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Abstract: Catalase can decompose hydrogen peroxide in plants under controlled and stressed con-
ditions. In a stressed environment, an increase in hydrogen peroxide production makes catalase
activity a major defense system for plant growth. The current study was conducted to evaluate
the catalase activity of the pre-isolated and identified bacterial strains Bacillus aryabhattai (AN30),
Bacillus megaterium (AN24), Bacillus megaterium (AN31) and Bacillus megaterium (AN35) and their
potential for rice seedling growth promotion. These strains were characterized for quantitative
catalase, urease, siderophore and exopolysaccharide production using LB media. Subsequently, the
effectiveness of these strains was checked by quantifying the catalase activity in the rhizosphere,
roots and shoots of rice seedlings. The secretion of organic and phenolic compounds produced by
the tested strains in liquid culture was also investigated. Plant growth parameters were also studied
in a growth room trial. Our results showed that the strain AN24 showed the maximum catalase
activity (1.36 mol cm−1), urease activity (1.35 mol cm−1) and exopolysaccharide (4.20 µg mL−1)
and siderophore (2.32%) production in LB media. All tested strains showed significantly higher
catalase activity in soil compared to the control. Among sole applications, strain AN24 showed better
results; however, the consortium application of strains AN24 + AN30 + AN35 + AN31 showed the
maximum improvement in dry biomass, shoot and root length, and increase in catalase activity of
rice seedlings. The results showed that a consortium of these Bacillus strains with catalase activity has
greater potential to enhance the antioxidant defense system and growth promotion of rice seedlings.
However, further experimentation under natural conditions is required before using these strains as
potential bioinoculants for improving rice growth and yield.

Keywords: antioxidative enzymes; Bacillus spp.; catalase activity; exopolysaccharide production;
reactive oxygen species

1. Introduction

Enzymes are mainly derived from crops, animals and microbes covalently attached,
linked and incorporated inside soil debris microcapsules [1]. In plants, reactive species
formation is a by-product of normal metabolic processes [2]. Hydrogen peroxide is the
most active reactive species, formed in peroxisomes under stress conditions [3] and also
during metabolic processes [4]. At optimum levels, hydrogen peroxide acts as a signaling
molecule for plant growth [5], while its higher concentration damages plant biomolecules
and ultimately causes the death of plants [2].
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Catalase is an important intracellular and heme-containing enzyme found in aerobic
and facultative anaerobic microorganisms [6]. It belongs to the oxidoreductase family, a
widely used industrial enzyme with multiple diagnostic and therapeutic applications [7],
and maintains the balance of redox homeostasis [8,9]. Its function is to remove hydrogen
peroxide in plants by breaking it down into water and oxygen and also to protect cells and
serve as a defense molecule for plants and help them grow [10,11]. It is also used to detoxify
the hydrogen peroxide produced in various processes such as the electron transport chain,
photorespiratory oxidation and fatty acid oxidation [3].

Rice is a staple crop that follows the C3 photosynthetic pathway. Chloroplasts and
stromules occupy 95 percent of the cell periphery in rice cells, while peroxisomes and
mitochondria, which are important for photorespiration in the cell, are lined up along the
chloroplast wall [12]. In addition to photorespiration, PSI generates hydrogen peroxide
under high light stress in plants, which can affect crop growth, yield and physiology while
the catalase enzyme’s presence is important to protect them against certain stresses [13]. In
addition, it has been studied in dicotyledonous plants [14], but there are few studies on
monocotyledonous plants such as rice [15]. During the rice germination process, the catalase
enzyme is crucial for the hydrolysis of the seed’s endosperm, which allows its development,
providing the necessary energy for root and shoot development. The presence of catalase
enzyme in the rice mesophyll cells plays a most important role in photorespiration and CO2
refixation. Therefore, catalase production can improve the plant establishment and growth
of the rice plant [16]. Moreover, urease production improves the optimum concentration
of nitrogen for plant growth by converting the natural or added urea into ammonia and
carbonate. This ammonia is further converted into nitrite and then nitrate so that plants can
use it easily for their growth. Urease activity enhances the utilization rate of nitrogenous
fertilizers [17]. The catalase enzyme activity is also directly related to the production of
organic acid that lowers the pH and improves the availability of nutrients [18]. Moreover,
in one study, the application of bacteria that produce citric acid significantly increased
catalase activity in rice [18]. Citric acid, as a supplement, increases catalase enzyme activity,
which reduces the damaging effect of reactive oxygen species. According to a recent
study, exogenic utilization of citric acid increases the activity of antioxidant enzymes,
demonstrating the plant’s defense mechanism against oxidative stress [19].

