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Abstract—The present work was focused on plant growth-promoting bacteria (PGPB) for the enhanced pro-
duction of tomatoes. The effect of 14 indigenous PGPB isolated from the soil samples collected from Gir
National forest areas (Dist. Junagadh, Gujarat, India) and the coastal region of Saurashtra (Dist. Gir-Som-
nath, Gujarat, India) on tomato seedlings was studied. Only 6 isolates showed positive results in in vitro bio-
chemical and plant-growth-promoting assays such as phosphate and zinc solubilization, siderophores and
HCN production and antibacterial and antifungal properties. The rest isolates were negative to one or more
of the selected tests. Based on in vitro results, all PGPB were tested on tomato seedlings. Four stage screenings
were used to select the best combinations. After the primary screening, 9 isolates were selected for further
experiments based on the germination, height of plants and seedling vigor. Plant height, leaf count, seedling
vigor and total chlorophyll were measured. Leaf anatomy was studied at the end of the quaternary trial to
understand the changes at a cellular level and it revealed the anatomical changes such as increased chlorophyll
at cellular level and enhanced starch production. Microbial consortia showed better results compated to sin-
gle-inoculant treatment. Out of 503 different combinations tested at secondary trial, 129 were selected for ter-
tiary trials and 24 from them were further qualified for quaternary trials. At the end of quaternary trials, total
04 combinations were selected for future experiments on field. The quaternary trial strategy helped to reduce
the total 503 possible combinations to 04 combinations improving germination, height, seedling vigor, num-
ber of leaves and chlorophyll content compared to non-treated tomato plants. Further trials were carried out
in field for long period of time to measure the profound effect of selected consortium in real life.
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For better growth and development, plants need
the carbon which is obtained from the atmosphere,
the hydrogen and oxygen from water, and the needed
mineral ingredients from the soil. The rhizosphere is
the root-surrounding soil helping the plant to get
micro- and macro-nutrients available in soil. Bacteria
found in this soil are known as rhizobacteria. Rhizo-
bacteria are also known as plant-root bacteria. They
are called “plant growth-promoting bacteria”
(PGPB) because they help plants to develop. Numer-
ous research works support the diverse benefits of such
bacteria for plants by fixing atmospheric nitrogen, sol-
ubilizing phosphate, creating phytohormones, sidero-
phores, controlling ethylene and HCN production
and manufacturing 1-aminocyclopropane-1-carbox-
ylic acid deaminase promoting systemic resistance,
and producing antibiotic [1]. These bacteria nourish
plants and protect them from dangerous microorgan-
isms too [2].

The most crucial element of food is vegetables
using a larger area for cultivation. Tomato is one of the

most significant vegetables. Tomatoes belong to Sola-
naceae family. In 2020, tomato output tops 187 million
tons. Over the previous decade, global tomato produc-
tion and consumption rose 2.5% and the demand is
increasing in coming years, thus, tomato production
needs better growth promoters. Because of its high
nutritional value and plenty of uses, tomato is grown
throughout the world. Tomatoes are also a great
source of vitamin C, potassium, folate, and vitamin K
[3]. Tomato is not only an important vegetable, but it
is also an important source of secondary metabolites
like lycopene used in pharmaceutical, nutraceutical,
healthcare and cosmetic industries [4].

The rising population and the demand for vegeta-
bles are directly enhancing the high need for tomato
production. However, the amount of area, the kind of
soil, and the amount of rainfall significantly affect the
production of tomatoes [5]. Aside from the nutrients,
the overall production of tomatoes is also affected by
common fungal diseases called early blight and late
blight.
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Table 1. Coordinates of the soil samples collected form the Gir National Forest Area and Saurashtra Costal Region (India)

