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The quest for enhancing the production of leafy vegetables due to their high
nutritional status has led to the inevitable use of hazardous agrochemicals leading to
chief agricultural losses. Plant growth-promoting rhizobacteria (PGPR) being
harmless biofertilizers can serve as suitable candidates for attaining the increasing
demands of global agriculture. With the perspective to explore the bio efficiency of

Keywords Spinach oleracea rhizobacteria, the study was designed utilizing rhizospheric
Spinach bacteria of spinach. Initially, seventeen rhizobacteria (ST1, ST2, ST4, ST5, ST7, ST8,
PGP screening ST11, ST12, ST14, ST15, ST16, ST17, ST18, ST19, ST20, ST23, ST25) were isolated
Biofertilizer which were identified morphologically. Subsequent biochemical testing revealed
Growth promotion their identification as Bacillus spp, Clostridium spp, Corynebacterium spp,
Rhizobacteria Lactobacillus spp and Mycobacterium spp. The Screening of these isolates for multiple

PGP traits exposed their potentialities. However, employment of most potential
PGPR at two varieties (Desi palak and Lahori Palak) of spinach further confirmed
their putative role in the growth enhancement of spinach. Therefore, current results
suggest the significant application of spinach-associated rhizoflora as a safer and
effective biofertilizer for extendable agricultural land.
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INTRODUCTION present which are used to strengthen the bones (Rejeki

Spinach (Spinacia oleracea) is one of the internationally
standard nutritional leafy vegetables belonging to the
family Amaranthaceae (Naseem et al, 2023) with its
subfamily of Chenopodioideae. Pakistan occupies 10t
position worldwide for the production of spinach (Shah
et al, 2015; GoP, 2024). It has been considered as
commonly cultivated vegetable producing total yield of
12588 kg per hectare in the country (Shaheen et al,
2017; GoP, 2024). High nutritional status and great
economic importance are the key features for the
popularity of spinach in the nation. As it contains a high
quantity of essential minerals and nutrients including
vitamins, flavonoids, and folic acid (Liu et al, 2015). In
spinach, a high amount of vitamin K and calcium is also
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et al, 2023). Manganese present in spinach is essential
for the regulation of blood sugar, calcium assimilation,
and metabolism. Cooked spinach has a high amount of
minerals, for example, iron, magnesium, copper, calcium,
and potassium which get easily absorbed through the
body (Patricia et al, 2014; Miano, 2016). The green
leaves of spinach have pharmacological and medicinal
properties that are excellent for the health of humans. It
not only improves the nutritional status in humans but
also decreases the risk of many diseases such as human
diabetes, among which the prominent ones are
hepatotoxicity, and cancer (Fornaciari et al, 2015). The
use of threat of
cardiovascular disease, strokes, hypertension (Ngo et al,

spinach also decreases the
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2005; Rahati et al, 2016). It is also helpful in the cure for
tooth and respiratory disorders, gastrointestinal
disorders, asthma (Aziz et al, 2016; Khan et al, 2018),
acidosis, anaemia, constipation (Ugulu, 2012), pregnancy
and urinary disorders (Shah et al, 2015). One of the facts
concerning the production of vegetables is that
satisfy the
appropriate demand for food. However, the employment

organically grown vegetables do not
of chemical fertilizers for the improved production of
dietary vegetables has been a common practice on a
worldwide scale (Stewart et al., 2005; Pan et al., 2024).
The frequent application of synthetic fertilizers not only
increases the production rate but also influences the
health and nutritional status of essentially required
crops (Singh et al, 2001; Raman et al, 2022). The
current scenario demands an alternate source of toxic
chemical fertilizers, for safer production of crops.
However, a large number of soil-borne microflora of the
crops can serve a suitable purpose offering satisfactory
nutritional requirements (Singh et al., 2022).

