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Abstract

Background: Zinc is an essential micronutrient required for optimum plant growth. Zinc-solubilizing bacteria convert applied
inorganic zinc to available forms that could be used by plants. Research design: In present study, experiments were conducted
to isolate, characterize, and evaluate Zn solubilization potential of different bacteria. Results: Among 10 isolated strains,
Pseudomonas protegens (RY2, MF351762) was found to be the most promising strain having zinc-solubilizing potential on 4
different insoluble zinc sources. In quantitative assay, Zn solubilization by RY2 was significantly higher than other strains at
different incubation time. P. protegens RY2 was selected (based on zinc solubilizing and plant growth promoting activities like P
solubilization and ACC deaminase) for plant experiments. Meanwhile, available Zn release rate in soil was determined at day 10
of incubation. Chickpea seeds were inoculated with RY2 strain and ZnO is used as zinc source. Growth parameters and
quantifying zinc content of shoot and root using atomic absorption spectrophotometer were determined. Enhanced shoot and
root dry weights and lengths were observed in chickpea plants compared to control. Maximum increase of 44%, 67%, and 75% in
T2 (Soil + RY2), T5 (Soil + ZnO + RY?2), and T7 (Soil + manure + ZnO + RY?2), respectively, was found in shoot length compared
to control (T1). Conclusion: The study indicated that zinc-solubilizing RY2 strain possesses potential for enhanced Zn in soil so
it would allow reduced inorganic Zn application.
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co-factor of a wide range of different enzymes and proteins
involved in many important biochemical pathways, mainly
concerned with photosynthesis, in the conversion of sugars to
starch, protein metabolism, auxin (growth regulator) meta-
bolism, pollen formation, and the maintenance of the integrity
of biological membranes.* Zinc deficiency is exhibited by
calcareous, alkaline, and sodic soil having low organic matter
and high pH which lead to drying of the upper soil horizon.>°
Meanwhile, intensive cropping with poor drainage is one of
the reasons of zinc deficiency in soil.* Synthetic fertilizers in
the form of zinc sulfate or Zn EDTA appear as an easy and
quick way to rectify the Zn deficiency, but it is non-sustainable
and their use puts an economic burden.”'? Meanwhile, to
increase zinc availability, fertilization of food crops with Zn
represents a short-term and complementary strategy, which is
necessary to build the Zn pool for uptake or translocation.
Unfortunately, application of chemical fertilizers often has low
use efficiency that means plants can uptake just a small portion
of applied nutrients as only a small part of Zn is present in
soluble form in soil. To combat soil Zn deficiency, in long
term, is not possible only with chemical fertilizers as 96-99%
of the applied Zn is converted to unavailable form due to
formation of carbonates, oxides, or phosphates depending on
soil type.'*'*

However, the worldwide Zn deficiency in crops is not only
due to low Zn level in soil but rather due to low solubility of
Zn in soil and conversion of Zn in insoluble form.'® It is
reported that low amount of bioavailable Zn in soil not only
leads to low productivity of crops but also lower nutritional
quality of the plants.'® Zn fertilizers applied in the fields as
soluble form, like zinc sulphate, is transformed into various
insoluble forms such as ZnS in reducing conditions pre-
dominantly in flooding, zinc phosphate in neutral to alkali
soils having number of applications of phosphate fertilizers,
ZnCOgy in calcium-rich alkali soils, and Zn(OH), in high pH
soil, thus supporting the evidence of Zn deficiency in soil and
ultimately in plants due to insoluble forms.'’

In Pakistan, soils are normally of alkaline and calcareous
nature that is more prone to Zn deficiency, as in these soils, Zn
could precipitate into the unavailable forms.'® Inorganic
fertilizers are recommended as good source of Zn but they are
quickly fixed on soil medium, causing poor availability to
plants.'>*° The application of zinc sulfate (ZnSO,) in the form
of fertilizer might decrease Zn deficiency and increase plant
yield. This unavailable form of zinc can be reverted back to
available form by inoculating a bacterial strain capable of
zinc-solubilizing potential.

Therefore, an attractive alternate would be to exploit the
microorganisms having potential to solubilize the fixed forms
of Zn present in soil to bioavailable forms to cater plant Zn
requirement. Many bacterial genera like Pseudomonas sp.,
Burkholderia, Gluconacetobacter sp., Thiobacillus sp., Ba-
cillus sp., and Acinetobacter sp. have been reported in vitro to
solubilize the Zn insoluble forms,?'>* although to solubilize
Zn0O, ZnCOs3, or ZnPO, (insoluble forms of Zn) is not a

common characteristic of cultivable bacteria. Zn-solubilizing
bacterial strains have the ability to enhance growth and yield
of crops due to diverse direct and indirect mechanisms in-
volved to effect the growth. The direct mechanisms involve
solubilization of nutrient/minerals, stimulation of biological
nitrogen fixation, siderophores production, ACC deaminase
activity, and production of phytohormones, while indirect
mechanisms involve antibiotics production, exopoly-
saccharides, and antifungal activity. The Zn-solubilizing
bacterial strains solubilize the unavailable form of zinc by
producing chelating ligands; secreting organic acids, vitamins,
and phytohormones; and through oxido-reductive systems and
proton extrusion.”® Organic acid poduction by bacterial strains
is a major mechanism used for Zn solubilization. Among
organic acids, 2-ketogluconic acid and gluconic acid pro-
duction by PGPR is responsible for solubilization of Zn.** Use
of Zn-solubilizing strains in crops could not only be an al-
ternate to chemical Zn fertilizer application but also deal with
the malnutrition problem through increased nutrient con-
centration in grains.