Sr. Accession 
no. Latitude Longitude Sr. Accession 

no. Latitude Longitude

1 GFS01 20.58′00.46′′ N 70.46′00.47′′ E 19 GFS19 20.51′41.68′′ N 71.01′11.01′′ E
2 GFS02 20.57′55.39′′ N 70.46′17.39′′ E 20 GFS20 20.53′53.88′′ N 70.58′59.16′′ E
3 GFS03 20.59′29.41′′ N 70.41′22.43′′ E 21 SCS01 20°43′21.32′′ N 70.55′45.84′′ E
4 GFS04 20.58′39.51′′ N 70.52′4.98′′ E 22 SCS02 20°43′04.26′′ N 70.53′58.19′′ E
5 GFS05 21.02′13.95′′ N 70.42′06.01′′ E 23 SCS03 20°.45′′04.52′′ N 70.54′02.31′′ E
6 GFS06 21.03′48.75′′ N 70.39′43.10′′ E 24 SCS04 20°45′30.85′′ N 70.56′38.91′′ E
7 GFS07 21.05′53.42′′ N 70.33′08.41′′ E 25 SCS05 2214.765′′ N 06858.47′′ E
8 GFS08 21.09′30.29′′ N 70.35′38.41′′ E 26 SCS06 2214.337′′ N 06858.200′′ E
9 GFS09 21.11′36.93′′ N 70.32′04.89′′ E 27 SCS07 2213.792′′ N 06901.832′′ E

10 GFS10 21.14′36.04′′ N 70.30′33.27′′ E 28 SCS08 2213.702′′ N 06859.037′′ E
11 GFS11 20.56′03.81′′ N 70.57′42.45′′ E 29 SCS09 22°30′35.5′′ N 070°01′48.5′′ E
12 GFS12 21.00′02.24′′ N 71.03′58.90′′ E 30 SCS10 22°30′36.2′′ N 070°01′52.4′′ E
13 GFS13 20.57′46.48′′ N 71.05′20.75′′ E 31 SCS11 22°25'37.4′′ N 069°43′32.4′′ E
14 GFS14 21.00′1487′′ N 71.09′02.80′′ E 32 SCS12 22°24′29.8′′ N 069°43′16.4′′ E
15 GFS15 21.02′51.14′′ N 71.11′17.59′′ E 33 SCS13 22°36′08.7′′ N 070°12′02.8′′ E
16 GFS16 21.16′55.61′′ N 71.12′17.67′′ E 34 SCS14 22°33′04.4′′ N 070°12′08.5′′ E
17 GFS17 21.07′28.94′′ N 71.02′58.01′′ E 35 SCS15 22°35′08.7′′ N 070°12′03.8′′ E
18 GFS18 20.57′57.52′′ N 70.53′31.41′′ E
Compared to chemical fertilizers, which have seri-
ous soil degradation, nitrogen leaching, soil compac-
tion, reduction in soil organic matter, and loss of soil
carbon, PGPB may minimise soil degradation via
nitrogen fixation, reduction of soil compaction,
increase of soil organic matter, solubilisation of phos-
phate, zinc, and siderophore activity [6]. Phosphorus
helps in the growth and yield of tomatoes. PGPB
makes phosphorus more plant-accessible by dissolv-
ing insoluble phosphate. PGPB’s antibiosis, cyano-
genesis, and other biocontrol activities strengthen the
immunity the of tomato plant and help in fighting
against early and late blight diseases [7]. Rhizobacteria
that get along nicely may colonize and combat illness.
PGPBs not only increase plant growth but helped to
reduce stress, and manage the disease. Research shows
that PGPB co-inoculation boosts plant growth [8].

This study will evaluate whether native isolates
PGPB isolated from the soil samples collected from
different regions of India improve tomato develop-
ment. Single and multiple-organism inoculations
were performed. Additional laboratory tests include
phosphate and zinc solubilization, indole-3-acetic
acid (IAA) and siderophores production, and the bio-
control abilities of isolates.

MATERIALS AND METHODS
Rhizosphere soil sampling. Soil samples were col-

lected from the Gir National Forest Area, Gujarat,
India and Saurashtra Coastal Region of Gujarat,
APPLIED BIOCHEMI
India. Collected samples were given by accession
numbers for labelling and easy processing. Coordi-
nates of the sample collection site are given in Table 1.

Isolation of bacteria from collected rhizosphere.
Rhizospheric soil (1 g) was suspended in sterilized,
deionized water (90 mL). Serial dilution was made for
isolation of pure culture. Ashby’s agar (HiMedia,
India) was used for the isolation of the bacteria, which
were plated in triplicate and incubated at 25°C for
24 h. Ashby’s agar plates were used to sub-culture and
purify the bacteria colonies.