Microbial enzymes can be used to overcome problems caused by various environmen-
tal conditions that can damage the physiology of plants; therefore, microbial enzymes have
replaced plant enzymes because of genetic operation [20]. For resisting pathogen attack,
plant-growth-promoting rhizobacteria (PGPR)-mediated immune systemic resistance (ISR)
provides a defense mechanism through enzyme production (i.e., catalase) and release of
allelopathic compounds [21]. Bacteria have two types of catalase enzymes, one which
catalyzes only H2O2 and another that also has peroxidase activity. Catalase catalyzes the
transformation of H2O2 to water and oxygen in bacteria [6]. It is also the defensive mech-
anism for bacteria against stress [6]. It may also contribute to various cellular processes
such as cell expansion, variation and metabolite production [22]. However, bacteria are
a diverse group of microorganisms that can grow under harsh environmental conditions.
Therefore, bacterial strains with catalase activity can be helpful to improve plant growth
under changing climatic conditions [23]. They are mostly favored due to their higher yield,
economic viability, product optimization and alteration, and fast growth of microbes in an
inexpensive medium. Under changing climate conditions, the role of rhizobacteria with
the ability to produce stress enzymes, hormones, exopolysaccharides and siderophores be-
comes crucial, as they can play an important role in solubilizing fixed organic and inorganic
nutrient sources [24].

Plants need an optimum level of hydrogen peroxide for their growth and therefore
produce a specific amount of catalase for their protection. Various strategies are used to
eliminate hydrogen peroxide in plants. One of them is catalase production by microbes
that are able to maintain the level of hydrogen peroxide in plants. Keeping in view the
importance of catalase, rice and rhizobacterial Bacillus strains, we hypothesized that the
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catalase production ability of Bacillus strains can support plants and bacteria and maintain
the growth and physiology of rice under normal conditions. The objective of this study
was to evaluate the potential of the pre-isolated and identified Bacillus strains AN24 (B.
megaterium), AN35 (B. megaterium), AN30 (B. aryabhattai) and AN31 (B. megaterium) in sole
and consortium application for quantitative catalase, urease and exopolysaccharide and
siderophore production ability. The effectiveness of these strains was also evaluated for the
promotion of rice seedlings’ growth under controlled conditions in a growth room trial.

2. Results
2.1. Biochemical Characterization of Bacillus Strains

The biochemical characterization of Bacillus strains AN24 (B. megaterium), AN35 (B.
megaterium), AN30 (B. aryabhattai) and AN31 (B. megaterium) is presented in Figure 1. All
the tested strains show different behavior in terms of catalase activity, urease activity,
and siderophore and exopolysaccharide (EPS) production in broth culture. Statistical
analysis revealed that catalase (Figure 1a) and urease (Figure 1b) activity were similar
in the catalase-producing Bacillus strains AN31 and AN35. Moreover, EPS (Figure 1c)
and siderophore (Figure 1d) production were statistically different in all tested strains.
However, strain AN24 showed the maximum catalase activity (1.36 mole cm−1), urease
activity (1.35 mole cm−1), EPS production (13.5 µg mL−1), and siderophore production
(23.0 µg mL−1) compared to the other strains.

Stresses 2023, 3, FOR PEER REVIEW  3 
 

eliminate hydrogen peroxide in plants. One of them is catalase production by microbes 
that are able to maintain the level of hydrogen peroxide in plants. Keeping in view the 
importance of catalase, rice and rhizobacterial Bacillus strains, we hypothesized that the 
catalase production ability of Bacillus strains can support plants and bacteria and maintain 
the growth and physiology of rice under normal conditions. The objective of this study 
was to evaluate the potential of the pre-isolated and identified Bacillus strains AN24 (B. 
megaterium), AN35 (B. megaterium), AN30 (B. aryabha ai) and AN31 (B. megaterium) in sole 
and consortium application for quantitative catalase, urease and exopolysaccharide and 
siderophore production ability. The effectiveness of these strains was also evaluated for 
the promotion of rice seedlings’ growth under controlled conditions in a growth room 
trial. 