These soil-borne microflora include multifarious
microbes either around the plant’s root as rhizobacteria
or exist inside the plant’s tissues as called endophytic
bacteria. These endophytic bacteria act as plant growth
promoters (PGPB) imparting their role in growth
promotion by adopting both direct and indirect
mechanisms (Kalam et al, 2017; Bashir et al., 2024).
While
improvement, these endophytes may produce multiple
hormones such as auxin (Qi et al, 2018; Khoso et al,
2024), cytokinin, gibberellins, ACC deaminase, and also
contribute  to

implementing the direct means of growth

nitrogen  fixation, = phosphorus
solubilization, and siderophore production (Ji et al,
2014; Tahir et al, 2017; Qi et al, 2018). However, the
indirect ways of bacterial flora constitute the prevention
of plant pathogenic microorganisms (Zhou et al, 2016;
Kalam et al, 2017) using the secretion of cell wall
degrading enzymes, antimicrobial components as well as
through HCN production (Frampton et al, 2012;
Olanrewaju et al, 2017).

Moreover, these PGPRs are comprised of such bacterial
communities that multiply faster around the plant roots
enhancing the growth of the host plant and raising the
crop yield, minimizing the chances of infection and
diminishing the stress (abiotic and biotic) of plants.
These growth promoters also promote the detoxification
of heavy metals in plants' vicinity by the production of
effective  volatile

organic compounds into the
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interconnected environment (VOCs) (Garcia-Fraile et al,
2015; Gouda et al, 2018). Acinetobacter, Algaligenes,
Arthrobacter,  Azospirillium, Azotobacter, Bacillus,
Beijerinckia, = Burkholderia,  Enterobacter, Erwinia,
Flavobacterium, Rhizobium, and Serratia genera are the
plant growth-promoting rhizobacterial strains (Han and
Lee, 2005; Erturk et al, 2011). Thus, the act of plant
growth promotion may define the roles of these
microbes as bio-stimulants, bio-fertilizers, and bio-
protectants. The function of biofertilizers can be
expanded to decrease the requirement of inorganic
fertilizers and to minimize the unfavourable effect on the
environment (Bashir et al., 2021).

To investigate alternate sources of hazardous chemicals
required for the propagation of vegetables, the present
research includes the isolation of rhizospheric bacteria
from the rhizosphere of spinach, their preliminary
identification and characterization and their evaluation
as biofertilizers for the development of two most
cultivated varieties of Spinacia oleracea (Desi palak and
Lahori palak).

MATERIALS AND METHODS

Isolation of rhizobacteria

The soil was randomly collected at Botanical garden of
The Women University Multan from the spinach (raw
vegetable) rhizosphere (about 2-3 inch depth) for the
isolation of rhizospheric bacteria in plastic bags and was
serially diluted in distilled autoclaved water. Following
the spreading method on nutrient agar (nutrient agar
28g/L with addition 100ml/L of nystatin as antifungal
agent) plates at 28°C for 3-4 days, bacterial colonies
were marked and further proceeded by quadrant
streaking for three consecutive days of incubation at
37°C. Accomplishing the incubation period, the purified
colonies of rhizobacteria were stored in the form of
nutrient agar slants at 4°C refrigeration (Tsegaye et al,
2019a).

Morphological characterization

Morphological (colour, shape, margins,
elevation, size, colony number, texture) of bacterial

features

colonies were recorded after their growth on nutrient
agar medium along with the determination of colony
forming unit per ml (CFU/ml) (Islam et al, 2016; Bashir
etal., 2020).

Biochemical identification

Different biochemical tests were performed including
gram staining (Khan et al.,, 2018), catalase (Jonit et al,
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2016), starch hydrolysis (Kaur et al., 2012), methyl red
(Kumar et al., 2015), citrate (Abiola and Oyetayo, 2016),
mannitol (Kenny et al., 2013), urease, nitrate reduction
(Deb et al, 2015), potassium hydroxide (Jonit et al.,
2016) and glucose fermentation test (Abiola and
Oyetayo, 2016)
rhizobacterial strains.