Keeping in view the above facts, this present study was
designed to isolate, screen, characterize, and identify the zinc-
solubilizing bacterium and to evaluate the its impact (if any)
on the growth parameters and zinc content of chickpea plants
through pot experiments. In addition to evaluating the Zn-
solubilizing potential, the selected isolates were also screened
for their multiple abilities such as solubilization of P, K, Si,
production of indole-3-acetic acid (IAA), NH;, HCN, and
siderophore.

Materials and Methods

Isolation of Zinc-Solubilizing Bacterial Strains

For isolation and screening of Zn-solubilizing bacteria, 50 soil
samples were collected from agricultural fields of maize in the
vicinity of industrial area (Paharang drain) of Faisalabad
(Pakistan), which had been irrigated with waste water from
industries. The samples were collected in the sterile, dry
polythene bags and transported to the laboratory for further
analysis within 6-8 hours of collection. Soil samples were air
dried ground until they pass through a 2 mm sieve. Then,
sterile water was added in soil samples and shaken at 150 rpm
for 2 hours. After that, samples were settled for 5 minutes and
1 mL of the suspension was serially diluted up to 10~°. Each
dilution was spread onto nutrient agar plate supplemented with
1 mM Zn and incubated at 30°C. The growing colonies were
observed and 10 out of 35 bacterial colonies with different
morphology were selected and purified by repeated streaking
on nutrient agar.”

Qualitative and Quantitative Zn Solubilization Assay

The zinc-solubilizing ability of these 10 strains was evaluated
in mineral salt medium (MSM: NaCl 1g, CaCl, 0.1 g, MgSO,
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0.5 g, KH,PO,4 1 g, K;HPO,4 1 g, yeast extract 4 g, agar 16—
18 gin 1 L, and pH was maintained at 7.2).?° Different sources
of insoluble zinc salts like zinc oxide (1.244 g/L = 15.23 mM),
zinc phosphate (1.3882 g/ = 4.0 mM), zinc carbonate
(14728 g/L 11.74 mM), and zinc sulfide (1.124 g/L
11.54 mM) at final concentration of .1% were added in the
medium individually and autoclaved at 121°C for 30 min-
utes.”” A loop full of bacterial overnight growth in nutrient
broth was spread on MS medium. Plates were incubated at
30°C for 7 days. Strains showing a clear zone around the
colony are considered as zinc-solubilizing strains. The halo
zone was measured to determine the zinc solubilization ef-
ficiency (ZnE) of the strains, using method*®:

ZnE = (HZ/C) x 100, where

ZnE is the Zn solubilization efficiency, HZ the diameter of
the solubilization halo zone, and C is the diameter of the
colony.

For quantitative Zn solubilization assay, MSM broth was
prepared and supplemented with .1% insoluble zinc com-
pounds. One ml of overnight grown culture was inoculated
into each flask containing 50 mL of MSM broth and then
incubated at 30°C for 15 days on shaking at 150 rpm
(Thermo Scientific™, UK). 10 mL of samples were with-
drawn after 0, 2, 5, 10, and 15 days of incubation and
centrifuged at 10 000 rpm for 10 minutes (Thermo Scien-
tific™, UK). After that, 1 mL of supernatant was transferred
to 50 mL flask and distilled water was used to make volume
up to 50 mL. This sample was used to determine the available
Zn using atomic absorption spectrophotometer (AAS)
(Shimatzu AAS-7000) at 213.9 nm.*’ Highly zinc-soluble
strain was selected. Medium without culture was maintained
as control. pH of each culture and control was also deter-
mined by using pH meter. Experiments were performed in
triplicate.

In Vitro Screening of Zn-Solubilizing Isolate for Their
Growth Promoting Characteristics

Indole-3-Acetic acid production. For TAA production, Zn-
solubilizing bacterial strains were inoculated in LB broth
with the addition of .1% L-tryptophan as precursor for IAA
and incubated at 28°C for 96 hours at 120 rpm. After incu-
bation, the broth was centrifuged at 10 000 rpm for 10 minutes
and supernatant was collected. One mL of Salkowski’s re-
agent®” was added in the 1 mL of supernatant in 2 mL Ep-
pendorf tube and samples were kept in dark for 25 minutes to
observe color change. The absorbance was taken at 530 nm
(Halo DB-20 UV-vis double beam spectrophotometer).’
Calibration curve of pure IAA was used as a standard.