2. Results 
2.1. Biochemical Characterization of Bacillus Strains 

The biochemical characterization of Bacillus strains AN24 (B. megaterium), AN35 (B. 
megaterium), AN30 (B. aryabha ai) and AN31 (B. megaterium) is presented in Figure 1. All 
the tested strains show different behavior in terms of catalase activity, urease activity, and 
siderophore and exopolysaccharide (EPS) production in broth culture. Statistical analysis 
revealed that catalase (Figure 1a) and urease (Figure 1b) activity were similar in the 
catalase-producing Bacillus strains AN31 and AN35. Moreover, EPS (Figure 1c) and 
siderophore (Figure 1d) production were statistically different in all tested strains. 
However, strain AN24 showed the maximum catalase activity (1.36 mole cm−1), urease 
activity (1.35 mole cm−1), EPS production (13.5 µg mL−1), and siderophore production (23.0 
µg mL−1) compared to the other strains. 

 
Figure 1. Biochemical characterization of Bacillus strains for catalase (a), urease (b), 
exopolysaccharide (EPS) (c) and siderophore (d) production. Bars with the same le er(s) do not 
differ from one another statistically at p ≤ 0.05. 

Figure 1. Biochemical characterization of Bacillus strains for catalase (a), urease (b), exopolysaccharide
(EPS) (c) and siderophore (d) production. Bars with the same letter(s) do not differ from one another
statistically at p ≤ 0.05.

2.2. Effect of Catalase-Producing Bacillus Strains to Improve Catalase Activity in Soil and Plant

The efficacy of Bacillus strains with catalase activity was evaluated for improvement
in catalase activity in soil and rice plants (shoot and root). The tested strains significantly
improved catalase activity in the soil and plants (Figure 2). In sole inoculation, the Bacillus
strain AN24 gave the maximum increase in catalase activity in soil (24%), shoot (27%) and
root (30%) compared to the uninoculated control. However, co-inoculation yielded better
results than sole inoculation. Consortium application of AN24 + AN35 + AN31+ AN30
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resulted in the maximum increase in catalase activity of 43, 51 and 55% in the soil, shoot
and root, respectively.
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Figure 2. Effect of sole and combined application of Bacillus strains with catalase activity to improve
catalase activity in soil (a), shoot and root (b). Bars with the same letter(s) do not differ from one
another statistically at p ≤ 0.05.

2.3. Organic and Phenolics Production in Bacterial Culture

High-performance liquid chromatography (HPLC) analyses depicted the production
of organic acids by the tested strains in liquid culture (Figure 3). Production of citric
acid, pyruvic acid and oxalic acid was observed for all tested strains. The maximum
pyruvic acid (43 µg mL−1) was produced by strain AN30. Strain AN24 produced 10
and 125 µg mL−1 of melonic acid and succinic acid, respectively, whereas the other tested
strains did not produce malonic acid and succinic acid. Fumaric acid was observed for
strains AN31 (64 µg mL−1) and AN35 (120 µg mL−1). Bacterial cultures of the tested strains
were analyzed for phenolic compounds. The HPLC analysis revealed that the only strain
that produced gallic acid (0.61 µg mL−1) was AN24, whereas quercetin was produced by
all the tested strains. However, the maximum (2.24 µg mL−1) quercetin was produced by
strain AN35, followed by strain AN31 with 2.01 µg mL−1.

2.4. Plant Growth Promotion by the Application of Catalase-Producing Bacillus Strains

The application of Bacillus strains with catalase activity significantly improved the
growth and root morphology of rice seedlings (Table 1). Among sole inoculation, the
maximum 22% increase in shoot length was observed for strain AN24 compared to the
control, followed by strain AN35, which showed a 19% increase in plant shoot length.
Strain AN24 showed a maximum increase of 25 and 35% in root length and seedling dry
weight, respectively, compared to the other sole treatments, where up to 20% improvement
was observed for sole inoculation of strains AN30, AN31 and AN35. However, the consor-
tium application (AN24 + AN35 + AN31 + AN30) showed even better results compared
to the sole applications. The consortium application showed the maximum increase in
shoot length (46%), root length (55%) and seedling dry weight (56%) compared to the
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uninoculated control. Similarly, maximum root surface area was observed for AN24, with
a 16% increase compared to strain AN35 with a 13% increase, whereas a minimum 4%
increase in root surface area was observed for strain AN30 compared to the uninoculated
control. Moreover, the maximum root surface area, root diameter and root volume were
observed for the consortium application, which showed 33, 62 and 46% increases in the
above-mentioned parameters, respectively.
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Table 1. Effectiveness of Bacillus strains with catalase enzyme to improve growth and root morphology
of rice seedlings.

