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Abstract

Mineral nutrition of crop plants is one of the major challenges faced by modern agriculture, particularly in arid and semi-arid
regions. In alkaline calcareous soils, the availability of phosphorus and zinc is critically less due to their fixation and precipitation
as complexes. Farmers use fertilizers to fulfill crop requirements, but their efficacy is less, which increases production costs. Plant
growth-promoting rhizobacteria (PGPR) can improve the availability of crop nutrients through solubilizing the insoluble com-
pounds of phosphorus and zinc in soil. In the present study, a total of 40 rhizobacterial isolates were isolated from cotton
rhizosphere and screened for improving cotton growth through the solubilization of phosphorus and zinc. Out of these 40 isolates,
seven isolates (IA2, IA3, 1A6, 1A7, 1A8, 1A13, and [A14) efficiently solubilized insoluble rock phosphate while seven isolates
(IA10, IA16,1A20, IA23, 1A24, A28, and IA30) were more efficient in solubilizing insoluble zinc oxide. In liquid media, strain
IA7 (2.75 pg/mL) solubilized the highest amount of phosphate while the highest concentration of soluble zinc was observed in
the broth inoculated with strain IA20 (3.94 pg/mL). Seven phosphate-solubilizing and seven zinc-solubilizing strains were
evaluated using jar trial to improve the growth of cotton seedlings, and the results were quite promising. All the inoculated
treatments showed improvement in growth parameters in comparison with control. Best results were shown by the combined
application of A6 and IA 16, followed by the combination of strains IA7 and 1A20. Based on the jar trial, the selected isolates
were further characterized by plant growth-promoting characters such as siderophores production, HCN production, ammonia
production, and exopolysaccharides production. These strains were identified through 16S rRNA sequencing as Bacillus subtilis
IA6 (accession # MNO005922), Paenibacillus polymyxa 1A7 (accession # MN005923), Bacillus sp. IA16 (accession #
MNO005924), and Bacillus aryabhattai IA20 (accession # MN005925). It is hence concluded that the integrated use of
phosphate-solubilizing and zinc-solubilizing strains as potential inoculants can be a promising approach for improving cotton
growth under semi-arid conditions.

Introduction

Agricultural productivity in the modern era depends heavily
on agrochemicals. These are considered to be an integral part
of our agricultural systems, but due to climate change, the
adoption of diverse biological applications is emerging as a
popular strategy to reduce the use of chemical fertilizers. One
of the most reliable methods to minimize the use of chemical
fertilizers is the introduction of plant growth-promoting
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rhizobacteria (PGPR) as biofertilizers. These microorganisms
live in the rhizosphere, proliferating and competing with other
organisms for food (Kloepper and Okon 1994). The PGPR are
associated with plant roots and improve crop production
through different mechanisms which include direct and indi-
rect influences. These bacteria improve soil fertility as well as
nutrient availability and their uptake by crop plants (Saharan
and Nehra 2011; Nehra and Choudhary 2015).

PGPR enhance plant growth in different ways (Gouda et al.
2018). They provide nutrients through nitrogen fixation in soil
(Islam et al. 2013); control the plant hormone system through
the production of phytohormones (Maheshwari et al. 2015),
siderophores, enzymes, and organic acids (Ahemad and
Kibret 2014; Mumtaz et al. 2019); and improve nutrient avail-
ability through the solubilization of insoluble nutrients
(Mumtaz et al. 2017; Ahmad et al. 2018). Besides their direct
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influence on plants, they also enhance plant growth indirectly
by acting as biocontrol agents, producing antibiotics and iron-
chelating compounds, inducing resistance against pathogens,
and synthesizing extracellular enzymes (Beneduzi et al. 2012;
Ramadan et al. 2016). These bacteria can also combat stresses
and provide a favorable environment for the better develop-
ment of plants (Nadeem et al. 2014).

Zinc, a micronutrient, is only required in small concentra-
tions but is important for the healthy growth and reproduction
of plants. Zinc is essential for photosynthesis, where its main
role is in carbonic anhydrase activity, chlorophyll biosynthesis,
membrane functioning, hormone synthesis, gene expression,
provision of resistance against stresses and pathogens, and im-
provement of crop growth and yield (Xi-wen et al. 2013;
Noulas et al. 2018). Zinc deficiency results in plant health dis-
turbance. Its deficiency symptoms appear as stunted growth
and leaf chlorosis (Noulas et al. 2018). More than 70% of the
soils in Pakistan are zinc deficient. ZnSQ, is applied to reduce
deficiency, but most of the applied ZnSO, fertilizer becomes
unavailable due to fixation. Certain zinc-solubilizing bacteria
(ZSB) can solubilize inorganic zinc compounds such as ZnO
through the production of organic acids (Mumtaz et al. 2019),
thus lowering the pH of the growth media (Mumtaz et al.
2017).

