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Abstract Halotolerant bacteria associated with Psoralea corylifolia L., a luxuriantly growing
annual weed in salinity-affected semi-arid regions of western Maharashtra, India were evalu-
ated for their plant growth-promoting activity in wheat. A total of 79 bacteria associated with
different parts viz., root, shoot and nodule endophytes, rhizosphere, rhizoplane, and leaf
epiphytes, were isolated and grouped based on their habitat. Twelve bacteria isolated for their
potential in plant growth promotion were further selected for in vitro studies. Molecular
identification showed the presence of the genera Bacillus, Pantoea, Marinobacterium,
Acinetobacter, Enterobacter, Pseudomonas, Rhizobium, and Sinorhizobium (LC027447-53;
LC027455; LC027457, LC027459, and LC128410). The phylogenetic studies along with
carbon source utilization profiles using the Biolog® indicated the presence of novel species
and the in planta studies revealed promising results under salinity stress. Whereas the nodule
endophytes had minute plant growth-promoting (PGP) activity, the cell free culture filtrates of
these strains enhanced seed germination of wheat (Triticum aestivum L). The maximum vigor
index was monitored in isolate Y7 (Enterobacter sp strain NIASMVII). Indole acetic acid
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Highlights Weed, Psoralea corylifolia L., growing in salinity-affected semi-arid regions, was explored for its
associated plant growth-promoting bacteria.
The isolates exhibited potent plant growth-promoting properties in vitro. Culture filtrates containing
metabolites significantly promoted seed germination in wheat under high salt environment.
This study has potential in exploitation of weed-associated microbes for development of salt stress resilient bio-
inoculant in crop plants
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(IAA) production by the isolates ranged between 0.22 and 25.58 μg mL−1. This signifies the
need of exploration of their individual metabolites for developing next-generation bio-inocu-
lants through co-inoculation with other compatible microbes. This study has potential in
utilization of the weed-associated microbiome in terms of alleviation of salinity stress in crop
plants.
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Introduction

Microorganisms, including fungi, bacteria, and archaea, are able to adapt to extremes of
external temperatures, salinity/osmolarity, and other edaphic stresses in the natural soil envi-
ronment. The adaptation of many wild plants and crop genotypes to highly saline conditions
has been ascribed to their close interaction with microbes associated with their roots. However,
these omnipresent and omnipotent microbes are less explored and under-utilized option for
alleviation of salinity stress [1]. In fact, plant growth-promoting rhizobacteria (PGPR) are an
attractive eco-friendly alternative to chemicals in agriculture and so far, the most attempts have
concentrated on their screening from the rhizosphere of crop plants. Halophytic weeds thriving
quite luxuriantly in relatively harsh environments with very limited nutrients play an important
role in maintaining ecological balance, but these have largely been ignored. Salt-loving plants
or halophytes of different habitats vary with respect to the composition of associated microbes.
Hence, understanding the plant-specific composition of the root microbiome of halophytes is
of utmost importance in order to explore the genetic and functional variation of microbes for
the improvement of salinity tolerance in crop plants. Considering all these aspects, it is evident
that the associated flora from wild plants and weeds may serve as a potent source for novel
plant growth-promoting microbial resources that could most likely be implemented for
alleviation of the majority of edaphic stresses in crop plants. In the present study, an extensive
survey was conducted to target and explore Psoralea corylifolia L., a luxuriantly growing
plant in the salt-affected soils of the Krishna river basin in the western part of Maharashtra,
India, to harvest its associated bacteria, which have the potential as bio-inoculants for other
agricultural crops. This plant has been mainly exploited for its multiple medicinal values, e.g.,
in treating skin diseases such as psoriasis, leprosy, leucoderma, etc. [2]; asthma; alopecia
aretae; and diarrhea [3], and its action against diverse allergic responses and anti-tumor and
anti-oxidant potential [4–6]. Biomolecules of medicinal importance include flavonoids, essen-
tial oil, alkaloids, coumarins, terpenoids, etc. However, the microbes associated with this plant
and their PGP potential are yet to be explored. Therefore, attempts were made to harvest its
associated microflora, which are beneficial for enhancing plant growth promotion under
salinity stress. These were further evaluated in planta using wheat—a major cereal crop.