Siderophore Production

For determination of siderophore production, the chrome
azurol-S (CAS) method was used as described by Perez-
Miranda et al.*? Bacterial culture was inoculated on agar

medium and incubated at 28°C for 24 hours. Siderophore
production was determined by production of orange halo zone
around the bacterial isolate on blue.*

HCN Production

Qualitative method of Kloppers et al.>* was used for deter-
mination of HCN production with few modifications. Bac-
terial strains were inoculated in DF minimal salt medium
supplemented with 4.4 g L' glycine. Filter paper strips
soaked in picric acid (.5%) and sodium carbonate (2%) so-
lution were placed in half of the vials and sealed with parafilm.
Samples were incubated for 96 hours at 28°C for 72 hours in a
mechanical shaker. Change in color of the filter paper from
yellow to orange brown is indicator for HCN producing strain.

ACC Deaminase

The production of a-ketobutyrate (0-KB) by the enzymatic
cleavage of ACC for 10 selected bacterial strains was de-
termined by measuring its absorbance in bacterial culture at
540 nm and comparing with the absorbance of known con-
centration of pure 0-KB0020.*> Protein concentration in
bacterial culture was estimated by the method of Bradford®®
and then the enzymatic activity was expressed as 1 M aKB
mg! h!37

NH3 Production

NH; production was measured by inoculating the bacterial
strains in peptone broth (4%) and incubated at 25°C for
96 hours. After incubation, 1 mL of Nessler’s reagent was
added. Development of yellow to dark brown color was
considered as positive indicator for NH; producing strains.*®

Solubilization of P, K, and Si

For measurement of solubilization of P, bacterial strains
culture was inoculated on Pikovskaya’s broth for 7 days at
150 rpm. After incubation, culture was centrifuged at 6000 rpm
and supernatant was used to determine P solubilization using
the calorimetric method. Color reagent (500 mL ammonium
molybdate, sulfuric acid solution, and 125 pL of ferrous sulfate
solution) was prepared and 750 mL added to the obtained
supernatant and phosphomolybdate production was measured
at 700 nm (UV—-vis double beam spectrophotometer).

For the measurement of K solubilization, bacterial strains
were inoculated in Aleksandrov medium®® and clear zone was
observed after incubation at 30°C for 96 hours.

For the measurement of Si solubilization, basal medium
(20 g glucose, .1 g magnesium sulphate, .2 g potassium
chloride, 1 g ammonium sulphate, and .1 g potassium dihy-
drogen phosphate in 1 L) was used containing 5.0 g of po-
tassium alumina silicate (insoluble silicate). After solidification,
well was made in the middle of Petri plates and .1 mL of the
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freshly prepared bacterial strains suspension was poured into
the well followed by and incubated for 5 days at 28°C. Af-
terward, plates were observed for clear zone (mm) around the
wells.*?

Identification of Selected Strain

On the basis of above traits, strain RY2 was selected for further
study in plants. Bacterial strain RY?2 identification was done
on the basis of cultural characteristics, gram’s staining, and
biochemical characteristics like oxidase reaction, citrate uti-
lization, catalase reaction, etc.

The selected bacterial strain was identified through 16S
rRNA gene sequencing. The standard protocol of Cheneby
et al.*' was followed to extract bacterial DNA. Universal
primers 785F (5 — GGATTAGATACCCTGGTA —3') and
907R (5 — CCGTCAATTCMTTTRAGTTT -3') were
used.*> PCR was carried out with the help of thermo cycler
(Advance Primus 96) using initial denaturation at 94°C for
3 minutes, 35 cycles of denaturation at 94°C for 1 minute,
primer annealing at 53°C for 30 seconds, DNA extension at
72°C for 2 minutes, and final extension at 72°C.

For ribotyping, PCR products were sequenced using
commercial service of Macrogen, Korea. The 1425 bp se-
quences obtained were checked for base calling using
FinchTV and contigs made using NCBI BLAST (2 sequence
alignments). After amplification, 16S rRNA sequence was
aligned using ClustalW and compared with known sequences
in the GenBank database. The phylogenetic analysis was
performed as described by Roohi et al.** using MEGA version
7.0.14.

ZnSB-Mediated Zn Release in Soil

To determine the Zn release, soil was treated with RY?2 strain.
For the study, soil was sieved and sterilized. Then, .06 g of
ZnO was added to 60 g soil (1000 mg/kg), and transferred to
pots. After that, 3 mL of freshly grown culture of RY2 was
inoculated and pots were kept in incubator and moisture was
maintained. Control was also maintained without RY2 strain
inoculation. Four replicates were maintained for each treat-
ment for sampling. Available Zn was determined after 2, 5, 8,
12, 15, and 20 days. At each day of sampling, 10 g of soil from
each pot was taken and mixed with 20 mL of diethylene-
triaminepentaacetic acid (DTPA) extract, shaken for 2 hours,
and filtered through Whatman 42 filter paper. The zinc con-
centration was analyzed in the filtrate by atomic absorption
spectrophotometer (Shimatzu AAS-7000) as described by
Wenzel et al.**