In vitro screening of isolates for different plant
growth-promoting activities. Screening of HCN-pro-
ducing bacteria. Isolated bacteria’s capacity to produce
HCN was tested using the technique outlined by
Lorck [9]. Glycerine-containing agar was used to grow
bacteria on the Luria Bertani agar (HiMedia, India).
Whatman filter paper no. 1 (UK) soaked with 1%
picric acid and wet with 10% sodium bicarbonate was
applied to the inside of the Petri plate lead. The plates
were incubated for 24–48 h at 37 ± 1°C with the par-
affin film sealed on top. Light brown to dark brown
coloration of tested paper is an indication of high lev-
els of HCN production.

Screening of phosphate-solubilizing bacteria. The
capacity of isolates to dissolve phosphate was tested
using the Verma and associates' technique [10].
Pikovskaya’s agar (HiMedia, India) plates containing
tri-calcium phosphate were inoculated with the iso-
lates to test their ability to dissolve the phosphate.
STRY AND MICROBIOLOGY  Vol. 59  No. 4  2023
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Phosphate solubilization activity was judged to be suc-
cessful after 7 days of incubation at 28°C.

Screening of IAA-producing bacteria. The Bric et al.
[11] approach was used to look for IAA-producing
bacteria. The streak plate technique was used to inoc-
ulate bacterial isolates onto LB agar plate supple-
mented with 1% Trp. Incubation took place at 37°C
for 24–48 h. The Salkowski reagent was used to treat
the membrane after a satisfactory incubation period. A
red halo around the colony indicates the presence of
IAA produced by the bacteria.

Screening of siderophore-producing bacteria. We fol-
lowed the Schwyn and Neilands’ technique to screen
siderophore-producing bacteria [12]. Briefly, Chrome
Azurol S (CAS) agar medium was used to confirm the
siderophore formation. LB agar medium supple-
mented with CAS was inoculated with 24-h-old bac-
teria and cultured for 72 h at 30°C. Siderophore pro-
duction is indicated by a shift in the colour of the
medium from blue to orange or yellow to light orange
surrounding the colony.

Screening of zinc-solubilizing bacteria. All bacterial
strains were screened for their zinc-solubilizing ability
as per the method described by Kamran and co-work-
ers [1]. Briefly, 5 insoluble zinc compounds, viz.,
ZnSO4, ZnO, ZnCl2, Zn3(PO4)2 and ZnCO3 were
used. A one-day-old bacterial culture was inoculated
on LB medium supplemented with insoluble ZnCO3.
Aluminium foil was used to cover the plates and they
were kept in the dark at 37°C for 14 days. Clear zones
were created around colonies by strains that dissolved
zinc compound.

Activity of isolates against fungi (Fusarium oxyspo-
rum). A phytopathogenic fungus may be inhibited by
bacteria. F. oxysporum NCIM (accession no. 1008) was
investigated in accordance with Slama et al. recom-
mended approach [13]. Potato dextrose agar (PDA;
HiMedia, India) plates were used to test the antago-
nism of bacterial isolates to phytopathogenic fungi
in vitro. Fungal agar discs were placed on the Petri
plate 3 cm apart from each bacterial growth site. A
negative control was also performed, which consisted
of fungal agar discs without any bacterial culture spots.
After that, the Petri plates were incubated for 7 days at
30°C. Recording the growth patterns of fungi and bac-
teria and the antifungal properties of isolated bacteria
were documented.

Chitinase activity of isolates. The isolates were
examined for chitinase activity in accordance with the
procedure described by Cappuccino and Sherman
[14]. Briefly, chitin agar plates were used to cultivate
all of the bacteria that were found in the samples. After
5 days of incubation at 30°C, a clear zone formed
around the colonies showed that bacteria were chiti-
nase positive.

Molecular characterization of bacterial strains. Iso-
lates that had the highest levels of growth-promoting
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo
characteristics in plants were selected for further char-
acterisation and identification.