Phosphorus is the second most important macronutrient
after nitrogen. It is critical in metabolic activities such as
respiration, photosynthesis, nutrient uptake, and biological
oxidation. Phosphorus is the structural component of
energy-rich compounds, phospho-lipids, phospho-proteins,
and nucleic acids (Gouda et al. 2018). Despite the abun-
dance of phosphorus in agricultural soils, most of it remains
insoluble and is unavailable to plants (Miller et al. 2010).
This is considered a major growth-limiting factor in agri-
cultural systems (Daniels et al. 2009). So, it becomes a
requirement to apply soluble forms of this essential nutrient
through phosphatic fertilizers, but this may also limit the
availability of phosphorus because applied phosphorus gets
mixed with other minerals and converted into insoluble forms
(Sharma et al. 2013) in high pH alkaline soils (Mendez 2014).
Phosphorus-solubilizing bacteria (PSB) can be used to combat
the limited availability of phosphorus to plants. These bacteria
make phosphorus accessible to plants by producing organic
acids that solubilize and mineralize inorganic and organic soil
phosphates. Thus, the production of phosphatases lower soil
pH and mineralize organic phosphate (Ahmad et al. 2018;
Rasul et al. 2019). The PSB increase phosphorus availability
and can be utilized as biofertilizers (Li et al. 2017). Integrating
the PSB and ZSB as potential biofertilizers can potentially
solve the problem of phosphorus and zinc unavailability under
alkaline conditions. This paper reports the studies on the
screening, characterization, and identification of PSB and
ZSB along with multifarious traits for improving cotton
growth.
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Materials and methods
Isolation of PGPR from cotton rhizosphere

Soil samples were taken from cotton rhizosphere found in
cotton fields in the vicinity of Bahawalpur. The
rhizobacteria were isolated by following the method of
Dworkin and Foster (1958). These colonies were purified
by streaking fresh general-purpose agar plates and the
plates were incubated at 30 °C for 2 days. The procedure
was repeated until pure cultures were obtained in a single
colony type. A total of 40 fast-growing isolates were select-
ed and preserved at 4 °C for further experimentation.

Characterization and screening of phosphate-
solubilizing and zinc-solubilizing rhizobacteria

The characterization of bacterial isolates was done based on
their ability to solubilize zinc and phosphate in their respective
medium as described below.

Estimation of phosphate solubilization (qualitative
and quantitative)

The phosphate solubilization ability of isolates was confirmed
using Pikovskaya agar medium (Pikovskaya 1948). The di-
ameter of halo zones was measured and phosphorus solubili-
zation index (PSI) was calculated using the formula described
by Vazquez et al. (2000).

The isolates showing clear halo zone around the colony in
Pikovskaya’s agar medium were quantitatively evaluated for
phosphorus solubilization by using the yellow color method
(Clescerie et al. 1998). The 24-h old fresh cultures of selected
strains were inoculated in triplicate to 50 mL of Pikovskaya’s
broth and incubated for 48 h. After centrifugation, S mL of the
supernatant was collected with 5 mL of the reagent
(vanadomolybdate). The volume was increased to 25 mL
and incubated for color development. The absorbance was
measured using UV-visible spectrophotometer (Carry 60,
Agilent, USA) at 420-nm wavelength.

Estimation of zinc solubilization (qualitative and
quantitative)

Zinc solubilization was determined following the method of
Bunt and Rovira (1955), which uses 0.1% ZnO as the insolu-
ble source of zinc. A full loop of bacterial cultures was spot
inoculated on Petri plates containing the Bunt and Rovira
medium, and the plates were incubated at 28 + 1 °C for 5 days.
After incubation, the development of clear halo zones around
colonies indicated the zinc solubilization ability of the bacte-
rial cultures. The diameters of the halo zones were measured,
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and zinc solubilization index (ZSI) was calculated using the
formula described by Vazquez et al. (2000).

Cultures that formed halo zones around colonies were then
subjected to quantification assay by growing them in basal
broth as described by Bunt and Rovira (1955). For this pur-
pose, inoculated broth flasks with bacterial cultures in tripli-
cate were incubated at 28 = 1 °C for 15 days. On the 15th day,
the medium was centrifuged at 7000 rpm for 15 min. Soluble
zinc content in the culture supernatant was determined by
using the atomic absorption spectrophotometer (Model:
240FS, Agilent, USA). The solubilized zinc quantity in inoc-
ulated samples was compared with uninoculated control and
expressed as pg/mL of zinc culture (Saravanan et al. 2003).

Compatibility assay of PSB and ZSB isolates

A compatibility test was conducted to check whether the PSB
and ZSB isolates were compatible with each other. For this
purpose, phosphate-solubilizing isolates were streaked on
general-purpose agar plates in such a way that the zinc-
solubilizing isolates were perpendicular to the phosphate-
solubilizing isolates, and the inhibition of growth at the point
of conjunction was observed as a non-compatible combina-
tion after 48 h of incubation at 37 °C (Prasad and Babu 2017).