Screening of plant growth-promoting traits
Rhizobacterial isolates were screened for different plant
growth-promoting traits such as hydrogen cyanide
(HCN) production, phosphate solubilization, ammonia
production and siderophore production. For the
screening of HCN production, bacterial isolates were
tested on nutrient media supplemented with glycine and
then the plates were covered with Whatman filter paper
(soaked in picric acid solution) following four days of
incubation at a temperature of 30°C (Tsegaye et al,
2019b). For the determination of phosphate
solubilization bacterial isolates were screened on
Pikovskaya medium and incubated for 2 days
(Malleswari and Bagyanarayana, 2013). For the
production of ammonia, peptone broth was inoculated
with rhizobacteria and incubated for 2 to 3 days at 30°C
before growth. Afterward, Nessler's reagent was mixed
in test tubes (Geetha et al, 2014). Siderophore
production was checked according to the protocol of
Singh et al., (2015b) and Tirry et al, (2018) by spot
inoculation of tested bacteria on chrome azurol S agar
with an overnight incubation at 37°C.

Plant growth promotion assay

Preceding the validation of plant growth promotion by

for identification of isolated

spinach-associated rhizobacteria, bacterial cultures
were cultivated aerobically in a shaking incubator
(160rpm) at 37°C for 72 hours (Borah et al, 2019;
Arkhipova et al, 2019). Before inoculation, seeds of
spinach were surface sterilized with 10% NaOCl (sodium
hypochlorite) solution for eight minutes (Chitwood et al.,

2016). Then the seeds were rinsed with double distilled

Table 1. Morphological Characterization of Rhizobacteria.
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water ten times and allowed to air-dry under a laminar
airflow cabinet (Akinrinlola et al., 2018). These sterilized
seeds were inoculated with bacterial suspensions of 108
each for 2 hours of continuous shaking (160rpm) at the
shaker and utilized for sowing into the pots filled with
autoclaved fertile soil (Singh et al, 2015a). In this pot
experiment, inoculated and control seeds of 2 varieties
of spinach (Lahori palak and Desi palak) were grown for
each treatment in triplicate pots on the 21st of
September 2019 in a wire net house at The Women
University Multan.

Collection of data at vegetative stages

Plant growth in the form of different vegetative
parameters [Plant height (cm), Plant fresh and dry
weight (gm) were recorded at two vegetative stages {25
days/4th week (seedling stage) and 40 days/6™ week
(vegetative stage) of seed germination} of two varieties
(V1-Desi palak and V2-Lahori palak) of spinach. Data
was recorded as a mean of three replicas for each
treatment and control. For further validation of data,
IBM SPSS software was used in which one way ANOVA
(analysis of variance) was applied to mean values of
three replicates with LSD (Least Significant Difference)
and DMRT (Duncan’s Multiple Range Test) to measure
the significant difference at P< 0.05.

RESULTS

Isolation and morphological characterization of
rhizobacteria

A total of 17 rhizobacteria (ST1, ST2, ST4, ST5, ST7, ST8,
ST11, ST12, ST14, ST15, ST16, ST17, ST18, ST19, ST20,
ST23, ST25) were isolated from spinach rhizosphere
which on morphological characterization showed
variation in characters such as colour, shape, size,
margin, elevation and texture (Table 1). The CFU/mL
recorded for each bacterial strain revealed a different

number of isolated colonies (Table 1).

Sr. no. Colonies Colour Shape Margins Elevation Texture CFU/mL

1 ST1 Off white Complex Lobate Raised Moist 4x103
Round with

2 ST2 Gray .oun wi . Wooly Raised Moist 11x103
raised margin

3 ST4 Pale yellow Rhizoid Irregular Raised Moist 6x103

4 ST5 Yellow Round Irregular Flat Moist 3x103
Round with

5 ST7 Pale yellow oundwi Lobate Raised Viscid 3x103

raised margin
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6 ST8 Yellow Rhizoid Irregular Convex Moist 5x103
7 ST11 Gray Round Undulate Convex Viscid 4x103
8 ST12 Off white Wrinkled Undulate Convex Mucoid 2x103
9 ST14 White Rhizoid Entire Flat Moist 5x103
10 ST15 Off white Round Entire Raised Moist 7x103
11 ST16 Almond Round Entire Flat Moist 3x103
12 ST17 White Rhizoid Lobate Raised Moist 5x103
13 ST18 Yellow Round Entire Raised Viscid 12x103
14 ST19 Light orange R.ound Wltl_l Lobate Raised Moist 4x103
raised margin
Round with .
15 ST20 Lemon . ) Lobate Flat Mucoid 2x103
radiating margin
16 ST23 Transparent Round Convex Entire Moist 9x103
17 ST25 Off white Rhizoid Wooly Flat Moist 6x103