Materials and Methods

Collection of Samples

The weed (P. corylifolia L.) was collected from salt-affected barren soils distributed across the
Krishna river basin from Sangli district (Maharashtra). Whole plants, along with the block of
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rhizosphere soil (covering the whole root system), were collected in pre-sterilized polyethylene
bags and immediately brought to the laboratory at ambient conditions.

Processing of Samples and Isolation of Bacteria

The electrical conductivity (EC1:2) and pH values of the rhizosphere soil of the collected
plants were measured using standard protocol [7]. The samples of the various parts of the
plant were processed and subjected to isolation of associated microflora. The inhabitants
of the plant parts—roots and root nodules—were isolated by treating the nodules and root
fragments in 0.1 % HgCl2 for 5 min, followed by several times washing with sterile Milli
Q water. The nodules and roots were then crushed in sterile saline (0.85 % NaCl) and
streaked immediately on the Congo-red yeast extract mannitol agar (CRYEMA) amended
with 5 % crude NaCl and pH 7.5 ± 0.2.The stem endophytes were also isolated in a similar
manner. The leaf epiphytic flora was isolated using routine leaf impression technique on
ammonium mineral salt (AMS) agar [8] and King’s B (KB) medium. The rhizoplanic
microflora was isolated using the method described earlier [9]. The rhizosphere-inhabiting
bacterial population was isolated by streaking the soil suspension on CRYEMAwith 5 %
salt and pH 8.2 ± 0.2.

Biochemical Characterization for PGP Traits and Salt Tolerance

The isolates were screened for salt tolerance ability using NaCl gradient ranging from 0
to 30 % by the steps of 1 %. The ability to fix atmospheric dinitrogen in vitro was
determined using malate [10, 11] and mannitol (Ashby’s nitrogen-free mannitol agar)
as carbon source. Siderophore production was determined on chrome azurol sulfonate
(CAS) agar [12]. Exopolysaccharide production (Tryptic soy agar) and phosphate
solubilization [13] abilities were tested at the respective salt concentrations (obtained
during the salt tolerance experiment), allowing luxurious growth of the individual
isolates.

Quantitative IAA production ability was determined by Salkowski’s method [14]. The
isolates were grown at 30± 2 °C in yeast extract mannitol (YEM) medium with 0.1 %
tryptophan under constant agitation at 150 rpm for 48 h. The cells were pelleted at
7000 rpm and 0.5 mL of the supernatant was mixed with 200 μL of orthophosphoric acid
followed by 2.0 mL of Salkowski’s reagent (2 % 0.5 M FeCl3 mixed with 35 % HClO4); the
tubes were kept in the dark for 30 min at room temperature and absorbance was recorded at
530 nm using UV–VIS 3000+ double beam spectrophotometer (LabIndia). The IAA (Fisher
Scientific, USA) served as standard.

PCR Analysis of 16S rRNA Gene and Molecular Identification

The isolates were grown on YEM agar plates at 30 ± 2 °C for 24 and 48 h for fast- and
slow-growing isolates, respectively. Well-isolated colonies were suspended in 1.5 mL of
TE buffer (10 mM Tris–HCl; 1 mM Na-EDTA) and washed till the removal of the mucous.
The genomic DNA of the purified isolates was isolated using an Ultra Clean DNA
isolation kit (MoBio) following the manufacturer’s instructions. The 16S rRNA gene
was PCR amplified using universal primers (Fwd 5′AGAGTTTGATCCTGGCTCAG3′
and Rev 5′ACGGCTACCTTGTTACGACTT3′). The 100-μL reaction mixture was
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composed of 100 ng of both primers, 75 ng of template DNA, 50 μL of 2× PCR master
mix (Thermo Scientific) (Taq DNA polymerase, 0.5 U/μL; MgCl2, 4 mM; dNTPs (dATP,
dCTP, dGTP, dTTP), 0.4 mM each) in the DNA Engine Tetrad2 thermal cycler (Biorad,
USA), programmed for 94 °C, 4 min; 29 cycles of 94 °C, 45 s; 55 °C, 60 s; 72 °C, 90 s;
and final extension at 72 °C, 10 min.