Screening of effective strains of PSB and ZSB for their
separate and combined use to improve cotton growth
under axenic conditions

The PSB and ZSB isolates were evaluated for their effective-
ness in improving the growth of cotton seedlings in jar trial
under axenic conditions; both sole inoculation as well as their
compatible combinations were evaluated. Before sowing, the
cotton seeds were surface sterilized by using ethanol (95%)
and HgCl, (0.2%) and were then washed with sterilized dis-
tilled water. The surface-disinfected seeds were inoculated
with their respective rhizobacterial strains by dipping in their
respective broths for 5 min. For combined inoculation, an
equal volume of respective co-inoculated strains was mixed
in a Petri dish, followed by the dipping of seeds for 5 min. In
the case of control treatment, seeds were dipped in sterilized
broth without bacterial inoculation. The jars were sterilized
and filled with sterilized sand, and the inoculated seeds were
sown in these glass jars. There were three replications of each
treatment, and the experiment was planned completely ran-
domized design (CRD). For the application of nutrients, ster-
ilized Hoagland solution (Hoagland and Arnon 1950) was
applied in the jars. The jars were kept in a growth room with
controlled temperature (30 °C), light (16 h) and dark (8 h)
periods, and 55-65% humidity. The data regarding growth
parameters were recorded 25 days after sowing. The strains
from the better treatments in the jar trial were selected and
characterized in the laboratory studies.

Morphological characterization of selected isolates

The selected bacterial isolates were tested for their morpho-
logical characters as described by Bergey’s Manual of
Determinative Bacteriology (Holt et al. 1994).

Assays for biochemical and plant growth-promoting
characterization of selected strains

The selected strains were characterized for catalase activity
by using the methods of MacFaddin (1980). Ammonia pro-
duction by the strains was determined by using Nessler’s
reagent and peptone water, following the protocol of
Cappuccino and Sherman (1992). Urease activity was eval-
uated by adopting the procedure of Shruti et al. (2013).
Protease activity test was performed on skim milk agar me-
dium as described by Atlas (1946). The chitinase activity of
bacterial strains was determined by using the procedure of
Chernin et al. (1998). The siderophore production assay was
conducted by using the protocol of Gopalakrishnan et al.
(2011). Exopolysaccharides production was determined by
using ATCC no. 14 medium as described by Tallgren et al.
(1999), and the appearance of thick, slimy mucoid growth in
the bacterial cultures was scored as positive for
exopolysaccharides production. The Gram staining was
done after 48 h of growth and the cell shape of bacteria
was observed on general-purpose agar plates (Vincent
1970).

Identification of selected zinc-solubilizing and
phosphorus-solubilizing strains

The bacterial strains which showed better results in the jar trial
were identified using16S rRNA sequencing as described by
Hussain et al. (2011). The resultant sequences were analyzed
using the BLAST program on the NCBI website (https://blast.
ncbi.nlm.nih.gov/Blast.cgi). This was followed by muscle
alignment in MEGA7 software (Kumar et al. 2016). The phy-
logenetic tree was constructed by following the neighbor-
joining method (Saitou and Nei 1987) while evolutionary dis-
tances were computed by using the maximum composite like-
lihood method (Tamura et al. 2004).

Statistical analysis

The data obtained was subjected to various statistical anal-
yses using Statistix 8.1, and the means were compared
using the least significant difference (LSD) at 5% level of
probability to see the significance of treatments (Steel et al.
1997).
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Results

Isolation and screening of zinc-solubilizing and
phosphate-solubilizing rhizobacteria

A total of 40 strains were isolated from the cotton rhizosphere
and were coded as IA1, IA2,IA3 ... ... 1A40. It was observed
from results that seven strains (IA2, IA3, IA6,IA7, 1AS8, IA13,
and TA14) were positive for solubilizing inorganic phosphate
compound (rock phosphate) and seven strains (IA10, TA16,
1A20,1A23,1A24, 1A28, and IA30) effectively solubilized the
insoluble zinc compound (ZnO) by forming clear halo zones
around colonies (Fig. 2). The results of the phosphate solubi-
lization assay showed that isolates solubilized phosphate with-
in the range of 7.17- to 12.47-mm halo zone diameter. The
maximum phosphate solubilization zone (halo zone) was pro-
duced by IA6, which was statistically at par with IA3 and IA7.
The PSI data showed that the highest index was developed by
IA6, followed by IA3 and TA7, and these were statistically
similar to each other. These selected isolates were further
processed for quantitative estimation of phosphate solubiliza-
tion. It was found that all the tested isolates showed phosphate
solubilization in broth assay. The maximum solubilization in
broth media was observed by strain [A7 (2.75 pg/mL),
followed by IA8 and IA6 (Table 1).

