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Abstract
The present study was aimed to isolate indigenous plant growth-promoting bacteria (PGPB) from Nanmangalam reserve 
forest, India and to analyze their positive impact on nursery plant species. In total, 160 isolates were obtained from different 
nitrogen-free Media (LGI, JMV, NFB). Amongst these, 12 isolates were shown positive for 5–8% of ammonia production nif 
H positive and then isolates were further tested for their plant growth-promoting (PGP) activity. Based on their PGP activity, 
nine isolates were selected, and applied in nurseries of twelve native plant species, along with organic manure and inorganic 
fertilizer. All the isolates were shown positive effects when compared to control. In that, five of these bacterial isolates, 
Paenibacillus sp. RRB2, Azospirillum brasilense RRAK5, Bacillus subtilis subsp. subtilis RRD8, Burholdria kururiensis 
RRAK1, and Pseudomonas stutzeri RRAN2, enhanced biomass production in several trees.

Keywords  Indigenous PGPB · Native plants · Biomass · Nutrient content

Introduction

Worldwide, forest degradation is a major environmental 
problem that leads to poor soil health (Wang et al. 2004). 
Soil degradation is a process that negatively affects the char-
acteristics of a forest. For instance, soil degradation reduces 
the value of the goods and services provided by forests. The 
frequency, quality, extent, origin, and severity of soil deg-
radation are highly variable. It can be caused by various 
natural and/or anthropogenic disturbances. It is important to 
enhance the carbon sequestration in the degraded forests of 
tropical countries (FAO 2009). The reversal of forest degra-
dation through restoration increases carbon stocks. However, 
it is difficult to achieve natural regeneration and reforestation 
in tropical degraded forests because the soils have already 
lost their nutrient content (Lund 2009). This issue adversely 
affects plant growth and regeneration through the recruit-
ment of seedlings (Ramachandran et al. 2007).

Compared to the agricultural sector, negligible quantities of 
chemical fertilizers are used in forests and forest nursery pro-
duction. However, the use of this practice contributes to severe 
environmental damage in degraded forests (Putz and Redford 
2009). The use of such additives to enhance soil nutrient levels 
and crop yield also pollutes the forest soil, placing the complex 
system of biogeochemical cycles under pressure (Radhapriya 
et al. 2015; Adesemoye and Kloepper 2009). Environmental 
degradation occurs when the leachate of added nutrients, such 
as nitrogen and phosphorus, mixes with runoff. Previous studies 
have shown that the microbial communities are also minimal in 
degraded forest soils (Radhapriya et al. 2014). From now, there 
is ever increasing attention in developing ecologically sustain-
able plant growth-promoting bacteria (PGPB), which increase 
the growth of forest seedlings and crops in an eco-friendly way. 
Different researchers have clearly explained the PGPB effect on 
the various crops positive yield and production.

Very limited studies were reported in enhanced growth and 
biomass of forest seedlings and plants using beneficial micro-
organisms and PGPB. Pajares and Bohannan (2016) explained 
about the nitrogen-fixing bacteria in tropical forest. Bashan 
et al. (2012) and Moreno et al. (2017) scientifically proved that 
the PGPB and native plant species enhanced plant growth and 
soil stability in degraded forest and desert soil. Bashan et al. 
(2012) and Liu et al. (2013) reported that these bacteria accel-
erated the development of plant shoots and roots, increased the 
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number of branches, nutrients and improved the survival rate 
in different forest seedlings of Prosopis articulata, Parkinsonia 
microphylla, and Parkinsonia florida and Fraxinus americana, 
respectively. To the best of our knowledge, using indigenous 
plant growth-promoting bacteria to enhance biomass potential 
has not been attempted in Indian forests. In this manuscript, 
we describe the isolation of such bacteria from Nanmangalam 
Reserve Forest, and characterize their impact on growth, bio-
mass, and nutrient content of native plant species.

Materials and methods

Study area and its present status

The study area NRF, located in the southern part of Chennai 
and spreads in an area of 321 ha (12°55′5″N to 12°56′13″N 

and 80°9′46″E to 80°10′57″E) of south west of Chennai 
adjoining the coastal track of Bay of Bengal, is a fragmented 
hill of Eastern Ghats of Tamil Nadu (Fig. 1).