Plant Experiments

To analyze the effect of RY2 on chickpea growth, pot ex-
periment study was conducted using different treatments as
follows: T1 (Control: soil without Zn), T2 (soil without Zn +

strain RY2), T3 (soil + ZnSO,.), T4 (soil + ZnO), T5 (soil +
ZnO + strain RY2), T6 (soil + manure + ZnO), and T7 (Soil +
manure + ZnO + strain RY?2). For RY2 application, 20 mL of
freshly grown culture (~x10® cfu/mL) was applied. Chickpea
(C arietinum) seeds were obtained from Ayub Agriculture
Research Institute, Faisalabad, Pakistan. Seeds were surface
sterilized with 70% ethanol for 1 minute. Then, they were
rinsed with sodium hypochlorite solution for 3 minutes and
washed with distilled water. Seeds were germinated in ster-
ilized soil, and after 1 week, seedlings were transferred to
earthen pots containing 2.5 kg of soil using sterilized forceps.
200 g/pot animal manure has been used that normally contains
essential nutrients like N, P, K, etc.

Pots were placed in a growth room with controlled con-
ditions, that is, temperature: 28 + 2°C, photoperiod: 16 hour-/
8 hour-light/dark, and relative humidity: 52 + 2% in a
randomized complete block design (RCBD).** To provide
moisture, plants were watered at alternate days using au-
toclaved distilled water. Two sets of experiments (each with
3 replicates) were carried out. After 60 days of germination,
chickpea seedlings were harvested and data related to root
length, shoot length, root fresh and dry weight, shoot fresh
and dry weight, and total fresh and dry biomass were
recorded.

Analysis of Zn Content in Soil and Plant Using Atomic
Absorption Spectrophotometer (AAS)

Zinc concentration in roots, shoots, and leaves of 4 plants per
treatment was analyzed for zinc estimation. 1 g of plant
powder was digested in di-acid mixture (HNO5: H,SO,) in the
ratio of 2.5:1). Sample was heated at 70°C and diluted with
50 mL distilled water. Then, extract was filtered through a
Whatman’s filter paper and filtrate was analyzed for available
zinc content using AAS.*® For soil, extraction was done with
DTPA and Zn content was measured in the extract using AAS.
Zn content in soil was determined at 5, 15, 30, and 45 days in
each treatment.*’

Statistical Analysis

In this study, ANOVA was employed to analyze the data, and
in case F values were significant, the least significance test at
the .05 probability level was applied.

Results

Isolation of Zinc-Solubilizing Bacterial Strains

A total of thirty-five strains were isolated from the sam-
ples. These strains were purified and coded as RY1 to
RY35. Ten isolated strains (RY2, RY7, RY10, RY12,
RY14, RY19, RY24, RY25, RY26, and RY27) were se-
lected (based on different morphology) for further ex-
perimentations. The texture of soil was sandy loam with
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good internal drainage. The pH of soil was <8, 20 with
160 mg/kg of Zn content.

Qualitative and Quantitative Zn Solubilization Assay

Zn solubilization ability of the isolated bacterial strains was
determined by halo zone diameter. Among 10, only 8 strains
except RY7 and RY27 showed zinc solubilization zones on
ZnCO; medium; while for other insoluble salts ZnO, all
isolates showed solubilization zones. Maximum zone of
23.75 mm was observed for RY 12 for ZnO medium following
RY2 with 20.7 5 mm. For Zn3(PO,), and ZnS, only 7 isolates
showed weak solubilization and other 3 isolates, that is, RY7,
RY26, and RY27 did not show any solubilization. On ZnCO5
medium, RY12 showed maximum diameter of 20.6 mm
following RY 14 with 16.85 mm. While on Zn; (PO,), and
ZnS, RY?2 showed maximum solubilization with 11.15 mm
and 6.05 mm, respectively. RY12 showed highest ZSE as
shown in Table 1.

Bacterial strains were further assessed for their Zn solu-
bilization potential in liquid medium at different time inter-
vals. RY2 registered significantly higher (P <.05) available Zn
at all days of incubation for insoluble salts. In case of all
insoluble salts, the solubilization was peaked at day 15 and on
day 20, and it was decreased in case of zinc oxide; maximum
available Zn registered by RY2 was 49.45 mg/L, 90 mg/L,
113.13 mg/L, 142.35 mg/L, and 134.65 mg/L on the 2nd, 5th,
10th, 15th, and 20th day, which peaked to 142.35 mg/L on
15th day of incubation, and on 20th day, there was a reduction
in zinc content (Figure 1A). In case of zinc sulphide, the

maximum solubilization was shown by RY12 where maxi-
mum zinc content was shown as 48.85 mg/L at day 15 and on
20th day it reduced to 38.60 mg/L (Figure 1B). There were,
however, no significant differences in the amount of Zn
solubilized by the other bacterial strains, irrespective of the
days of sampling. Other strains except RY2 and RY 12 showed
non-significant changes in zinc content in different days of
incubation. Some strains showed solubilization potential in
the 2nd day, and after that in all other days, these strains
showed no increase in zinc content and some strains started
solubilization after 10th day of incubation (Figures 1C and D).
Compared to control, there was a slight decrease in pH of the
medium with RY12 and the decrease was perceptible in the
treatment with RY2 where they ranged from 5.20 (day 10) to
441 (day 15). In fact, the highest level of soluble Zn
(142.35 mg/L) was registered by RY2 when the pH was 4.41
during the 15th day. The pH in other ZnSB treatments ranged
between 6.40 (RY25) and 7.71 (RY10).

