis of a cluster of 
three unique ORFs in rice endophytic S. epidermidis also 
showed its function in stress tolerance and survival of the 
plant (Conlan et al. 2012; Chaudhry and Patil 2016b). Like-
wise, the enzymes like peptidase are also considered to 
function for the plant entry and subsequent colonization by 
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endophytic organisms. The human pathogen Pseudomonas 
aeruginosa has also been demonstrated as a plant beneficial 
endophyte from diverse plants. Significant differences in 
genome, genome expression profile, virulence activity and 
antibiotic resistance have been reported for diverse strains 
of Pseudomonas through genome-based analysis (Cabot 
et al. 2016; Hwang and Yoon 2019). This indicates the need 
for a detailed and periodic analysis to identify the genomic 
trend of organisms with association in both humans and 
plants. However, a key insight into the adaptation and its 
phenotypic expression can have significant promises to be 
explored in agriculture.

Endophytes are organisms associated within plants as 
obligate or facultative partner. The current study resulted 
in the isolation of an endophytic Staphylococcus sp. (Ceb1) 
from rhizome of Curcuma longa with drought tolerance and 
IAA-producing features. The screening for plant growth-
promoting traits under stressed and non-stressed conditions 
showed the ability of the isolate to enhance the plant growth 
possibly through the IAA production. By the synergistic 
action with silicate, Ceb1 support enhanced the plant growth 
under drought stress. Hence, this combination can be used 
to develop biofertilizer formulations for enhanced crop pro-
ductivity under harsh environmental conditions.
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