The results of bioassay of the zinc-solubilizing isolates
(IA10, IA16,1A20, 1A23, 1A24,1A28, and IA30) showed that
these isolates were effective in solubilizing the insoluble zinc
compound (ZnO) by forming halo zones around the colonies
ranging from 6.50 to 13.50 mm. The maximum halo zone was
developed by 1A20, followed by IA16. Both isolates were
statistically significantly better than the other isolates. The
ZSI results based on halo zone and colony diameter showed
that the highest index was produced by isolate IA20 while the
lowest was produced by TA30. These selected zinc-

solubilizing isolates were tested for ZnO solubilization in lig-
uid broth. Based on the quantitative data, it was found that
solubilized zinc concentration in all inoculated tubes was sig-
nificantly higher than uninoculated control except 1A24,
which was non-significant with control. However, the maxi-
mum solubilized zinc concentration (3.94 pg/mL) was given
by isolate IA20, followed by IA16, IA28, and IA10 (Table 2).

Compatibility assay of PSB and ZSB isolates

The PSB (IA3, IA6, IA7, 1A8) and ZSB (IA10, 1A16, 1A20,
[A28) isolates which gave better results in the previous tests
were evaluated for their compatibility to be used as co-
inoculated combinations, and it was found that all possible
co-inoculated combinations were compatible with each other.

Screening of effective strains of PSB and ZSB for their
separate and combined use to improve cotton growth
under axenic conditions

The eight selected strains—four PSB and four ZSB—were
evaluated for their effectiveness in improving the growth of
cotton seedlings in jar trial under axenic conditions. Data
showed that most of the ZSB and PSB strains alone and in
combination significantly enhanced the growth of cotton
seedlings.

Data (Table 3) about shoot length showed that all sole and
combined applications enhanced the shoot length in compar-
ison to control plants. In general, the co-inoculation of strains
showed better results than sole inoculation. Maximum im-
provement in shoot length (30%) was given by the combina-
tion IA7+IA6, followed by the combinations [A6+1A16, [A7+
1A20, and IA6+IA20. The results clearly showed that all sole
and combined application of isolates significantly enhanced
shoot fresh weight in comparison with control. Maximum

Table 1 Phosphate solubilization

by plant growth-promoting Strains Phosphate solubilization
rhizobacteria (n = 3)
Phosphate solubilization (qualitatively) Phosphate halo zone (mm) PSI P conc.
(ng/mL)

Control N.A N.A N.A 1.38¢c
1A2 + 7.17c 8.17¢ 1.77 ¢
1A3 + 10.67 ab 11.67 ab 2.35ab
1A6 + 1247 a 1347 a 2.38 ab
1A7 + 10.67 ab 11.67 ab 275a
1A8 + 8.50 be 9.50 be 2.50 ab
1A13 + 8.17 be 9.17 be 227b
1A14 + 6.83 ¢ 7.83 ¢ 1.72 ¢
LSD (p<0.05) 2.7307 2.7307 0.4267

Means sharing similar letters are statistically non-significant with each other at 5% level of probability
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Table 2 Zinc solubilization by ‘
plant growth-promoting Strains
rhizobacteria (n = 3)

Zinc solubilization

Zinc solubilization (qualitatively) Zinc halo zone (mm) ZSI Zn conc. (pg/mL)
Control B B B 2.15d
1A10 + 9.00 b 10.00 b 338b
1A16 + 1333 a 1433 a 3.71 ab
1A20 + 1350 a 1450 a 394 a
1A23 + 8.67 be 9.67 be 3230
1A24 + 7.67 be 8.67 be 251 cd
1A28 + 8.83b 9.83b 3.46 ab
1A30 + 6.50 ¢ 7.50 ¢ 2.63¢
LSD (p<0.05) 2.3245 2.3245 0.4872

Means sharing similar letters are statistically non-significant with each other at 5% level of probability

improvement in shoot fresh weight (28%) was observed by
the combination IA7+IA20, followed by the combination
[IA6+IA16. The results also showed that most of the sole and
combined applications of PSB and ZSB strains increased the

shoot dry weight more than uninoculated control. Maximum
improvement in shoot dry weight (26%) was observed in the
jars inoculated with the combination IA7+IA20, followed by
the combinations IA6+IA16 and TA6+IA20 and the sole