In Vitro Screening of Zn-Solubilizing Isolate for Their
Growth Promoting Characteristics

Among the 10 bacterial strains, most of the strain showed
multiple characteristics. All strains were negative for the ACC
deaminase activity. Majority of the strain showed NH; pro-
duction except RY7 and RY19. The results revealed that
maximum strains were positive for P solubilization on solid
medium. Maximum solubilization potential was observed by
RY2 and RY12 followed by RY10. Solubilization zone was
statistically similar to each other. However, all strains were

Table |. Efficacy of Rhizobacterial Strains to Solubilize Zinc Insoluble Salts Under Laboratory Conditions.

Zn halo Zone

Zn solubilization efficiency %

Bacterial

Isolates ZnO ZnCO; ZnPO, ZnS ZnO ZnCO3 ZnPO4 ZnS

RY2 20.75 + .353* 155 + .282* [I.15 6.05 + 207.5 + 3.536° 183.1 + 18.56® 223 + 1838  201.7 + 2.33°

919 .070°

RY7 16.75 — — 145.6 + 247" — —
1.061°

RY10 17.1 £ 13.85 6.05 + 5.25 + 149.3 £20.22M 1385 +2.12" 121 £ 424 1343 + 9.54°
1.2735 212 212° 353

RY12 23.75 + .353¢ 20.60 + .848 875 + 475 + 2268 + 18.65° 206 + 848 176 + 848> 128 + .71™

353 3530

RY 14 15.55 + 16.85 + 6.1 £.141* 2,15 172.7 + 160.6 + 4.80*° 123 + 1.414 |10 + 7.07°%
6365 636 212¢ 7.072hdr

RY19 19.25 + 13.95 + 7.6 + 3.6 +.1419 2268 + 126.8 + .56 160.9 + 180 + 7.07°
91926 070 .84g3bde 8.061 4.45bce

RY24 1540 + 1330 + 435 + 2.05 + 134 + 3323 157 £2.19* 1105 + 107.8 +
565b¢ce 56504 495 .070¢ 10.61%" 3.8899%"

RY25 21.8 +.282°% 1755 + 76+ 3.65 + 199.7 + 184.9 + 130.1 + 1213

919* .282%bde 2124 23, 22derf 4,03 |2dh 9.5463<¢" 7.495der

RY26 17.90 + 14.15 — — 156 + 189.3 + — —
'282bcefg 353abde | 2.05hdrsit | 3.08adeh

RY27 15.0 + — — — 120.3 £ 10.2M9t — — —

424bcee
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Figure |. Quantitative solubilization of zinc insoluble salts: (A) ZnO (B) Zn3(POy4), (C) ZnS (D) ZnCO; by different bacterial strains at

different incubation period.

found negative for the silica and potassium solubilization.
Concerning siderophore production, change in color of CAS
medium to orange revealed that except RY 19 and RY25, all
strains were positive for siderophore production. For HCN
production, except RY2, RY12, and RY27, all other strains
showed negative results. For IAA production, surprisingly
most of the strains showed positive results except strains RY7,
RY10, RY19, and RY2S5; all these strains were positive for
IAA production test in the presence of tryptophan and without
tryptophan (Table 2).

Identification of Selected Bacterial Strain RY2

After screening the solubilization potential of different bac-
terial strains, RY?2 highly efficient strain was selected. Gram
staining and spore staining revealed that the strain was Gram
negative and non-spore forming rod. Isolated strain was found
positive for catalase, oxidase, citrate utilization, gelatin, and
tyrosine hydrolysis activities, whereas it was negative for
indole, methyl red-Voges Proskauer (MR-VP), nitrate re-
duction, H,S production, starch hydrolysis, and hemolytic
activities, and from results, it was expected that the strain was
from the genus Pseudomonas (Table 3).

Molecular characterization of selected strain was carried
out using 16S rRNA gene amplification. The strain RY2
confirmed as Pseudomonas protegens. The nucleotide se-
quence of 16S rRNA genes of Pseudomonas strain RY2 was
submitted to the GenBank under the Accession no.
MF351762. Finally, evolutionary status of strain RY2 was

confirmed by constructing phylogenetic tree using the max-
imum likelihood method (Figure 2).