Isolation of DNA and 16s rDNA gene amplification.
Genomic study including DNA isolation, amplifica-
tion of 16s rDNA gene and sequencing was performed
at Gujarat biotechnology research center (GBRC)
Gandhinagar, Gujarat, India as per the standard pro-
tocol of the laboratory. The amplification of selected
gene was made using the universal bacterial primers
27F 5'-AGAGTTTGATCCTGGCTCAG-3' and
1492R 5'-GGTTACCTTGTTACGACTT-3'. The
PCR was performed on thermal cycler Veriti, Applied
Biosystems (USA) using EmeraldAmp® GT PCR
Master Mix kit (Takara, Japan). Following conditions
were used: initial denaturation for 5 min at 95°C, then
35 cycles of denaturation for 30 s at 94°C, annealing
for 30 s at 62°C, extension for 1 min at 72°C, and
finally another extension for 5 min at 72°C. Cycle
sequencing was done using 24 capillary electrophore-
sis machine (3500 Genetic Analyzer, Applied Biosys-
tems, USA) at GBRC.

Sequence alignment and phylogenetic analysis. In
order to build a phylogenetic tree, MEGA software
version 11 was used. The maximum parsimony
approach was used to analyse the 16S rDNA sequences
[15].

Preparation of inoculum and seed treatment. Bacte-
rial in vitro activity was used as a selection guide.
Selected bacteria were grown in LB broth for 24 h at
37°C to produce bacterial inoculum. Surface steriliza-
tion of tomato seeds took 2 min using 0.02% sodium
hypochlorite. After sterilization, the seeds were thor-
oughly washed with sterile distilled water. Seeds were
soaked in bacterial isolate suspensions (1 ×
108 CFU/mL) for 30 min. In each of the three treat-
ments, 3 replicates of inoculated seeds were used: 1%
water agar, sterile soil, and non-sterile soil. For germi-
nation, the pots were kept at 30°C for 5 days in the
dark. As a control, the seedlings that had been treated
with sterile distilled water were used [5].

Field study. Field study was carried out during the
period of May 2021 to April 2022 using the selected
isolates. Initially single bacterial plant growth-pro-
moting activity was assessed. After 7 days, out of
14 bacteria only 9 were selected for further studies.
Combinations of bacteria were done as per equation 1.
A total of 502 different combinations were calculated
from the equation where 36 combinations were possi-
ble without repletion when any 2 or 7 bacteria were
combined. When 3 or 6 bacteria were combined,
84 combinations were possible, 126 combinations
exist for 4 and 5 bacterial combinations, 9 combina-
tions were possible when 8 bacteria were combined,
and 1 combination was possible when all 9 bacteria
were mixed together at a time.
l. 59  No. 4  2023
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Table 2. Name of bacteria, gene bank accession number and PGP activity of isolated bacteria*

*+ indicates positive activity, – indicates no activity. PS = Phosphate solubilization; ZS = Zinc solubilization.

Culture Name
Gene bank 
accession 
number

PS Siderophore HCN Bacterial 
compatibility

Anti-
fungal

Chitin
agar ZS

GFS01C1 Paenibacillus polymyxa ON514166 + + + + + + +
GFS03C1 Bacillus toyonensis ON350768 + + – + + – –
GFS11C1 Bacillus sonorensis ON514164 + + + + + + +
GFS15C2 Peribacillus asahii ON514167 + + + + + + +
GFS16C1 Stenotrophomonas bentonitica ON350776 + + – + – – +
GFS16C2 Flavobacterium anhuiense ON533627 + + + + + + +
GFS19C2 Metabacillus endolithicus ON533629 + + + + - + +
SCS03C1 Acinetobacter pitti ON350852 + + + + + + +
SCS07C3 Bacillus pumilus ON545808 + + + + + + +
SCS12C1 Pseudomonas extremorientalis ON344839 + + + + + + +
SCS12C2 Bacillus licheniformis ON533626 + + + + – + +
SCS12C3 Bacillus haynesii ON514165 + + – + + – +
SCS12C5 Bacillus vallismortis ON556603 + + + + – + +
SCS06C1 Priestia aryabhattai ON146311 + + – + – – –
(1)

where nCr = number of combinations, n = number of
objects, r = sample size, ni = n factorial, ri = r factorial

Microscopic analysis of plants. Control and
treated plants were collected, fixed in FAA (70% eth-
anol—90 mL, 40% formalin—5 mL, glacial acetic
acid—5 mL), separated into glass vials, dehydrated
with an ethanol series, and embedded in paraffin [16].
Transverse serial sections, 12–14 μm thick, were cut
with a rotary microtome. The histological sections
were contrasted with 1% Toluidine blue (dissolved in
1% aqueous borax) and safranin O/fast green [17].
Slides were observed and photographed under differ-
ent magnifications with help of DME research micro-
scope (Leica, Germany).