Table 3 Effectiveness of sole and
combined application of PSB and Treatments

Growth parameters

7SB for improving growth of Shoot length (cm) Shoot fresh weight (g) Shoot dry weight (g)

cotton seedlings under axenic

conditions (n =3) Control 8.60] 1.07k 0.172 ¢
1A3 9.67 d-i 1.26 e-h 0.194 a—e
1A6 10.05 de 1.26 e-h 0.210 a—<
1A7 10.50 a—d 1.26 e-h 0.204 a—d
IA8 9.75 d-h 1.17] 0.190 a—
IA10 8.83 ij 1.25 e 0.185c—e
IA16 10.27 b—e 127 eg 0.207 a—d
1A20 10.35 a— 1.30 cf 0.203 a—d
1A28 9.00 h—j 1.24 - 0.193 a—
IA3+IA10 9.10 g—j 1.194j 0.190 a—e
IA3+]IA16 9.60 e-i 1.25e-h 0.194 a—
IA3+IA20 9.90 d-g 1.24 - 0.197 a—
IA3+1A28 9.73 d-h 1.24 0.203 a—d
IA6+IA10 10.12 c— 1.29 d-f 0.197 a—
TA6+IA16 1117 a 1.36 ab 0.213 ab
IA6+IA20 10.92 a— 1.36 a— 0.210 a—<
TA6+IA28 9.80 d-h 1.29 d—f 0.190 a—e
IA7+IA10 10.37 a— 1.24 £+ 0.200 a—d
IA7+1A16 11.18 a 1.36a—c 0.207 a—d
IA7+1A20 11.03 ab 1.37a 0217 a
IA7+1A28 10.37 a— 1.26 e-h 0.187 b—e
IA8+IA10 9.72 d-h 1.31 b—e 0.180 de
IA8+IA16 10.13 c—e 1.34a—d 0.191 a—e
IA8+IA20 9.97 &£ 1.21 hj 0.190 a—e
TA8+IA28 9.18 1 1.22 g 0.190 a—
LSD (p<0.05) 0.8618 0.0604 0.0276

Means sharing similar letters are statistically non-significant with each other at 5% level of probability
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application of strain IA6 (Table 3). However, IA7+IA20 and
[IA6+IA16 gave more significant results when contrasted with
control.

Data (Table 4) regarding root parameters showed that all
the treatments enhanced the root growth as compared to con-
trol. Results showed that all sole and combined applications
significantly improved the root length, except IA10, which
was statistically similar to uninoculated control. Maximum
improvement in root length (29%) was given by the combina-
tion TA6+IA20 while maximum improvement in root fresh
weight and root dry weight were observed in the combination
[IA7+IA16 and TA6+IA16 respectively (Table 4).

Morphological characterization of the strains

Based on the results of the jar trial, selected strains (IA6, [A7,
[A16, and TA20) were grown for cell morphological charac-
ters. All strains developed circular shape except IA6, which
was irregular. All tested strains showed entire margin of col-
onies while IA6 was undulate. The elevation of A6 and IA20

was flat while that of A7 and TA 16 were raised and pulvinate,
respectively. The colony size of all strains was large except
IA7, which was smaller than the other strains. All strains ex-
cept IA6 had smooth colony texture and were glistening in
appearance; IA6 was rough and dull. All strains showed dif-
ferent pigmentation. The optical property of all strains was
opaque, except IA7 which was transparent (Table 5).

Biochemical characterization

The selected strains (IA6, IA7, IA16, and 1A20) were further
characterized for biochemical and plant growth-promoting
traits. It was found that all strains were positive in catalase
and ammonia production. Urease production was observed
in IA6 and IA20. All strains were positive in protease test
while chitinase activity was shown by the strains IA7 and
IA20. The strains IA16 and IA20 were positive in
siderophores production while all strains produced
exopolysaccharides during bioassay (Table 6).

Table 4 Effectiveness of sole and

combined application of PSB and Treatments Growth parameters
7SB for improving growth of Root length (cm) Root fresh weight (g) Root dry weight (g)
cotton seedlings under axenic
conditions (n =3) Control 932¢g 0.317 ¢ 0.207 d
1A3 1042 f 0.367 a— 0.247 a—c
1A6 11.20 cd 0.387 ab 0.263 ab
1A7 11.40 b—d 0.380 ab 0.260 a—
1A8 1030 £ 0.370 a—c 0.243 a—c
1A10 947 ¢ 0.353 a—c 0.230 b—d
1A16 10.53 ef 0.383 ab 0.263 ab
1A20 1037 f 0.380 ab 0.240 a—d
1A28 10.47 ef 0.350 be 0.230 b—d
IA3+IA10 10.57 ef 0.353 a—c 0.247 a—c
IA3+IA16 10.52 ef 0.357 a—c 0.230 b—d
TA3+1A20 10.58 ef 0.360 a—c 0.250 a—c
TA3+1A28 1042 £ 0.380 ab 0.233 a—d
IA6+IA10 1025 f 0.353 a—c 0.237 a—d
TA6+IA16 11.68 a— 0.397 ab 0.267 a
T1A6+1A20 12.08 a 0.393 ab 0.257 a—c
T1A6+1A28 11.37bd 0.357 a—c 0.243 a—
IA7+IA10 10.95 de 0.363 a— 0.253 a—c
IA7+IA16 11.48 be 0.407 a 0.263 ab
IA7+1A20 11.80 ab 0.387 ab 0.260 a—
IA7+1A28 1037 f 0.353 a—c 0.257 a—c
IA8+IA10 10.08 £ 0.357 a—c 0.237 a—d
IA8+IA16 11.18 cd 0.397 ab 0.233 a—d
IA8+1A20 10.47 ef 0.350 be 0.243 a—c
TA8+IA28 1022 0.350 be 0.227 cd
LSD (p<0.05) 0.5124 0.0565 0.0341