ZnSB-Mediated Zn Release in Soil

The study was performed to investigate the rate of Zn release
in soils treated with the selected ZnSB strain RY2. An increase
in available Zn level in soil treated with ZnSB RY?2 has been
observed up to the day 12 and after that decrease in available
Zn. Net available Zn (difference between available zinc in the
treated soil and untreated soil) in the soil was 39.1,59.4, 115.8,
153.5, 137.5, and 122.5 mg/kg at day 2, 5, 8, 10, 12, and 15,
respectively. It is observed that rate of available Zn release in
the soil treated with RY2 was 26.18%, 38.6%, 74.39, 96.5%,
88.9%, and 81.6% greater than untreated soil (Figure 3).

Plant Experiments

As among the four used zinc salts, zinc oxide was maximum
solubilized by P. protegens RY2 compared to other zinc salts,
so it was selected for plant experiments. The results obtained
showed significant increase in root and shoot length in T2
(soil, P. protegens RY2), TS (soil, zinc oxide, P. protegens
RY2), and T7 (soil, manure, ZnO, P. protegens RY2) than T1
(control) but non-significant difference was recorded for shoot
and root length among T35 (soil, zinc oxide and P. protegens
RY2) and T7 (soil, manure, ZnO, P. protegens RY2). Zn-
solubilizing strain RY2 caused maximum increase of 44%,
67%, and 75% in T2, TS, and T7 in shoot length compared to
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Table 2. Growth Promoting Characteristics of Isolated Bacterial Strains.

Growth promoting traits

Nutrient solubilization traits

Biocontrol traits

Indole acetic acid

Bacterial isolates Ammonia Tryptophan Without tryptophan Potassium Silica Phosphate ACC deaminase HCN Siderophore
RY2 + + ++ — — ++ — + ++
RY7 — - — - - — - - +
RY10 + - — - - + - - +
RY12 ++ ++ ++ — — ++ — + +
RY 14 + ++ ++ — — — — — +
RY19 — - — - - — - - -
RY24 + + ++ _ _ + _ _ +
RY25 + - — - — + — — -
RY26 + ++ ++ — — _ _ _ +
RY27 + + ++ — — + _ + ++

ACC, |-aminocyclopropane-|-carboxylate; HCN, hydrogen cyanide.
The symbol, — shows the absence of the trait, + represents the presence of the traits while ++ shows very good activity.

Table 3. Morphological and Biochemical Identification of Selected Bacterial Strain RY2 (Pseudomonas protegens).

Morphological characteristics

Biochemical characteristics

Color Creamy white Catalase +
Cell morphology Rod Oxidase +
Motility + Indole test —
Flagella + Methyl red test —
Gram staining G —ve VP —
Endospore staining — Nitrate reduction —
Capsule staining + H,S production —
Aerobic growth + Citrate utilization +
Fluorescent pigment + Starch hydrolysis —
Optimum temperature 25-30°C for environmental isolates Tyrosine hydrolysis +
Optimum pH 8 (4-8) Gelatin hydrolysis +
Hemolysis —
5 Pseudomonas protegens strain 12H11 (KT695806)
0 _|: Pseudomonas protegens strain 15H3 (KT695812)
0 Pseudomonas protegens strain 38G2 (KT695829)
0 Pseudomonas protegens strain Wayne (KT695845)
0

59

Pseudomonas protegens strain PF (AJ417073)

_|: Pseudomonas protegens strain CHAO (NR 114749)
4 Pseudomonas protegens strain 1C5 (KT695805)

Pseudomonas protegens strain Clinton (KT695847)
Pseudomonas protegens strain Darke (KT695848)
Pseudomonas protegens strain D15 (MK 182884)

*Pseudomonas protegens strain RY2 (MF351762)
Pseudomonas protegens strain R-54746 (LN995718)
Pseudomonas protegens strain 1B1 (KT695804)
Escherichia coli MG1655 strain K-12 (NR 102804)

Figure 2. Phylogenetic tree deduced from the 16S rRNA gene sequences of Pseudomonas protegens RY 2 (Accession no. MF351762) by

neighbor joining linear method, conducted with MEGA 7 software.
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Figure 3. Zn release rate by zinc solubilzation strain RY2 in soil at different incubation time (days).

control (T1). While comparing the root fresh weight, non-
significant results were obtained for T7 as compared to T3, and
for fresh shoot weight, non-significant results were shown by
T5 compared with T3, while significantly increased dry roots
and shoots weight were obtained in TS5 and T7 as compared to
T1, and in case of dry shoot weight, significant increase was
shown by T7 compared with T3. Inoculation of RY2 showed
maximum increase in plant biomass by 64% and 7.6% in TS
and T7 as compared to T1 and T3, respectively. Significantly
high as well as maximum plant biomass was recorded for the
plants in T5 and T7 as compared to T1 and T3. Least sig-
nificant difference among all treatments is shown in Table 4.