In India, most forests in Eastern Ghats were placed under 
heavy, long-term need-based management and silvicultural 
practices, and are now scrub jungles with scattered tree 
growth, poor soil strata, and significantly altered species 
composition (Jayakumar et al. 2009). The present study 
area, Nanmangalam Reserve Forest (NRF), is in a similar 
state (Radhapriya et al. 2014). Different reforestation pro-
grammes in this forest, including planting of indigenous and 
exotic tree species, have been futile, and have transformed 
its original floristic composition to a succession of primary, 
secondary, and tertiary species (Palani 2004; Annamalai 
1987; Tangam1959). Thus, proper afforestation techniques 
are urgently needed.

Fig. 1   Study Area Nanmangalam Reserve Forest (NRF), Tamil Nadu, India
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Isolation of soil bacteria

A systematic sampling method was followed, dividing the 
total study area location into 40 grid points with a grid space 
of 0.25 km2. A total of 40 triplicate soil samples were col-
lected at 0–10 cm. However, to facilitate the process, sam-
ples were pooled into ten groups, each consisting of four 
samples thoroughly mixed and homogenized in field. Sam-
ples were then placed in sterile bags, immediately trans-
ported to the laboratory, and stored 4 °C until processed 
and analyzed.

To isolate and enrich plant growth-promoting bacteria, 
each pool was serially diluted and inoculated into three 
separate vials containing 5 mL LGI (Loitsyanskya, Gv and 
Ivchenko), JMV (Johanna Mannitol Vera), and NFB (New 
Fábio Pedrosa) nitrogen-free semisolid media at triplicates. 
Sucrose was used as carbon source in LGI media, and the 
pH was maintained at 6.0-6.2. Mannitol and malic acid were 
used as carbon source in JMV and NFB media, which had 
pH 6.0–6.2 and 6.0–6.5, respectively. Vials were incubated 
at 30 °C for 5 days. Formation of white subsurface pellicles 
and color change from yellowish green to blue indicated 
growth of diazotrophs (Jha et al. 2009). To confirm results, 
inocula growing in cultures of the highest dilutions of soil 
samples were transferred to fresh media. Confirmed isolates 
were then plated on nitrogen-free solid media to obtain sin-
gle colonies, which were finally inoculated in 50% glycerol, 
and stored at − 80 °C for further analysis.

Ammonia production was estimated in all isolates 
according to Cappuccino and Sherman (1992). Isolates 
with the highest levels of ammonia were analyzed by the 
micro-Kjeldahl method for nitrogen accumulation (Berg-
ersen and Turner 1980), and by Polymerized Chain Reac-
tion (PCR) for copies of the nifH gene, using the primers 
5ʹ-GCIWTY​TAY​GGIAARGGIGG-3ʹ and 5ʹ-AAICCR​CCR​
CAIACIACRTC-3ʹ (Ueda et al. 1995). Organisms with nifH 
were tested for several traits of plant growth-promoting 
bacteria. Published methods were used to measure or dem-
onstrate indole acetic acid production (Gordon and Weber 
1951), hydrocyanic acid production (Kremer and Souissi 
2001), phosphate solubilization (Gaur 1990), zinc and 
silicate solubilization (Bunt and Rovira 1955), siderophore 
production (Schwyn and Neilands 1987), ACC deaminase 
activity (Penrose and Glick 2003), total protein (Bradford 
1976), salicylic acid (Meyer and Abdallah 1978), and acety-
lene reduction (Hardy 1968).

Molecular identification

DNA was extracted according to Sambrook et al. (1989) 
from bacterial isolates growing in nitrogen-free media. 
16S rDNA was amplified by PCR using the forward primer 
5′-AGA​GTT​TGA​TCC​TGG​CTC​AG-3′and reverse primer 

5′-GGT​TAC​CTT​GTT​ACG​ACT​T-3′ and directly sequenced 
using the fluorescent dye terminator method (ABI Prism™ 
BigDye™ Terminator Cycle Sequencing-Ready Reac-
tion Kit v.3.1). Sequencing products were purified with a 
Millipore Montage Dye Removal Kit and separated on an 
ABI3730XL capillary DNA sequencer. Sequences used 
to identify the isolate or its closest relative through the 
EzTaxon-e server (Kim et al. 2012). Isolates had 97–99% 
similarity to 16S rDNA sequences deposited in the NCBI 
database.