Biochemical identification

Regarding biochemical identification, 100% of strains
were of gram-positive type as shown in Fig. 1. While
94% of total strains showed positive results and only,
6% appeared as negative for the catalase test. In the
starch hydrolysis test, 47% of strains hydrolyzed the
starch and 53% did not hydrolyze the starch. All the
strains showed positive results for the methyl red test.
Similarly, the Simmon citrate test showed 41% positive
results and 59% negative results of isolated strains.
Mannitol test was also found to be positive for 100% of
strains. In the urease test, all strains had negative
response. Adding to these tests, 53% positive and 47%

Figure 1. Microscopic slides showing gram staining.
Where A: Gram-positive (rod) B: Gram-Positive (cocci).
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negative results were recorded for the nitrate reduction
test. For the KOH test, all the strains showed negative
results whereas, for the glucose fermentation test, 94%
of the strains showed positive results (Table 2, Figure 2).
Screening of plant growth-promoting traits

Results of PGP traits are shown in Table 2 revealing
positive responses by all 17 strains for HCN production.
While negative results were observed by all strains for
phosphate solubilization. However, 100% of tested
stains showed ammonia production. On the other hand,
7 out of 17 were found to be siderophore producers and
10 out of 17 strains appeared as non-producers of
siderophores. (Table 3, Figure 3).
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Figure 2. Biochemical characterization A: Catalase Test B: Citrate Test C: Methyl Red Test D: Mannitol Test E: Nitrate
Test F: Urease Test G: Starch Hydrolysis Test H: Glucose Fermentation Test.
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Table 2. Biochemical Characterization of Rhizobacteria.

Biochemical characterization

Sr Bacterial Nitrate Glucose
) Gram Catalase Citrat Mannitol Methyl Urease ) Starch )
no. strains staining Test Test Trest red test Test reduction test KOH Test Fermentation
test Test
1 ST1 +rod + + + + - - + - A
2 ST2 +rod + - + + - - - -
3 ST4 +rod + - + + - + - - A
4 ST5 +rod + - + + - - - - A
5 ST7 +rod + - + + - + + - A
6 ST8 +rod + - + + - - + - A
7 ST11 +rod + + + + - - + _ A
8 ST12 + cocci - - + + - + + - A
9 ST14 +rod + - + + - + - -
10 ST15 +rod + - + + - + - - A
11 ST16 +rod + + + + - - - - A
12 ST17 +rod + + + + - - - - A
13 ST18 +rod + + + + - + - - A
14 ST19 +rod + - + + - + - - A
15 ST20 +rod + + + + - + + - A
16 ST23 + rod + + + + - - + - A
17 ST25 +rod + - + + - + + - A

Where the (+) sign shows a positive result and the (-) sign shows a negative result. (A) sign shows the presence of acid.
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Table 3. Screening of Plant Growth Promoting Trait.

Sr. no. Bacterial isolates ~ HCN production Pho.sl.)hat.e Ammor?la Slderoph.ore
solubilization production production
1 ST1 +++ - + -
2 ST2 ++ - + -
3 ST4 + - + -
4 ST5 + - + +
5 ST7 + - + -
6 ST8 + - + +
7 ST11 + - + -
8 ST12 ++ - + +
9 ST14 ++ - + -
10 ST15 + - + -
11 ST16 + - + -
12 ST17 + - + +
13 ST18 + - + -
14 ST19 + - + +
15 ST20 + - + +
16 ST23 + - + +
17 ST25 + - + -

Where (the +) sign shows a positive result and the (-) sign shows a negative result. (A) sign shows the presence of
acid.