Zn Content in Soil and Plant Using Atomic
Absorption Spectrophotometer

Available zinc in soil was determined. It was observed that Zn
content was gradually increasing from day 5 to day 30, while
at day 45 it was high than day 15 but less than day 30. Zinc
level was highest 13.01 + .289 mgkg ™' in T7 at day 30 as
compared to all other treatments where T1 (control) was 2.228
+ 412 mgkg~'. At day 15, non-significant differences were
observed between T3 and TS5 but a significant difference
between T3 and T7. In case of T2 and T3, a non-significant
difference was observed in all days of incubation (Figure 4).
While in case of T2 and TS, a significant result was obtained at
day 5 and day 15, while non-significant differences were
observed at day 30 and 45. Zinc level was greater in T5 (12.06
mgkg ") and T7 (13.01 mgkg ") at day 30. Available Zn in
the treatment T3 was lower at day 30 (10.42mgkg "), though
significantly (P < .05%) higher than T1 (2.228 mgkg ). While
comparing T3 at day 15 and day 30, a significant increase in
available Zn was not observed in T3 up to day 15, but at day 30,
no further increase was observed.

Zn uptake was significantly higher in roots (P <.05) in the
treatment T7 (1.717 mg/kg), TS (1.35 mg/kg), and T2
(.927 mg/kg) as compared to T1 (.247 mg/kg) and T3
(1.493 mg/kg). There was significant increase in zinc uptake in

T2, TS5, and T7 when compared with T1 (control) but non-
significant difference was observed when compared T5 and T7
to T3 (1.493 mg/kg), whereas when compared T2 and T3,
there was significant increase in T3 rather than T2. Highest
amounts of zinc were detected in the roots in T7 followed by
TS5 which was 1.717 mg/kg and 1.35 mg/kg, respectively.
Minimum shoot length, shoot fresh weight, and shoot dry
biomass were observed in T1 (control). Comparison to T1
(control) and T3, considerable increase in zinc content of
shoots was recorded while comparison to T5 with T3 non-
significant difference was found in shoots. While in com-
parison with T3 and T7 (P < .05), a significant increase was
observed in T7. The Zn content present in shoot for T3, T5,
and T7 was 1.327, 1.220, and 1.55 mg/kg, respectively.
Similar pattern was observed for Zn contents in leaves (Figure

5).

Discussion

Zinc is one of the key constituents of plants and is very crucial
for their growth and development. Zinc fertilizers applied in
the soil become unavailable soon after applications. Soil
bacteria are reported to exert a beneficial effect on plant
growth and excellent alternate to chemical fertilizers due to
their zinc-solubilizing potential. These bacteria are of great
interest as they have been proposed as inoculants for
agriculture.'”*® In this present study, efforts were made to
isolate zinc-solubilizing bacteria. These bacterial strains were
screened on mineral salt medium amended with insoluble zinc
salts to check their ability to solubilize zinc. Results revealed
that these ten strains showed different solubilization efficiency
with different insoluble zinc salts. Halo zone appearance
around the bacteria colonies on solid medium was indication
of solubilization potential which ranged from 15 to 23.75 mm
for ZnO and 13 to 20 mm for ZnCO;. Maximum solubilization
of zinc was obtained with strain RY2 and RY 12 followed by
RY25 and RY'19. This indicates that isolated strains were able
to solubilize zinc salts of which only a few isolates were able
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Table 4. Effect of Zinc-solubilizing Rhizobacteria on Chickpea Growth in Pot Experiment.

Treatments Number of plants Shoot length Root length Shoot fresh wt Root fresh wt  Shoot dry weight Root dry weight

TI 312 29.83 + .288* 3.417 +.381 8517 +.045° 585+ .0127 455 + 00618 278 + 026"
T2 3.36 + 5774 319+ 1.68° 6+ .66l 985 + 014 785+ .014 691 + .0070 385 + .014
T3 4+ lab 3427 £ .251°  7.023 +.395% 1.26 + .036"  1.283 +.004° .855 + .0168" 663 + .030¢
T4 2.33 + 1.155%® 27.93 + 929*° 556 + .21 866 + 0379 6993 + .089° 497 + 02498 279 + 014"
TS5 3.33 + 5774 3473 + 873° 6.673 £.155° 1313 £.072% 1.053+.129  .921 + .0565" 622 + .024¢
Té6 3.66 + .5774% 30.82 + .5008° 5.883 + 2754 9143 + .056¢ 753 +.125° 547 + .0212 353 +.012
T7 4 + Oab 36.17 £ 2887 8.167 + 493 |5 + .095 1.233 + .0493° .963 + .00493 723 + .004

Shoot length in (cm). Root length in (cm). Fresh and dry weights are in (g).
T (control: soil without Zn), T2 (soil without Zn + strain RY2), T3 (soil + ZnSO,.), T4 (soil + ZnO), T5 (soil + ZnO + strain RY2), T6 (soil + manure + ZnO),
and T7 (Soil + manure + ZnO + strain RY2).