Bacterial inoculum and fertilizer

Isolates were grown in nitrogen-free media at 37 °C for 96 h, 
and harvested by centrifugation at 5000×g for 10 min at 
4 °C. Cells were washed twice and resuspended in 0.1 M 
phosphate buffer to a density of 106 CFU mL−1.

Plants

Albizia lebbeck (L) Benth, Azadirachta indica Adr.Juss., 
Gmelina arborea Roxb, Madhuca longifolia (J.Koenig) 
Macbr, Pongamia pinnata (L.) Pierre, Pterocarpus san-
talinus L.f., Syzygium cummini (L.), Tamarindus indica L, 
Terminalia arjuna (DC.) Wight & Arn., Terminalia bellirica 
(Gaertner) Roxb., Thespesia populnea Sol. ex Correa, and 
Wrightia tinctoria (Roxb.)R.Br. were used in nursery stud-
ies. These are the predominant tree species in Nanmangalam 
Reserve Forest (NRF).

Nursery studies

Five mother beds 12.5 × 1.2 m each were prepared by digging 
and hoeing. For each treatment, 100 seeds (Nanmangalam 
Nursery, Tamil Nadu Forest Department, Chennai, India) 
were surface-sterilized with 0.1% HgCl2 for 2 min, rinsed six 
times with sterile distilled water, and sown in the mother bed. 
After 30 days, seedlings were transferred from the mother 
bed to 30 × 45 cm polyethylene bags containing 10 kg of 
NRF soil supplemented with farmyard manure, 4 mg N, 2 mg 
P, 2 mg K, and Bacillus sp. RRN12, Pseudomonas geniculata 
RRC11, Burholdria kururiensis RRAK1, Bacillus subtilis 
RRO7, Bacillus subtilis subsp. subtilis RRD8, Bacillus sub-
tilis RRAR1, Azospirillum brasilense RRAK5, Paenibacillus 
sp. RRB2, and Pseudomonas stutzeri RRAN2. The forest soil 
had clayey texture, 1.02 bulk density, pH 6.8, 1.10% organic 
carbon, 0.19% nitrogen, 1.66 mg kg−1 available phosphorus, 
1.51 cmol kg−1 available potassium; 7.6 mg kg−1 calcium, 
3.92 mg kg−1 magnesium, 0.31 mg kg−1 iron, 0.28 mg kg−1 
manganese, 0.28 mg kg−1 copper, and 0.16 mg kg−1 zinc. The 
experiment was conducted using a completely randomized 
block design with three replicates per treatment, each rep-
licate consisting of 30 healthy seedlings. Forest department 
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already using technique was used as control. For control treat-
ments, 10 kg commercial biofertilizer (National Fertilizer 
Ltd., Noida, India) was mixed with 50 kg sand and applied 
over 1 acre of land. This biofertilizer contains 105 CFU each 
of non-native Azospirillum, Azotobacter, and Rhizobium per 
gram of dry lignite powder. Inorganic fertilizer (1.5 g) at 
2:1:1 N:P:K ratio was added per cubic meter of soil.

Plant analysis

Plants were grown for 180 days. Plant height was meas-
ured once in each month. On the final day, polyethylene 
bags were flooded with water to loosen soil, after which 
seedlings were uprooted without injury. Roots, stems, 
and leaves were then separately harvested, and washed 
thoroughly with distilled water to remove soil and other 
debris. Samples were then placed in paper bags, kept 
at 70 °C until a constant weight was achieved, crushed, 
and passed through a 250 μm mesh sieve. N content was 
quantified using a CHNS-O elemental analyzer (Vario EL 
cube, Germany), following Wang and Anderson (1998). 
Total P was determined by the ascorbic acid method (Lu 
1999), while K content was quantified spectrophotometri-
cally using a Perkin Elmer Lambda 25 UV/Vis spectro-
photometer, as described in Johnson and Ulrich (1959).

Statistical analysis

Significance was considered at the 95% of confidence was 
biomass and 95% confidence for growth parameter. Linear 

regression model in SPSS software version IBM.20.1 was 
used to analyze time courses of plant height.