The resulting amplified product was electrophoresed on 1.2 % agarose gel. The PCR
products were purified by the MinElute gel extraction kit (Qiagen). The purified DNA
were sequenced using ABI 3130xlautomated genetic analyzer (Applied Biosystem,
UK).The sequences were compared with available database using the NCBI-BLAST
tool (http://www.blast.ncbi.nlm.nih.gov/Blast.cgi). The species level identification was
done considering the 16S rRNA gene sequence similarity with that of the type sequences
in the GenBank database. The sequences were aligned and compared using CLUSTAL
W; the phylogenetic tree was constructed using the neighbor-joining method in MEGA6.
0 [15]. The sequences were analyzed using NCBI database and submitted to DNA Data
Bank of Japan (DDBJ).

Biolog-Based Biochemical Evaluation

The isolates were further subjected to detailed biochemical evaluation using Gen III plates
and the inoculating fluid (IF) BA.^ The log cultures of the isolates in single-colony form
were suspended in the IF; the transmittance (97 %) was adjusted equivalent to that of a
standard (provided by Biolog), followed by inoculation in 100-μL quantities in each well.
The plates were incubated at 30 °C and read at every 12-h intervals till 48 h using
BiologMicrostation™.

In Vitro Seed Germination Experiment

The fast- and slow-growing isolates with promising PGP traits were raised in YEM broth
at 30 ± 2 °C for 24 and 48 h, respectively, with continuous shaking at 150 rpm. The cells
were pelleted at 7000 rpm for 10 min, and the resulting supernatant were filtered using a
0.22-μm syringe filter and 100 μL of each filtrate was mixed with 20 ml molten (50 °C)
water-agar (EC= 5.0dS/m) followed by immediate plating. These plates (n = 3) were used
for the germination experiment. Sterile Milli-Q water, and uninoculated yeast extract
mannitol broth served as the control.

The wheat seeds were surface sterilized by treatment with 5 % NaOCl solution [16],
followed by several times washing with sterile Milli-Q water. The seeds were placed in
the above plates and incubated in the dark till germination, followed by 12-h dark and
light cycles. The germination percentage and root and shoot lengths were recorded after
7 days. The similar experiment was performed using YEM broth amended with 0.1 %
tryptophan in order to detect the influence of the induced IAA on seed germination and
development.

Statistical Analysis

Seed germination and IAA production data were statistically analyzed using analysis of
variance (ANOVA) with subsequent Duncan’s multiple range test using SPSS (Windows
8.0). The differences at the 95 % confidence level were considered to be significant.
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Results and Discussion

P. corylifolia L. is a well-known medicinal, annual weed capable of growing in diverse soil
types across India [17]. It is principally distributed across the semi-arid area of northern India,
including Uttarakhand, Rajasthan, Uttar Pradesh. and Punjab [18]; moreover, in this study, we
have collected the same weed from the salinity-affected belt from the western regions of
Maharashtra (Table S1). Seventy-nine halotolerant isolates with plant growth-promoting traits
were obtained from the root, stem, leaf, and root surfaces and rhizosphere of P. corylifolia L.
(Fig. 1). The weed being capable to grow luxuriantly in saline soil was thought to harbor the
associated flora with the ability to tolerate elevated salt levels than the average. In order to
evaluate the most predominant regions for the PGP bacteria, the isolates were grouped
according to the origin of isolation (Fig. 1). The exclusive salt tolerance ability of the isolates
confirmed the expectation regarding the presence of organisms tolerating elevated levels of salt
(Fig. 1), where the reduced integer of culturable organisms with PGP traits in the rhizosphere
and rhizoplane regions may be attributed to the higher concentration of the salt present in soil,
which probably have restricted the proliferation of the salt-sensitive population. This fact was
confirmed during the salt tolerance experiment, where the relative proliferation of the endo-
phytic isolates seems restricted, in comparison with that of rhizosphere and rhizoplane at
elevated salt levels.