Means sharing similar letters are statistically non-significant with each other at 5% level of probability
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Table 5 Morphological characterization of PSB and ZSB strains
Character Morphological characters of PGPR

IA6 1A7 IAl6 1A20
Shape Irregular  Circular Circular  Circular
Margin Undulate  Entire Entire Entire
Elevation Flat Raised Pulvinate  Flat
Size Large Small Large Large
Texture Rough Smooth Smooth Smooth
Appearance Dull Glistening Glistening  Glistening
Pigmentation Light pink Non-pigmented White Yellow
Optical property Opaque Transparent Opaque Opaque

Identification of selected zinc-solubilizing and
phosphorus-solubilizing strains through 16S rRNA
sequencing

Two phosphate-solubilizing isolates (IA6 and A7) and two
zinc-solubilizing isolates (IA16 and IA20) were determined to
have several plant growth-promoting characteristics. They al-
so improved the growth of cotton seedlings. These plant
growth-promoting isolates were identified by 16S rRNA par-
tial sequencing (Table 7). The 16S rRNA gene sequencing
showed that the isolate IA6 exhibited 99.42% similarity with
Bacillus subtilis and was submitted in Genbank with the ac-
cession number MN005922. The isolate [A7 showed 99.55%
similarity with Paenibacillus polymyxa and was deposited in
Genbank with the accession number MN005923. The isolate
IA16 was identified using primers 785F and 907R, where it
showed 91.48% resemblance with Bacillus sp. and was sub-
mitted in Genbank under the accession number MN005924.
The isolate [A20 was also identified using primers 785F and

Table 6 Biochemical and plant growth-promoting characters of PSB
and ZSB strains

Characters Characterization of PGPR

1A6 1A7 1A16 1A20

Catalase test + + + +
Ammonia production + + + +
Urease production + +
Protease test + + + +
Chitinase production - + - +
Siderophores production - - + +
Cell shape rod rod rod rod
Gram staining + + + +
Exopolysaccharides production + + + +

Positive for respective test (+); negative for respective test (—)

907R. It showed 99.27% similarity with Bacillus aryabhattai
and was deposited in Genbank with the accession number
MNO005925. The phylogenic tree showed that these PSB and
ZSB isolates resembled members of well-characterized bacte-
rial species which had been identified earlier (Fig. 1).

Discussion

Phosphorus and zinc are essential nutrients for plant growth
and development. They perform several key functions in crop
growth and physiology (Gouda et al. 2018; Noulas et al.
2018). Despite their natural presence in soil, both of these
nutrients become unavailable to plants due to fixation and
precipitation in the form of different complexes (Hafeez
et al. 2013; Kafle et al. 2019). Thus, it becomes necessary to
provide phosphorus and zinc nutrients as fertilizers for healthy
plant growth. The solubilization of phosphorus and zinc by
rhizobacteria and its potential for enhancing agricultural econ-
omy have captured the attention of microbiologists and agri-
cultural researchers. The use of PSB and ZSB as inoculants
may prove to be an effective alternative to fulfill plant require-
ments for essential nutrients.

In this study, the isolated bacteria were characterized based
on zinc solubilization and phosphorus solubilization abilities. It
was found that out of 40 isolates, seven isolates solubilized
phosphate while seven others solubilized zinc in general-
purpose agar media. These isolates were further processed for
quantitative estimation of phosphorus and zinc solubilization.
In a previous study, Mumtaz et al. (2017) observed that thirteen
isolates out of seventy showed greater ability for solubilizing
zinc. They observed that greater solubilization was shown by
Bacillus aryabhattai, Bacillus subtilis (ZM63), and Bacillus sp.
(ZM20). Similarly, in another study, it was found that out of
200 isolates, 81 isolates were able to solubilize phosphate more
than the other isolates (Tsegaye et al. 2019). The PGPR adopt
several mechanisms of zinc and phosphorus solubilization such
as decreasing the pH of rhizosphere soil by organic acid pro-
duction, anion exchange, and chelation (Habib et al. 2016;
Dinesh et al. 2018; Mumtaz et al. 2019). The zinc-
solubilizing and phosphate-solubilizing isolates which showed
greater absorbance were further assessed to check whether
these were compatible with each other, and it was found that
all strains were compatible and had no antagonistic effect on
each other. Previously, Ansari and Ahmad (2019) had found
the compatible nature of Pseudomonas fluorescens FAP2 and
Bacillus licheniformis B642 under the biofilm mode of growth.