Results

Isolation of soil bacteria

In total, 160 diazotrophs were obtained, of which 56, 57, and 
47 were isolated on LGI, JMV, and NFB semisolid nitrogen-
free media, respectively. Of these isolates, 12 produced 5–8% 
ammonia, the highest levels observed. Among these, 12 har-
bored copies of the nifH gene, and these isolates were assayed 
for traits of plant growth-promoting bacteria (Table 1). The 
isolates accumulated nitrogen, and produced indole acetic 
acid. Isolates solubilized P, Si, and Zn, viz., 12, 4 and 4, 
isolates, respectively. Eight isolates were positive for ACC 
deaminase activity. Isolates RRAK1, RRAK5, and RRAN2 
showed the highest plant growth-promoting traits, followed by 
RRALC3, RRN12, and RRB2 (Table 1). Subsequently, nine 
isolates were selected for nursery tests based on these traits.

Sequencing of the 16S rDNA revealed that the 12 iso-
lates are α-, β-, γ-Proteobacteria, Flavobacteria, Bacilli, and 
Firmicutes (Table 2). The strains RRO7, RRAR1, RRB2, 
RRACL3, RRAN2 and RRAJ2 had 99% sequence similari-
ties to Bacillus subtilis, Paenibacillus sp., Pseudomonas 
aeruginosa, Pseudomonas stutzeri, and Lysinibacillus 
xylanilyticus. The remaining strains showed 97–99.67% 
similarities to Bacillus sp., Bacillus subtilis subsp. subtilis, 
Pseudomonas geniculata, Enterobacter asburiae, Burhol-
dria kururiensis, and Azospirillum brasilense.

Table 1   Traits of plant growth-promoting bacteria in soil isolates from Nanmangalam Reserve Forest

IAA indole acetic acid, HCN hydrocyanic acid, ACC​ 1-aminocyclopropane-1-carboxylic acid, ARA​ acetylene reduction assay

No. Strain name Ammonia (ppm) Total N (ppm) NifH IAA (µg mL−1) ACC​ Salicylic 
acid (µg 
mL−1)

ARA 
(nmol 
C2H4
mg 
protein−1 
min−1)

Siderophore HCN Solubili-
zation

P Si Zn

1 RRN12 536.48 156.2 + 9.4 + 5.1 0.34 + − + − −
2 RRB2 453.12 189.42 + 4.5 + 4.23 0.41 + − + − −
3 RRD8 412.23 78.23 + 8.6 − 3.1 0.56 − − + − +
4 RRC11 401.12 78.4 + 5.4 + 3.1 0.22 − − + − −
5 RRR10 561.12 60.2 + 9.4 + 7.2 0.67 + − + − −
6 RRAK1 593.1 136.4 + 9.8 + 6.8 0.79 + − + + +
7 RR07 446.1 67.56 + 3.2 − 3.41 0.97 − − + − −
8 RRALC3 601.34 158.2 + 8.4 + 7.23 0.78 + − + + −
9 RRAJ2 484.22 68.6 + 5.6 − 0.7 0.59 + − + − −
10 RRAK5 439.7 143.23 + 8.9 + 10.1 0.83 + − + + +
11 RRAR1 456.16 156.2 + 8.5 + 1.2 0.61 + − + − −
12 RRAN2 425.19 253.2 + 8.2 − 6 0.23 + − + + +
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Nursery studies

Seedlings of 12 trees, native to Nanmangalam Reserve For-
est, were grown for 6 months in soil supplemented with 
bacterial isolates. These plant growth-promoting bacteria 
generally enhanced biomass production in all tree species 
(Table 3). In particular, Paenibacillus sp. RRB2, Azospiril-
lum brasilense RRAK5, Bacillus subtilis subsp. subtilis 
RRD8, Burholdria kururiensis RRAK1, and Pseudomonas 
stutzeri RRAN2 significantly enhanced the biomass in sev-
eral plant species. In contrast, Bacillus subtilis RRAR1, 
Bacillus subtilis RRO7, Pseudomonas geniculata, and Bacil-
lus sp. RRN12 did not significantly stimulate plant growth.

Seedlings treated with Paenibacillus sp. RRB2, A. brasi-
lense RRAK5 and B. subtilis subsp. subtilis RRD8 showed 
significant nodal elongation, due to which seedlings were 
visibly taller than others. Regression analysis of plant height 
as a function of time indicated generally positive correla-
tion, although the linearity and statistical significance varied 
among isolates, even within the same plant species (Table 4). 
Finally, analysis of plant N, P, and K content indicated that 
plant growth-promoting bacteria were key determinants of 
plant growth (Fig. 2).