14+ EEm  Sdays
124 15days
= 3(days
2 10- ?
£D = 45days
g 8-
§=
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N
4
24
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Figure 4. Zinc in soil after at 45th day of chickpea growth.
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Figure 5. Concentration of zinc in roots, shoots and leaves of the chickpea plant at 45 days.
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to solubilize all the 4 insoluble zinc salts. Several studies
showed isolated bacterial evaluation for their zinc-solubilizing
activity with various zinc sources.*”>® Variation among the
bacterial strains is common when many different bacterial
isolates were tested for zinc solubilization. Formation of halo
zone on ZnO-amended medium using B. sp. and zinc-
solubilizing efficiency (ZSE) 2.23 to 3.88 was observed in
Mumtaz et al.”’ Zinc solubilization efficiency results indicated
that no single strain showed uniform efficiency on all 4 zinc
salts.

As the plate assay is not true indicator of zinc solubili-
zation capacity of the bacterial strains,”® all strains were
assessed further for qualitative zinc solubilization in liquid
medium supplemented with insoluble zinc salts at a con-
centration of .1% in order to assess soluble Zn release in the
medium. Qualitative assay also confirmed the differential
abilities of the bacterial strains to solubilize the zinc, just
RY?2 consistently showing higher zinc solubilization at all
days. Maximum zinc solubilization was observed for zinc
oxide followed by zinc phosphate and zinc carbonate. These
findings are accordance with Saravanan et al.*® and Suni-
thakumari et al.”> who found maximum solubilization for
ZnO but contrary to Ramesh et al.>* who reported maximum
solubilization for zinc phosphate. Increase in available zinc
in medium was also accompanied by a reduction in pH (data
not shown) that could be correlated with organic acids
production such as gluconic acid, citric acid, etc. Khande
et al.>® and Dinesh et al.”’ findings support the higher zinc
solubilization with lower pH due to gluconic acid produc-
tion. The ability of bacteria to solubilize all the 4 inorganic
zinc compounds might be interesting as zinc is known to
occur in soils in discrete chemical forms varying in their
solubility and availability to crop plants.”* With the ad-
vantage of zinc solubilization to make micronutrients
availability to plants, plant growth promoting character-
ization was also necessary to confirm plant growth pro-
motion. For siderophore production, 8 out of 10 strains were
positive. As concerned to P solubilization, almost all strains
were found positive. Bechtaoui et al.’® showed that the
application of plants with insoluble phosphate and PGP
bacterial strain improved the wheat and faba beans growth.
Abou-el-Seoud and Abdel-Megeed®’ improved the wheat
growth with the application of P and K solubilizing B. sp.
Some strains showed IAA production at different level,
while all strains were not able to solubilize silicate. In
contrast, Kang et al.”® found Burkholderia eburnea CS4-2 as
Si solubilizer with IAA production that enhanced the rice
plant growth.

On the basis of solubilization and PGP characteristics,
selected strain RY2 was identified as P. protegens by mo-
lecular characterization. Bacillus, Enterobactor, and Pseu-
domonas genera are reported for the growth production of
different crops like wheat, chickpea, mung, etc.’>*" In liter-
ature, Pseudomonas spp. such as Pseudomonas fragi (EPS1),
Pseudomonas fluorescens, and Pseudomonas aeruginosa

have been extensively reported for their potential to plant
growth and crop yield.®"*> However, according to our
knowledge, zinc solubilization and beneficial effects of P
protegens on plants were not found.

Further, the selected Zn solubilizing strain was assessed for
their plant growth promoting ability of chickpea seedlings in
axenic condition. The results showed that P. protegens RY2
significantly enhanced the chickpea growth parameters
compared to control. Our results are accordance to Hussain
et al.>* and Ramesh et al.> that reported increase in growth
parameters such as root and shoot length, root and shoot fresh
and dry mass with inoculation of Zn solubilizing B. sp. (AZ6),
and Bacillus aryabhattai strains. This increase in plant growth
parameters could be related to ability of Zn-solubilizing
bacteria to solubilize the nutrient and make them available
to the plants. Nadeem et al.*® reported that IAA and ACC
deaminase activity by bacterial isolates improve the root
growth and increase root surface area more suitable for nu-
trient uptake by decreasing ethylene level. In literature,
Pseudomonas genus has been reported as plant growth pro-
moters with zinc solubilization properties, IAA production,
and phytohormone production.®” Our findings showed that the
Zn contents in root and shoot was significantly (P < .05)
higher in the treatment involving Zn-solubilizing bacterium P.
protegens RY2 with ZnO as zinc source compared to control.
This was expected as with increase available Zn in soil could
result in higher zinc in the plants.°* This increase in zinc
content in root and shoot is also supported in many studies
with the use of PGPRs. PGPRs have been reported to over-
come nutrient deficiency in many crops as Lefévre et al.®
revealed 12% more zinc translocation in wheat grains as
compared to chemical zinc.

Zinc solubilization by using PGPR is relatively a newer
approach and has lots of unexplored efficient zinc-
solubilizing strains. This study indicates the potential of P.
protegen to overcome zinc deficiency in countries like
Pakistan where zinc fertilizers are under-used and not cost-
effective. Zinc-solubilizing bacterium P. protegen strain RY2
used in present study exhibited beneficial effect on Zn uptake
in chickpea plant and having the plant growth properties it
could qualify as efficient strain to apply as bio-fertilizer
under field conditions.
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