Statistical analysis. All the study results were statis-
tically evaluated by two-way ANOVA followed by
Bonferroni post-tests for primary and secondary
screening. One-way ANOVA followed by Dunnett’s
Multiple Comparison Test was used to compare the
effectiveness of the control v/s treatment plant at final
screening. All the experiments were performed in trip-
licate and results were expressed as mean ± SEM. For
statistical analysis and plotting graphs, GraphPad
Prism 5 software was used.

RESULTS
In vitro screening of isolates with plant growth-pro-

moting activities. Based on the plant growth promoting

activity, total 14 bacteria were isolated and character-
ized. Code of microorganism, name of bacteria and
GenBank accession number are depicted in Table 2.
Bacteria having plant growth promoting activity were
selected using in vitro screening (Table 2). Bacteria
having phosphate and zinc solubilization properties
and ability to produce siderophore and HCN were
revealed. Apart from above mentioned properties,
bacteria having antifungal activity, bacterial compati-
bility with other bacteria and chitinase production
activity were suitable for primary screening. All iso-
lated bacteria showed phosphate solubilization, sid-
erophore and bacterial compatibility. Most of the bac-
teria had HCN production except GFS03C1,
GFS16C1, SCS12C3 and SCS06C1. However,
SCS06C1, SCS12C5, SCS12C2 and GFS16C1 did
not showed antifungal activity. GFS03C1 and
SCS06C1 did not have chitinase and zinc solubiliza-
tion activities whereas GFS16C1 and SCS12C3 did
not show only chitinase activity.

Molecular characterization of bacterial strains.
Molecular characterization of isolated bacteria helps
to understand the phenotypes and heterogenicity. The
sequences of the 16S rDNA gene of the isolates were
compared with the NCBI nucleotide database using
the BLAST to determine the identity of the isolated
bacteria (Bethesda, USA). Phylogenetic analysis
revealed the relationship between the isolates (Fig. 1).
Out of 14 isolates, 7 belong to Bacillus species.
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Fig. 1. All the solitary bacterium’s evolutionary connec-
tions. The maxim parsimony approach was used to infer
the evolutionary history. The evolutionary history of the
species under study is assumed to be represented by the
bootstrap consensus tree constructed from 1000 repeti-
tions of the data. MEGA-11 was used for the evolutionary
analyses.
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Plant growth-promotion assay. Primary screening.
Primary screening of PGPB were done by testing all
bacteria. Figure 2 explains the effect of bacteria on
plant growth. For primary screening, only seedling
vigor of plant was considered. Primary screening
revealed that out of 14 only 9 bacteria have potential
plant growth-promoting activity. Results obtained
after 7 days of tomato seed germination were consid-
ered for primary screening of bacteria for 15 days trial.
Figure 3 describes the seedling vigor of isolated bacte-
ria after 15 days germination.

Secondary screening. Combination of bacteria and
its effect on plant growth after 7-days germination is
described in Table S1. Seedling vigor higher than 270
index were taken further for the tertiary screening. Out
of 36 combinations of any two bacteria, only 9 showed
seedling vigor > 270 index, whereas, out of 84 possible
combinations of 3 bacteria only 23 combinations
showed promising results. Total 36 combinations of
4 bacteria had high seedling vigor, 30 combinations of
5 bacteria, 22 combinations of 6 bacteria, 6 combina-
tions of 7 bacteria, 2 combinations of 8 bacteria
showed seedling vigor more than 270 index. Interest-
ingly, consortium of all bacteria showed < 270 seedling
vigor. Out of 502 combinations 128 had seedling vigor
higher than 270 index whereas, only 43 showed seed-
ling vigor more than 290 index. However, only
16 combinations had seedling vigor more than 300.
Control showed seedling vigor in between 170–185.