All possible combinations of zinc-solubilizing and
phosphate-solubilizing strains were chosen for testing their
effectiveness to improve the growth of cotton seedlings under
axenic conditions. Data regarding growth parameters showed
that all strains enhanced the seedlings’ growth but with differ-
ent degrees of effectiveness. Co-inoculation of zinc-
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Table 7  Identification of bacterial strains by 16S rRNA partial gene sequencing

Strain  Identified species Accession number  Most closely related organism  BP Query coverage  Similarity  Used primers
1A6 Bacillus subtilis MNO005922 Bacillus subtilis 694 bp  98% 99.42% 785F and 907R
1A7 Paenibacillus polymyxa ~ MN005923 Paenibacillus polymyxa 674 bp  99% 99.55% 785F and 907R
IA16  Bacillus sp. MNO005924 Bacillus megaterium 668 bp  98% 91.48% 785F and 907R
IA20  Bacillus aryabhattai MNO005925 Bacillus aryabhattai 734bp  93% 99.27% 785F and 907R

solubilizing and phosphorus-solubilizing rhizobacteria was
better than sole application in most of the cases. There are
several reports available that confirm the ability of zinc and
phosphorus solubilizers to improve plant growth. Zaheer et al.
(2019) isolated Pseudomonas sp. strain AZ5 and Bacillus sp.
strain AZ17 and checked their abilities to improve chickpea
growth. They suggested that positive results in plant growth
may be due to zinc and phosphorus solubilization by these
strains. In another study, it was confirmed that maximum plant
growth could be linked with ZSB that have several functions,
including nutrient availability (nitrogen fixation, zinc and phos-
phorus solubilization), phytohormones production, siderophores
production, and a pathogen-fighting mechanism (Mumtaz et al.
2017). Similarly, increments in plant growth parameters—shoot
and root lengths, shoot fresh and dry biomass, root fresh and dry
biomass—were obtained by the application of zinc-solubilizing
Bacillus sp. (AZ6) (Hussain et al. 2015). The strains B. subtilis
and L. fusiformis were found to be positively enhancing plant
growth through solubilizing phosphorus. It was reported that
Bacillus and Lysinibacillus significantly enhanced plant height
and biomass (Rafique et al. 2017). In another study, the maxi-
mum plant growth by PSB was observed in terms of root and
shoot lengths (Chauhan et al. 2016). Enhancement in plant

height were linked with the production of organic substances
such as IAA, gibberellin, and cytokinin in the root zone by PSB
(Rafique et al. 2017).

In the present study, the selected strains were found to
possess a variety of morphological characters. Similar results
were obtained by other researchers, where the isolates of
Bacillus and Paenibacillus were observed to have colonies
that were small to medium in size, glistening in appearance,
Gram-positive, and rod-shaped and had smooth texture, dif-
ferent colored pigmentation, and convex elevation (Mumtaz
et al. 2017; Ahmad et al. 2018; Suman et al. 2018).

Multifarious plant growth-promoting traits are crucial for
utilizing rhizobacteria as biofertilizers. For example, catalase
activity is an important trait that enables plants to face adverse
conditions (Mumtaz et al. 2017). In this study, all tested strains
were found positive for catalase activity. Igbal et al. (2016)
reported that all five PSB isolates were catalase positive as
these form gas bubbles on the addition of H,O, to cells of
bacteria. In another study, Ahmad et al. (2018) observed that
all seven phosphorus-solubilizing strains were positive for
catalase enzyme production. Ammonia production by PGPR
influences plant growth indirectly. The bacterial existence in
the rhizosphere having the ability to produce ammonia shows

| NR 115063.1 Bacillus halotolerans strain DSM 8802 16S ribosomal RNA partial sequence