The isolates originating from different plant parts exhibited varying PGP activities in vitro
(Fig. 2). The siderophore and IAA production were the only traits that appeared among all the
isolates. The EPS production can be attributed to the high levels of salt in the adjacent
environment (Table S1), whereas the increased siderophore production among these isolates
could be due to the constant iron-starved conditions due to the elevated pH, which increases
the availability of insoluble ferric iron and vice versa [19, 20]. The induction or enhancement
of siderophore production among the soil bacteria at pH beyond 7 has been frequent [21, 22].
The nodule inhabitants also exhibited higher siderophoregenic activity (almost all nodule-
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inhabiting isolates were positive for siderophore production), indicating the presence of an
active iron-scavenging system to encounter the consistent iron deficiency; however, little count
of the isolates found positive for EPS production, particularly due to the decreased levels of
salt in the endophyte environment.

Based on colonial appearance and plant growth-promoting potential in terms of nitrogen
fixation, siderophore production, phosphate solubilization, and as well as other in vitro PGP
traits (Table S2), a total of 11 potent isolates were selected for detailed identification. The 16S
rRNA gene sequences were submitted to DDBJ, with accession numbers LC027447-53,
LC027455, LC027457, LC027459, and LC128410. Phylogenetic analysis (Fig. S1) of the
same revealed a diverse group of organisms belonging to the following genera: Bacillus,
Pantoea, Marinobacterium, Acinetobacter, Enterobacter, Pseudomonas, Rhizobium, and
Sinorhizobium. Based on the biochemical characteristics (Table S3) and the phylogenetic
positions, some of the isolates, viz, Marinobacterium sp., Pseudomonas sp., Rhizobium sp.,
and Sinorhizobium sp., highlighted the need for detailed identification. Surprisingly, none of
the isolates selected for further characterization was found capable to thrive at 1 % NaCl,
showing the need of higher salt concentration for optimum growth and metabolism. The
presence of nodulating rhizobacteria in P. corylifolia L, from non-saline soils have also been
demonstrated and classified earlier [18, 23]; this work, however, yielded significant
knowledge regarding the P. corylifolia-associated halotolerant bacterial population and
their PGP traits.

Plants secrete a variety of molecules predominantly comprising amino acids, vitamins,
various sugars, polyamines, etc. which serve as signaling medium for the rhizosphere-
inhabiting microbial community [24–26]. This comprises a complex phenomenon, including
an array of inter- and intra-cellular processes, where the molecular signaling has vital role;
unfortunately, the same is very susceptible to both biotic and abiotic factors [27]. The bacteria
are known to induce changes in root exudate composition, principally in that of small
molecules [28, 29] that are prerequisites for growth and development, typically for smooth
organization and functioning of inter- and intra-cellular processes in plants; the use of bacterial
consortia capable of overcoming the stress-susceptibility of plants therefore becomes crucial in
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such circumstances. The rhizosphere-microbial inhabitants secrete various phytohormones,
growth factors, and a wide range of organic volatiles that play an indispensable role in plant
growth and development [30].

The production of plant growth regulators is most common among the associated bacteria,
which are principally intended to alter the physiology of the host for the ultimate benefit of the
elaborator [31]. The IAA production ability of the rhizosphere isolates from this study was
found predominant (Fig. 1), showing that there might be enhancement of germination under
salt stress [32, 33] and help the plant sustain the stressful environment. The leaf-inhabiting
isolates in contrast exhibited the least amount of IAA production. The IAA production ability
of the microorganisms has been thought to be one of the most important criteria for screening
of PGP due to its marked impact on the establishment and growth of a plant, particularly
during seed germination and growth of the roots and the shoot [34, 35]. Moreover, in high
salinity environments, plant growth is arrested due to higher salt concentration [36]; the
physiological responses of the plants under salinity stress mainly include germination arrest,
obstruction of the growth at seedling stage, root–shoot lengths, etc.; and the severity may vary
depending upon the extent of salinity and the threshold tolerance of the plant. The germination
experiment in wheat using the isolates in the present study also yielded linear results with that
of the above (Fig. 3; Table S4), in which the impact of salinity is clearly evident in both the
controls (CB and CW), respectively. However, the culture extracts of the isolates Y2, Y6, Y7,
and Y10 showed a very significant enhancement in seed germination and seedling growth.