Figure 3. Screening of Plant Growth Promoting Traits A: Phosphate Solubilization Test B: Ammonia Production Test C:
Screening of HCN D: Siderophore Production.
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Collection of data at the vegetative stages

The effect of rhizobacterial inoculations versus control
being recorded at two vegetative stages (25 days and 40
days of seed germination) of two varieties (V1-Desi
palak and V2-Lahori palak) of spinach are presented in
Fig 4 A, B, C, D and Figs 5,6 A, B, C. At vegetative stage I,
the most effective bacterial strains were ST18 and ST23
which improved the plant height of V1 from 21cm-19.2
cm respectively compared with control (11cm).
Similarly, an increment in plant height of V2 was
recorded by ST25 (15.5cm) and ST8 (13.8cm)
inoculations upon comparison with control plant height
(6.4cm). Likewise, fresh and dry weights of V1 had been
improved from 0.20-0.43gm and 0.02-0.06 gm

DOI: 10.33687 /planthealth.03.02.5339

respectively by different rhizobacteria when compared
with the control. Bacterial inoculations (ST25 and ST15)
also caused a marked increase in fresh (0.25gm) and dry
(0.04gm) weights of V2 plants versus their respective
controls (0.06 and 0.009 gms).

At vegetative stage II, remarkable increase in vegetative
parameters of V1 {plant height (18.5cm), Plant fresh
weight (0.49gm), plant dry weight (0.06gm)} and V2
{plant height (18.2cm), Plant fresh weight (0.38gm),
plant dry weight (0.04gm) } was measured as compared
to control plants. On the whole, the growth of V1 (Desi
palak) was more enhanced as compared to the growth of
V2 (Lahori palak) by rhizobacterial inoculation.
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Y

Control ST8 ST15

ST25

Figure 4. Effect of rhizobacterial inoculation on two varieties of spinach. A: Vegetative stage I of V1 (Desi palak), B:
Vegetative stage I of V2 (Lahori palak), C: Vegetative stage Il of V1 (Desi palak), D : Vegetative stage II of V2 (Lahori
palak).
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Plant dry weight (gm)

~

Figure 5. Effect of rhizobacterial inoculations at vegetative stage I of two varieties of spinach. Error bars depict data
accuracy among the replicates and least significant differences recorded at P < 0.05 shows significance of mean values.
Where A: plant height, B: plant fresh weight, C: plant dry weight.
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Figure 6. Effect of rhizobacterial inoculations at vegetative stage II of two varieties of spinach.Error bars depict data
accuracy among the replicates and least significant differences recorded at P < 0.05 shows significance of mean
values. Where A: plant height, B: plant fresh weight, C: plant dry weight.

DISCUSSION

Plant growth-promoting rhizobacteria overcoming the
side effects of agrochemicals, not only improves soil
fertility but also imparts in plant development (Biswas
et al, 2024). Studies have shown that the rhizosphere is
a reservoir of promising plant growth-promoting
bacteria (Gianelli et al, 2024). With this perspective, the
current study is based on isolating and characterising
spinach-associated bacteria. Seventeen rhizobacteria
were isolated from spinach's rhizospheric soil, which
were identified based on morphological features like
colony shape, margins and texture. Clear variations in
these morphological features (yellow and off-white
colored, circular, round and rhizoid in shape, irregular
and entire in margins, and viscous and mucus in texture)
were observed among the isolates. Variations in
morphological features of soil bacteria have also been
found earlier and it is reported that these variations
could be due to genetic diversity (Emitaro et al., 2024).
Yulikasari et al, (2024) also documented morphological
in 10 of