IA6

0.0010

NR 024693.1 Bacillus mojavensis strain IFO15718 16S ribosomal RNA partial sequence
| NR 151897.1 Bacillus nakamurai strain NRRL B-41091 16S ribosomal RNA partial sequence
NR 115325.1 Bacillus nematocida strain B-16 16S ribosomal RNA partial sequence
NR 112686.1 Bacillus subtilis subsp. spizizenii strain NBRC 101239 16S ribosomal RNA partial sequence
NR 113994.1 Bacillus vallismortis strain NBRC 101236 16S ribosomal RNA partial sequence
NR 102783.2 Bacillus subtilis subsp. subtilis strain 168 16S ribosomal RNA complete sequence
NR 027552.1 Bacillus subtilis strain DSM 10 16S ribosomal RNA partial sequence
NR 024696.1 Bacillus vallismortis strain DSM 11031 16S ribosomal RNA partial sequence
NR 112116.2 Bacillus subtilis strain IAM 12118 16S ribosomal RNA complete sequence
NR 104873.1 Bacillus subtilis subsp. inaquosorum strain BGSC 3A28 16S ribosomal RNA partial sequence
NR 112629.1 Bacillus subtilis strain NBRC 13719 16S ribosomal RNA partial sequence
NR 113265.1 Bacillus subtilis strain JCM 1465 16S ribosomal RNA partial sequence
NR 118383.1 Bacillus subtilis strain SBMP4 16S ribosomal RNA partial sequence
NR 075005.2 Bacillus velezensis strain FZB42 16S ribosomal RNA complete sequence

Fig. 1 Neighbor-joining phylogenetic tree of Bacillus subtilis strain IA6 constructed by multiple alignment of 16S rRNA
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Fig. 2 (1) Zinc solubilization by
plant growth-promoting
rhizobacterial strain 1A 16. (2)
Phosphate solubilization by plant
growth-promoting rhizobacterial
strain IA6

the hint of ammonification process (Tsegaye et al. 2019). In
this study, it was observed that all selected strains produced
ammonia. Another important trait of PGPR is the production
of hydrolytic enzymes. The bacteria that produce single or
numerous lytic enzymes have a biocontrol mechanism for
various plant pathogenic microorganisms, including bacteria
and fungi, thus improving crop growth and yield (Tsegaye
etal. 2019). Such enzymes (chitinase and proteases) also have
a mechanism for the control of plant diseases in the plant
vicinity (Tsegaye et al. 2018). In the present study, all of the
selected strains produced protease while IA7 and 1A20 were
positive for chitinase activity. These results are in line with
those of Tsegaye et al. (2018), who found that 15.5% of iso-
lates (P. aeruginosa, C. amlonaticus, P. corrugota,
P. fuscovaginae, C. gleum, and B. cereus/pseudomycoide)
showed positive results for protease activity while 3.5% of
isolates (P. fluorescent) were involved in chitin production.
Shen et al. (2013) reported the positive effects of siderophore-
producing rhizobacteria on plant growth as they enhanced iron
availability by reducing the growth and iron acquisition of
other pathogenic microorganisms. In our study, two of the
selected strains showed positive results for siderophores
production. Radhakrishnan et al. (2017) also reported that
Bacillus sp. were involved in the production of siderophores
and exopolysaccharides. Exopolysaccharides-producing bacte-
ria can maintain plant growth under severe stress conditions.
The exopolysaccharides protect plants from drought stress, en-
hance microbial accumulation and plant-microbe interaction,
and are also involved in bioremediation (Naseem et al. 2018).
In this study, all the isolates produced exopolysaccharides.
Similarly, Tsegaye et al. (2019) reported that 19% of isolates
were positive for exopolysaccharide production.

In this study, the selected PSB and ZSB strains [A6, 1A7,
IA16, and 1A20 were identified as Bacillus subtilis 1A6,
Paenibacillus polymyxa 1A, Bacillus sp. 1A16, and Bacillus
aryabhattai 1A20, respectively. These strains are catalase pos-
itive and produce ammonia, urease, hydrolytic enzymes,

siderophores, and exopolysaccharides. These identified
strains are Gram-positive and rod-shaped and have
phosphate-solubilizing and zinc-solubilizing abilities. All
these properties are directed towards improving the growth
of cotton seedlings in jar trials under axenic conditions.
Similar observations were reported in previous studies where
the strains Bacillus sp. (Dinesh et al. 2018), Bacillus subtilis
and Paenibacillus spp. (Ahmad et al. 2018), and Bacillus
arybhattai (Sheirdil et al. 2019) were positive in several traits
that favored plant growth (Korir et al. 2017; Ahmad et al.
2018).

Conclusion

The PSB and ZSB strains with multiple plant growth-
promoting traits would facilitate greater availability of nutri-
ents (zinc and phosphorus) to crop plants, especially when
used in combination with the solubilization of fixed, unavail-
able zinc and phosphorus. This can lead to better plant growth
and yield and can also improve soil fertility through multi-
functional properties. In this study, the combined application
of selected phosphate-solubilizing and zinc-solubilizing
strains proved effective in improving cotton growth under
axenic conditions. The best results were shown by the com-
bined application of Bacillus subtilis strain IA6 and Bacillus
sp. strain A 16, followed by the combination of Paenibacillus
polymyxa strain 1A7 and Bacillus aryabhattai strain 1A20.
These strains have multiple plant growth-promoting traits
and can thus prove promising for improving cotton growth
under semi-arid conditions.
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