The isolates Y1, Y3, and Y5, though they exhibited good PGP ability in vitro, their reduced
performance in the in planta studies (Fig. 3; Fig. 4) were quite unforeseen. This phenomenon
can be attributed to the endophytic nature of these isolates, as all of them originated from root
nodules, indicating the need for detailed endophytic studies including nodulation experiments.
This also highlighted the requirement of the existence of complex interactions between the
host and the endophytic microbe for optimal performance by the microorganisms; however,
attempts towards the in vitro simulation of such environments could overcome the probable
difficulties regarding the use of microbial metabolic products including those of endophytic
microbes, instead of live cells for plant growth promotion in stress-prone environments.

The PGP abilities of the above isolates in particular need to be explored thoroughly;
however, the probability regarding the inability of the culture extracts of the above isolates
to induce the salinity stress tolerance in germinating seedlings also cannot be neglected, as the
mechanism may perform at its peak in an endophyte environment. The isolates Y4, Y12, and
Y14 were also from root nodules; however, they exhibited the PGP activity in planta,

Fig. 3 PGP activity of P. corylifolia-associated bacteria under salinity stress (EC = 5). CB (from left) represents
the control with uninoculated culture broth; CW was the control with sterile Milli-Q water. Isolates Y1, Y3, Y5,
and Y13 exhibited negligible enhancement effect on wheat germination, while that of the isolates Y2, Y6, Y7,
Y10 was substantial
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however, the results were quite fluctuating. It is therefore critical to evaluate the individual
metabolites of these isolates for their ability to induce salinity stress tolerance in wheat and
other crop plants. The isolates Y2 and Y10 dominated among all others in their PGP activity in
wheat under salinity stress. The IAA production abilities of both the isolates differed notice-
ably; however, the culture extracts of both the isolates differed negligibly in the shoot/root ratio
and root length in wheat, indicating the participation of multiple factors in stress alleviation
that nevertheless require critical evaluation at the molecular level.

Auxins including IAA have been shown to play important roles in the regulation of growth
and development of roots, leaves, and embryo [37, 38]. The IAA, though not an important
hormone involved in seed germination, has role in the development of the seedlings [39].
Moreover the exogenous IAA has been shown to affect the process of germination and
establishment by interacting with abscisic acid, gibberellins, and ethylene-mediated pathways
[40, 41]. The tryptophan containing culture medium induced IAA production among the
isolates; its impact on germination and growth parameters was studied in a separate experi-
ment, in which similar results were obtained with the isolates except Y3, Y4, and Y6 (Fig. 5).
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Dramatic decrease in germination percentage was observed among the treatments, except for
Y3, Y4, and Y6 where a slight increase in the germination percentage was noted. The most
prominent downfall in germination percentage was recorded in the case of isolate Y8, the most
potent IAA producer.

Similarly, impact on root length was also recorded, as IAA is one of the principal
components influencing the root growth. Increase in root length was noted in the case of
isolates Y1, Y5, Y6, Y12, and Y14; however, the extent of increase with reference to control
appeared weaker (Fig. 6).

Conversely, the seeds treated with the culture filtrate without tryptophan exhibited higher
extent of root growth with reference to the control. Statistical analysis of the data revealed that
isolates Y1 and Y14 belonged to the control group having sterile media containing tryptophan;
however, there was a completely different pattern in the case of the treatment without
tryptophan. The Y7 and Y8 isolates also showed a marked fall in root length in the presence
of induced IAA.

Conclusion

The halotolerant bacteria accompanying the weed P. corylifolia L. promoted the growth
of wheat under saline conditions. The impacts of isolates were independent of IAA.
Some of the isolates have exceptional ability to produce IAA, indicating thereby their
potential for large-scale usage. However, further studies are thus required on the
application of bacterial cells for wheat seed germination, which will lead to the product
development.
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