Tertiary screening. Those combinations showing
seedling vigor more than 270 index in secondary
screening were taken for tertiary screening. Total 128
combinations passed secondary screening and consid-
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo

Fig. 2. Seedling vigor data after 7 days of tomato seeds germinat
14 bacterial isolates. Results are expressed as mean ± SEM. Resu
tests. 1—Control; 2—GFS01C1; 3—GFS03C1; 4—GFS11C15
SCS03C1; 10—SCS07C3; 11—SCS12C1; 12—SCS12C2; 13—S
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ered for tertiary screening. From tertiary screening,
top 50% of the plants having average 5 leaves or more
leaves were taken for quaternary trials. Detailed results
of all 128 trials are described in Table S2. Tertiary
screening helped to reduce the total no trials from 128
to 24.

Quaternary screening. Quaternary screening was
done for the 24 bacterial consortia selected from the
results of tertiary screening. Results are described in
Table 3. Study results revealed that bacterial consor-
l. 59  No. 4  2023
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Fig. 3. Seedling vigor data after 15 days tomato seeds germinated in water agar, sterile soil and non-sterile soil and treated with
selected 9 bacterial strains. Results are expressed as mean ± SEM. Results are analysed by two way ANOVA followed by Bonfer-
roni posttests. 1—Control; 2—GFS01C1; 3—GFS11C1; 4—GFS15C2; 5—GFS16C2; 6—GFS19C2; 7—SCS03C1; 8—
SCS07C3; 9—SCS12C2; 10—SCS12C5. 
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tium is highly effective in terms of total chlorophyll
(p < 0.0001). Out of 24 combinations, only 4 were
selected for future experimentation based on criterion
that plant germination was more than 70%. Top 50%
bacteria were selected based on seedling vigor height
and total chlorophyll. Details of the selected consortia
compared to control group are given in Table 3. Com-
pared to control group, all consortium groups showed
reliable results (p > 0.05).

Microscopic analysis of plant. Leaf. Tomato leaf
showed dorsiventral type of structure anatomically
(Figs. 4a, 4b). It possesses upper and lower epidermis.
Both the epidermis are covered with cuticle. Simple
and glandular trichomes are present towards both lay-
ers of epidermis. In the center of the leaf, single midrib
is present which shows collenhymatous tissues after
upper epidermis while presence of parenchyma tissue
above the lower epidermis, and vascular bundle is
present between them. In the vascular bundle, phloem
is facing towards the lower epidermis. In the lamina
region pallisade tissue is present towards the upper
epidermis with 2–3 layers, while spongy chloren-
chyma tissue is present towards the 3–4 layers of lower
epidermis (Fig. 4c). These anatomical characteristics
are found in untreated/control plant leaves while
treated plant leaves had spongy chlorenchyma in the
lower epidermis, a more compact arrangement of
cells, and an increase in cell number (Fig. 4d).

Root. Tomato’s root reveals an exterior layer of the
epidermis (periderm) and a well-developed core cylin-
der called a stele that includes xylem toward the inner
side and phloem near the periderm. Parenchymal cor-
tical cell and well-developed core cylinder called a
APPLIED BIOCHEMI
stele includes xylem toward the inner side and phloem
near the periphery. There was procambium in between
them, and it was responsible for the subsequent devel-
opment of vascular tissues (Figs. 4e, 4f). After the per-
iderm, cortical region is present which is made up of
by parenchymal cells compactly arranged. After those
cells, vascular tissues are arranged. In the cortical
region starch grains are present (Fig. 4g). These tissues
are present in untreated plant root. After PGPB-treat-
ment, the increase in the number of starch grains was
observed (Fig. 4h), which indicates the increase in
chlorophyll amount in leaf.

DISCUSSION

Photosynthesis is the key process through which
light energy is transformed into chemical energy. One
of the most important molecules in photosynthesis is
phosphorus. Due to its insoluble nature, phosphorus
compounds hampered plant development in general,
as well as the efficiency with which photosynthesis and
respiration were carried out [18]. Phosphate has a crit-
ical function in plant development, yet only plants can
use it. Phosphorus is an essential component of the
photosynthetic center of any high-yield crop produc-
tion system, where light energy is converted into sugar
and then into all the unique plant components [19].
Thus, the ability to dissolve phosphate would be a cru-
cial criterion in selecting PGPB. As depicted above we
have selected phosphate solubilization in vitro qualita-
tive assay for selecting PGPB for the tomato’s growth
and development in terms of increased height, number
of leaves and chlorophyll content.
STRY AND MICROBIOLOGY  Vol. 59  No. 4  2023
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Fig. 4. Microscopic anatomical features comparisoin of control vs treated tomato plants. (a) Transverse section of control tomato
leaf; (b) transverse section of treated with PGPB tomato leaf; (c) lamina region of control tomato leaf (arrow shows loosely
arranged spongy parenchyma); (d) lamina region of treated with PGPB tomato leaf (arrow shows compactly arranged spongy
parenchyma); (e) transverse section of control tomato plant root; (f) transverse section of treated with PGPB tomato root;
(g) cortex of control root shows starch grains (arrow); (h) cortex of treated with PGPB root shows more amount of starch grains
(arrow).