Discussion

Forest ecosystems are very sensitive to external pressures 
such as clear felling, grazing, and fire. Nanmangalam 
Reserve Forest has been exposed to such pressures, and has 
degraded over 150 years (Jayakumar et al. 2009). Currently, 
trees in this forest exhibit stunted growth, with a maximum 
height of 2 m for several years running, crown cover < 30%, 
very low biomass, sporadic tree populations, and negligi-
ble regeneration (Radhapriya et al. 2014). The soil appears 
completely eroded and devoid of significant topsoil, with 

the parent rock mostly exposed. Indeed, the soil is deficient 
in total nitrogen, organic carbon, available potassium, cal-
cium, magnesium, iron, and zinc (Radhapriya et al. 2014). 
The absence or minimal of natural regeneration and repeated 
failure of replanting or reseeding suggest that the top soil has 
lost beneficial plant-associated microorganisms, and con-
sequently, its ability to support tree growth (Drezner et al. 
2006; Bashan et al. 2012).

Reforestation work based on conventional techniques 
without application of beneficial microorganisms has been 
marginally successful. To the best of our knowledge, the 
application of native plant growth-promoting bacteria to 
enhance the biomass of forest seedlings has not yet been 
attempted in Indian forests. Therefore, we isolated such 
bacteria from Nanmangalam Reserve Forest soil, and char-
acterized their impact on the growth, nutrient, and biomass 
content of 12 tree species indigenous to the forest.

All diazotrophs isolates produced ammonia when grown 
on a complex nitrogen source. In the process, these isolates 
could accumulate and supply nitrogen to host plants, and 
thereby enhance root proliferation, shoot elongation, and 
biomass, as observed by Marques et al. (2010) in Zea mays. 
In addition, the isolates produced enormous quantities of 
indole acetic acid, which directly stimulates biomass pro-
duction above and below ground. In particular, indole ace-
tic acid accelerates the development of lateral roots, and 
increases nutrient absorption through root hairs (Hussain 
and Hasnain 2011).

Notably, studies demonstrate that commercially available 
plant growth-promoting bacteria have limited capacity to 
rehabilitate degraded soil, in contrast to indigenous bac-
teria well adapted to the local environment (Bashan et al. 
2009; García. 2004; Radhapriya et al. 2015). Furthermore, 
introduction of a non-indigenous microbe may impact the 
indigenous rhizosphere population (Whipps 2001). Indeed, 
Bashan et al. (2012) demonstrated revegetation in desert 

Table 2   Identification of 
isolates by 16S rRNA sequence

Strain no. Gene accession 
number

Length (bp) Microorganism % Similarity

1 KF952291 1388 Bacillus sp. RRN12 97
2 KF952292 1629 Paenibacillus sp. RRB2 99
3 KF952294 797 Bacillus subtilis subsp. subtilis RRD8 99.37
4 KJ137013 1408 Pseudomonas geniculata RRC11 99.67
5 KJ137014 786 Enterobacter asburiae RRR10 99.49
6 KJ137015 1459 Burholdria kururiensis RRAK1 99.49
7 KF952293 850 Bacillus subtilis RR07 99
8 KF481965 997 Pseudomonas aeruginosa RRACL3 99
9 KJ911229 1222 Azospirillum brasilense RRAK5 99
10 KJ491071 997 Pseudomonas stutzeri RRAN2 98.93
11 KJ491072 720 Lysinibacillus xylanilyticus RRAJ2 99
12 KJ911230 1302 Bacillus subtilis RRAR1 99
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soil using native trees indigenous plant growth-promoting 
bacteria, arbuscular mycorrhizal fungi, and limited supple-
mentation with compost and water. Their results indicate 

that native plant growth-promoting bacteria enhanced plant 
survival and growth in desert soil. Similarly, we found native 
plant growth-promoting bacteria to increase N, P, and K 

Table 4   Linear regression models of seedling height as a function of time

Ns not significant (p > 0.05)