Indonesia. In the present study, 100% of strains isolated

variability indigenous bacterial isolates
from the rhizospheric soil of spinach were gram-positive
and were identified by biochemical tests as Bacillus sp.,
Clostridium spp., Corynebacterium sp., Lactobacillus spp.
and Mycobacterium spp. Bashir et al, (2024) also
identified the bacterial isolates as gram-positive types
belonging to Bacillus sp. and highlighted the potential
role of different bacillus species in growth enhancement

of sunflower crops.
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The plant-associated bacteria may possess multiple
growth-promoting traits (Sritongon et al, 2023;
Danchin, 2024). As nitrogen is an essential requirement
for different life forms, it also acts as the most vital
nutrient for plant growth and productivity. However,
one of the issues with nitrogen is its unavailability to
plants resolved wusing microflora,
converting atmospheric nitrogen to the available form of
ammonia (Wei et al, 2024). In the current study, all the
isolated strains produced ammonia which coincides with
the results of Agunbiade et al, (2024) showing the
growth promotion of maize by ammonia-producing
bacteria. Some bacteria promote the growth of plants
indirectly by releasing various chemicals that are
particularly essential to resist multiple plant diseases.
HCN is considered an important metabolite that helps to

which can be

combat various plant diseases by acting as a biocontrol
agent (Bashir et al, 2021). In the current study, 100%
spinach rhizobacteria were declared positive for
hydrogen cyanide production which might indicate their
ability to promote plant growth indirectly, by preventing
pathogenic attacks. However, the maintenance of plant
health using rhizobacterial phosphate solubilization can
never be ignored (Qingwei et al, 2023; Damo et al,
2024). In the current work, isolated bacteria lacked the
ability of phosphate solubilization which might indicate
their adoption to another growth-promoting potential.
Among beneficial mechanisms, siderophore production
by rhizobacteria is another striking attribute for the
stimulation of plant growth by the formation of iron
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complexes in the rhizosphere making iron available for
plant growth and at the same time causing deficiency of
iron for phytopathogens and managing the plant stress
(Wang et al., 2022). The current results revealed 41% of
isolates as siderophore producers. These findings are in
agreement with Ehsan (2022) declaring the involvement
of bacterially synthesized siderophores in the
development of wheat.

Considering the application of biofertilizers as an eco-
friendly and suitable strategy for crop improvement,
leading to high agricultural productivity (Du et al., 2018;
Enrico et al., 2020; Akhtar et al, 2022), all seventeen
isolated spinach rhizobacteria were used as a
biofertilizer on two varieties (Desi palak and Lahori
palak) of spinach at two vegetative stages (25 days and
40 days of seed germination) to explore their plant
growth promotion efficacy in the current study.
Inoculation response of rhizobacteria in comparison
with the uninoculated plant (control), at the vegetative
stage | showed remarkable enhancement in plant height
(18-90% in V1 and 15-142 % in V2), plant fresh weight
(17-152% in V1 and 16-316 % in V2) and plant dry
weight (100-530% in V1 and 11-344 % in V2). Likewise,
proceeding towards the vegetative stage II, vegetative
parameters including plant height (3.6-36% in V1 and
13-89% in V2 ), plant fresh weight (100-390% in V1 and
37-375% in V2) and plant dry weight (50-200% in V1
and 100-300% in V2) were development more
efficiently due to bacterial inoculation as compared with
control ones of spinach. Our findings coincide with the
results given by (Ghazanfar et al, 2024) as they
recorded a 58% increase in shoot length, 54% in root
length, 67% in root fresh biomass and 76% in root dry
biomass on maize using different Bacillus species.
Further justifying the current outcomes, Weinand et al,,
in 2023 emphasized the significant interface between
bacteria and Rice (Oryza sativa L.) cultivars in
determining the beneficial effects of Bacillus spp. on
plants under biotic or abiotic stresses.

CONCLUSION

The current study includes the isolation of spinach-
associated rhizobacteria and the investigation of their
putative role as plant growth enhancers. Successfully
seventeen bacterial isolates were obtained which on
preliminary characterization showed multiple traits of
plant growth promotion. These traits were proved to be
utilized by isolates for successive development of
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spinach cultivars in a pot experiment. Therefore, it is
inferred from the current study that isolated
rhizobacteria of spinach can be suitable candidates not
only for the crop productivity of spinach but also reflect
the scope of these PGPRs as efficient biofertilizers for
future crops, minimizing the chemical toxicity from the
agricultural environment. However, future research may
suggest their molecular identification and physiological
functioning for the advancement of agriculture.
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