(a)

(b)

(c)

(d)

(e)

(g) (h)

(f)
Iron is important element in electron chains and

cofactor in many essential enzymes. Due to its

extremely reactive nature, iron must be chelated

before it can undergo intracellular trafficking [20].

Siderophores are a class of secondary metabolites that

are produced by a broad range of organisms to remove

iron from their surrounding environments and make it

available to cells. Literature suggests that many differ-
APPLIED BIOCHEMI
ent types of microorganisms create siderophores,

which chelate iron, reduce its toxicity, and enhance its

utilisation in cellular biochemistry Multiple research

highlight siderophores potential role in fostering plant

development [21]. Positive siderophore secretion was

detected in all of the isolated bacteria, according to the

results of the in vitro study. These microorganisms

were suited for the growth of tomato plants.
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The HCN is well recognized as biocontrol agent
against several plant pathogens including bacteria and
fungi [22]. The research implies that the covalent
attachment of HCN to cytochrome oxidase is respon-
sible for its toxicity. Since the PGPB use a cytochrome
oxidase that is invulnerable to cyanide, they are unaf-
fected by HCN production [23]. Out of 14 isolated
bacteria, 10 bacteria showed in vitro HCN production.
Based on the previous finding, we can suggest that
consortia of isolates would not only help the plant
growth but also protect the plant from variety of
pathogens. Nine isolates out of 14 had antifungal
activity. Surprisingly, 2 of the 5 isolates that lacked
antifungal activity also failed to secrete HCN in vitro.
Indications from this study suggest that tomato resis-
tance to fungal infections may be due in part to the
bacterial capacity to produce HCN.

Zinc is an essential trace element for the metabo-
lism, enzyme processes, and oxidation-reduction
reactions of plant, animal, and bacterial cells. Zinc
deficiency has been linked to malfunctions in nitrogen
metabolism, protein synthesis, and energy transfer in
plant cells. Zinc aids in plant growth and development
and also boosts the plant nutritional value [24]. It was
discovered that 12 out of 14 bacteria tested were effec-
tive zinc solubilizes. The current study found that
PGPB resulted in superior development of tomato
plants compared to normal plants.

Duijff and co-workers [25] reported Pseudomonas
fluorescens WCS417r showed an anatomical effect on
tomato plants. Compant et al. [26] explained that
endophytic colonization of bacteria caused notified
anatomical changes in the plant in terms of character-
istics like increased cortical cell layers, and increased
strengthening of the exodermis cell wall. The outer
peripheral and outermost part of the radial side of the
first layer of the cortical cell walls showed an increase
in thickening. Microscopic analysis revealed that the
PGPB-treated tomato plants showed improved chlo-
rophyll content and increased amount of starch accu-
mulation in cells compared to normal plants (Fig. 4).
This data lends credence to the theory that higher lev-
els of chlorophyll and photosynthesis are associated
with higher concentrations of soluble phosphate and
zinc, as well as increased production of siderophores.

As discovered by Timmusk et al. [27], Paenibacillus
polymyxa GSF01C1 is rhizobacterium that promotes
plant growth and forms biofilms in root tip. Other
researchers revealed nitrogen fixing and antifungal
properties of this bacterium. The current research
confirms the outcomes of similar studies. P. polymyxa
is the member of 3 consortia out of 4 chosen from qua-
ternary trials.

Researchers have looked into Bacillus toyonensis
GFS03C1 extensively because of its potential to aid
growth in a wide variety of plants, including tomato
[7]. We observed that the isolated bacteria not only
promoted tomato growth, but also acted as phosphate
APPLIED BIOCHEMISTRY AND MICROBIOLOGY  Vo
solubilizers, siderophore producers, and a fungal
killer. However, this bacterium is not a part of finally
chosen 4 consortia after quaternary trials.