Treatment Regression model r2 p Regression model r2 P Regression model r2 P

A. lebbeck P. pinnata T. arjuna
Bacillus sp. RRN12 y = 35.23 + 0.35x 0.75 0.026 y = 38.43 + 0.53x 0.95 0.001 y = 31.30 + 0.34x 0.75 0.05
P. geniculata RRC11 y = 29.68 + 0.14x 0.65 0.021 y = 25.68 + 0.54x 0.95 0.001 y = 27.32 + 0.43x 0.70 0.021
B. kururiensis RRAK1 y = 34.50 + 0.44x 0.95 0.0013 y = 16.20 + 0.11x 0.90 0.02 y = 22.20 + 0.09x 0.92 0.001
B. subtilis RR07 y = 43.13 + 0.39x 0.86 0.024 y = 14.21 + 0.38x 0.90 0.002 y = 36.45 + 0.22x 0.60 Ns
B. subtilis subsp. RRD8 y = 34.11 + 0.14x 0.64 0.016 y = 48.05 + 0.30x 0.80 0.001 y = 44.26 + 0.35x 0.72 0.05
B. subtilis RRAR1 y = 28.69 + 0.16x 0.48 Ns y = 25.45 + 0.26x 0.75 0.05 y = 24.14 + 0.13x 0.75 0.05
A. brasilense RRAK5 y = 43.58 + 0.35x 0.54 Ns y = 32.41 + 0.22x 0.74 0.04 y = 23.17 + 0.05x 0.95 0.001
Paenibacillus sp. RRB2 y = 54.35 + 0.16x 0.61 Ns y = 45.11 + 0.56x 0.68 0.05 y = 32.20 + 0.50x 0.95 0.001
P. stutzeri RRAN2 y = 37.85 + 0.23x 0.67 0.05 y = 39.45 + 0.31x 0.51 Ns y = 31.34 + 0.41x 0.62 Ns
Control y = 42.43 − 0.09x 0.75 0.02 y = 21.15 + 0.12x 0.68 0.02 y = 27.55 + 0.51x 0.65 0.02

A. indica P. santalinus T. bellirica
Bacillus sp. RRN12 y = 24.23 + 0.13x 0.61 Ns y = 42.20 + 0.47x 0.65 Ns y = 28.40 + 0.11x 0.65 0.05
P. geniculata RRC11 y = 15.68 + 0.24x 0.57 Ns y = 27.45 + 0.56x 0.89 0.001 y = 19.31 + 0.33x 0.68 0.05
B. kururiensis RRAK1 y = 28.20 + 0.31x 0.76 0.01 y = 38.41 + 0.22x 0.90 0.001 y = 31.21 + 0.34x 0.95 0.002
B. subtilis RR07 y = 33.21 + 0.18x 0.81 0.03 y = 51.30 + 0.17x 0.60 Ns y = 43.02 + 0.26x 0.75 0.05
B. subtilis subsp. RRD8 y = 52.15 + 0.21x 0.70 0.021 y = 45.46 + 0.67x 0.58 Ns y = 48.43 + 0.02x 0.60 Ns
B. subtilis RRAR1 y = 19.09 + 0.36x 0.90 0.001 y = 31.42 + 0.34x 0.60 Ns y = 32.24 + 0.44x 0.92 0.001
A. brasilense RRAK5 y = 43.58 + 0.35x 0.70 0.05 y = 29.10 + 0.13x 0.80 0.02 y = 38.58 + 0.25x 0.95 0.001
Paenibacillus sp. RRB2 y = 45.35 + 0.56x 0.95 0.002 y = 37.58 + 0.14x 0.67 0.05 y = 55.15 + 0.26x 0.75 0.05
P. stutzeri RRAN2 y = 39.56 + 0.61x 0.90 0.001 y = 27.34 + 0.17x 0.55 Ns y = 41.26 + 0.31x 0.70 0.05
Control y = 37.85 + 0.83x 0.80 0.023 y = 32.33 − 0.14x 0.60 Ns y = 27.25 + 0.33x 0.70 0.05