Bacillus sonorensis GFS11C1 was well studied for
its PGP action in tomato [3], etc. In the present study,
in vitro tests for B. sonorensis were all positive. The
presence of B. sonorensis is helping tomato overall
growth, including plant height, number of leaves, and
enhanced chlorophyll content. It was one of the mem-
ber of 3 consortia out of 4 chosen from quaternary tri-
als.

Peribacillus asahii GFS15C2 has received less
attention in the scientific community. P. asahii’s
potential in agriculture was highlighted for the first
time in our paper. This bacterium performed well in all
in vitro tests. It was member of one consortium out of
4 chosen from quaternary trials.

Phosphate, zinc, and siderophores are all made
more soluble by Stenotrophomonas bentonitica
GFS16C1. However, this bacterium cannot produce
antifungal agents or chitinases.

Isolating Flavobacterium anhuiense GFS16C2 from
cucumber roots, Jeong et al. [28] found that this strain
exhibited potent anti-oomycete biocontrol activity. In
the current study, promising PGP effects were
revealed for F. anhusiense under all test conditions. It
was the member of 2 consortia out of 4 chosen from
quaternary trials.

Metabacillus endolithicus GFS19C2 has been iso-
lated by Parag et al. [29]. Insufficient information is
currently available on this bacterium in the literature.
In the present study, this bacterium was part of 8 of 10
chosen consortia and performed well in vitro tests. The
effect it has on tomato plant development is new infor-
mation. It was member of one consortium out of 4
chosen from quaternary trials.

Isolation of Acinetobacter pitti (SCS03C1) from the
maize rhizosphere and its use in boosting paddy plant
development were reported recently [30]. However, its
agricultural potential in the connection with PGP
activity was not explored. In the present study, A. pitti
had positive tests in vitro and in vivo in all trials. It was
the member of 2 consortia out of 4 chosen from qua-
ternary trials.

The most extensively researched PGPB is Bacillus
pumilus SCS06C1. Several researches have shown its
effectiveness. According to Gutiérrez-Mañero et al.
[2], B. pumilus exhibited superior PGP properties. The
gibberellins produced in large quantities by this bacte-
rium, make it capable of promoting overall plant
development. Antifungal activity activities were
revealed in this bacteium. Joo et al. [31] analyzed this
bacterium extensively for its ability to stimulate growth
in red pepper plugs. Although it passed our phosphate
solubilization assay and siderophore activity tests, this
bacterium did not place in the top 4 final consortia for
further study.
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We know that Pseudomonas extremorientalis
SCS07C3 is a promising example of PGPB due to its
detailed characterization. The growth-promoting
activity of P. extremorientalis was studied on many
plants, such as wheat [32]. Our research shows that it
has very positive effects on tomato development.
P. extremorientalis is part of 2 out of 4 carefully put
together groups, and all of them have shown that they
can promote tomato growth.

Despite promising in vitro results, Bacillus licheni-
formis SCS12C1 failed to boost plant growth in the
field. There were no reports of this bacterium’s PGP
properties in the literature.

Sahu et al. [33] recently reported PGP activity in
Bacillus haynesii SCS12C2 for rice. This bacterium
was determined to be a part of 3 of 4 investigated con-
sortia.

Recently, Park et al. [34] revealed the rice-targeting
PGP activity in Bacillus vallismortis (SCS12C3). In
the current study, we investigated whether B. vallis-
mortis does improve the tomato growth or not. Results
shown B. vallismortis is associated with negative out-
comes.

Priestia aryabhattai SCS12C5 is well studied for its
plant growth promotion for a variety of plants and
crops [35]. In our investigation, we confirmed that
P. aryabhattai is a promising plant growth promoter
for tomatoes. It is the member of 2 of 4 consortia.

* *

Finally, we found that 9 isolates together increased
tomato plant growth. These isolates include
GFS01C1, GFS19C2, GFS11C1, GFS15C2,
GFS16C2, SCS03C1, SCS073, SCS12C2, and
SCS12C5. As such, they will aid in the development of
tomato plants. More study of colonisation capacity
and probable interactions between strains is needed to
increase PGPB effectiveness.
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