G. arborea S. cummini T. populnea
Bacillus sp. RRN12 y = 16.23 + 0.21x 0.60 Ns y = 36.14 + 0.12x 0.78 0.03 y = 27.51 + 0.30x 0.80 0.020
P. geniculata RRC11 y = 22.31 + 0.11x 0.58 Ns y = 24.11 + 0.17x 0.75 0.05 y = 15.68 + 0.24x 0.75 0.04
B. kururiensis RRAK1 y = 21.14 + 0.17x 0.76 0.011 y = 23.17 + 0.56x 0.90 0.001 y = 25.20 + 0.31x 0.85 0.001
B. subtilis RR07 y = 23.61 + 0.38x 0.58 Ns y = 43.19 + 0.45x 0.96 0.001 y = 30.11 + 0.18x 0.70 0.04
B. subtilis subsp. RRD8 y = 47.35 + 0.21x 0.55 Ns y = 28.22 + 0.34x 0.70 0.05 y = 62.45 + 0.21x 0.90 0.001
B. subtilis RRAR1 y = 31.09 + 0.41x 0.74 0.01 y = 41.09 + 0.21x 0.60 Ns y = 39.49 + 0.36x 0.50 Ns
A. brasilense RRAK5 y = 61.11 + 0.77x 0.95 0.001 y = 21.34 + 0.26x 0.59 Ns y = 43.51 + 0.25x 0.45 Ns
Paenibacillus sp. RRB2 y = 32.45 + 0.61x 0.93 0.001 y = 25.23 + 0.34x 0.58 Ns y = 36.32 + 0.36x 0.54 Ns
P. stutzeri RRAN2 y = 39.56 + 0.61x 0.90 0.001 y = 20.15 + 0.57x 0.90 0.001 y = 33.43 + 0.43x 0.60 Ns
Control y = 39.56 + 0.61x 0.54 Ns y = 29.16 − 0.14x 0.60 0.02 y = 27.45 + 0.53x 0.55 Ns

M. latifolia T. indica W. tinctoria
Bacillus sp. RRN12 y = 64.56 + 3.39x 0.82 0.013 y = 19.11 + 0.55x 0.95 0.001 y = 36.14 + 0.05x 0.75 0.05
P. geniculata RRC11 y = 51.19 + 1.54x 0.86 0.008 y = 44.11 + 0.14x 0.58 Ns y = 25.18 + 0.31x 0.80 0.002
B. kururiensis RRAK1 y = 42.13 + 1.2x 0.55 Ns y = 47.31 + 0.29x 0.60 Ns y = 33.15 + 0.11x 0.97 0.001
B. subtilis RR07 y = 45.90 + 2.37x 0.63 Ns y = 25.46 + 0.19x 0.55 Ns y = 23.11 + 0.13x 0.70 0.05
B. subtilis subsp. RRD8 y = 68.38 + 3.07x 0.77 0.05 y = 26.01 + 0.10x 0.58 Ns y = 45.35 + 0.12x 0.95 0.001
B. subtilis RRAR1 y = 41.45 + 1.56x 0.47 Ns y = 28.15 + 0.31x 0.80 0.001 y = 17.25 + 0.37x 0.92 0.001
A. brasilense RRAK5 y = 53.13 + 5.2x 0.95 0.001 y = 49.21 + 0.29x 0.75 0.02 y = 36.44 + 0.26x 0.60 Ns
Paenibacillus sp. RRB2 y = 45.09 + 2.37x 0.83 0.001 y = 25.41 + 0.65x 0.90 0.001 y = 41.22 + 0.15x 0.68 0.05
P. stutzeri RRAN2 y = 68.38 + 3.07x 0.77 0.021 y = 51.32 + 0.46x 0.95 0.001 y = 35.15 + 0.14x 0.75 0.05
Control y = 45.23 + 2.52x 0.80 0.001 y = 28.33 − 0.15x 0.67 0.05 y = 29.33 + 0.51x 0.60 Ns
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content in indigenous trees. Presumably, this is due to the 
production of organic acids by the plants and the bacteria in 
the rhizosphere, a process that acidifies the soil and mobi-
lizes micronutrients, as demonstrated in several studies (Liu 
et al. 2013; Sundra et al. 2002; Shen et al. 2004). However, 
only five strains enhanced biomass production, even though 
almost all strains had characteristics that could stimulate 
plant growth. This result suggests specific, productive inter-
actions between plants and microbes, as has been noted in 

agricultural experiments (Raaijmakers et al. 2009; Bergsma-
Vlami et al. 2005; Wieland et al. 2001).

In conclusion, nine indigenous PGPB were isolated 
from NRF based on their plant growth-promoting activity. 
Then these isolates were given for treatment to 12 native 
tree species. In that, five bacterial isolates were given posi-
tive significant results in most of the tree species. Degraded 
soil treated with native plant growth-promoting bacte-
ria and inorganic fertilizer enhanced the growth, biomass 

Fig. 2   Nitrogen, phosphorous, 
and potassium content in seed-
lings after 180 days of growth
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production, and nutrient content of tree species native to the 
soil. Hence, this study emphasizes the potential of niche-
specific microorganisms and native plant species to acceler-
ate the rehabilitation of degraded forests.
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