Treatment Shoot Length
(cm)

Root Length
(cm)

Dry Weight
(g Seedling−1)

Root Surface
Area (cm2)

Root Diameter
(mm)

Root Volume
(cm3)

Control 6.5 ± 0.08 f 4.3 ± 0.12 f 0.51 ± 0.01 f 9.8 ± 0.06 d 0.53 ± 0.03 e 0.37 ± 0.09 c

AN30 7.1 ± 0.18 e 4.9 ± 0.11 e 0.59 ± 0.02 de 10.1 ± 0.15 d 0.57 ± 0.03 de 0.39 ± 0.05 ac

AN31 7.9 ± 0.16 de 5.2 ± 0.16 de 0.61 ± 0.01 de 10.9 ± 0.06 cd 0.60 ± 0.06 de 0.40 ± 0.06 bc

AN35 8.0 ± 0.32 de 5.5 ± 0.10 de 0.58 ± 0.01 e 11.3 ± 0.25 cd 0.63 ± 0.03 cde 0.43 ± 0.03 ac

AN24 8.3 ± 0.23 cd 5.7 ± 0.05 cd 0.64 ± 0.01 cd 11.8 ± 0.09 bc 0.63 ± 0.03 cde 0.44 ± 0.04 ac

AN24 + AN31 8.8 ± 0.09 b 6.1 ± 0.10 b 0.67 ± 0.03 bc 12.5 ± 0.83 b 0.77 ± 0.03 abc 0.48 ± 0.02 ac

AN24 + AN35 8.8 ± 0.16 b 6.1 ± 0.16 b 0.71 ± 0.01 b 12.4 ± 0.27 b 0.67 ± 0.03 cde 0.47 ± 0.03 ac

AN24 + AN30 8.7 ± 0.05 bc 5.8 ± 0.09 bc 0.68 ± 0.00 bc 12.3 ± 0.24 b 0.80 ± 0.06 ab 0.47 ± 0.03 ac

AN31 + AN35 8.5 ± 0.09 bc 5.8 ± 0.09 bc 0.68 ± 0.01 bc 12.0 ± 0.94 bc 0.63 ± 0.03 de 0.47 ± 0.03 ac

AN31 + AN30 8.8 ± 0.08 bc 5.9 ± 0.08 bc 0.66 ± 0.03 bc 11.9 ± 0.73 bc 0.70 ± 0.06 bcd 0.51 ± 0.01 ab

AN35 + AN30 8.4 ± 0.16 bc 5.8 ± 0.09 bc 0.67 ± 0.02 bc 12.0 ± 0.58 bc 0.70 ± 0.06 bcd 0.47 ± 0.03 ac

AN24 + AN35 +
AN31 + AN30 9.4 ± 0.26 a 6.6 ± 0.10 a 0.80 ± 0.02 a 13.0 ± 0.25 a 0.87 ± 0.12 a 0.54 ± 0.07 a

LSD (p ≤ 0.05) 0.5161 0.3056 0.0562 1.3950 0.1589 0.1317

Means with the same letter(s) do not differ from each other statistically at p ≤ 0.05.
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2.5. Effect of Bacillus Strains with Catalase Activity on Soil Biological Properties

The catalase-producing Bacillus strains’ effect on soil biological properties is explained
in Figure 4. All the applied treatments showed a significant increase in bacterial population
in rhizospheric soil; however, co-inoculation and consortium application performed better
than sole inoculation (Figure 4a). Among sole inoculation, the maximum increase was
observed (24%) in the bacterial population for strain AN24. The highest increase (32%) was
observed for the consortium application of AN24 + AN35 + AN31 + AN30, followed by
co-inoculation of AN24 + AN35 and AN24 + AN31, which showed a 29.3% increase in
bacterial population in rhizospheric soil. Microbial biomass carbon (MBC) (Figure 4c) and
microbial biomass nitrogen (MBN) (Figure 4d) were significantly different in the applied
treatments in comparison with uninoculated control, whereas sole and co-inoculation
showed results that were not statistically significantly different from each other. However,
the consortium application of AN24 + AN35 + AN31 + AN30 showed significantly higher
results than all applied treatments, where a 26 and 30% increase in microbial biomass
carbon and nitrogen, respectively, was observed. Regression and correlation between
bacterial population and microbial biomass carbon and nitrogen showed a straight line,
which indicated the direct relation between the tested parameters (Figure 4b). A positive
relation between bacterial population and microbial biomass carbon was recorded, with a
Pearson correlation coefficient of R = 0.94 and a linear regression coefficient of R2 = 0.88.
Furthermore, bacterial population and microbial biomass carbon showed a direct relation
with R = 0.89 and R2 = 0.77, respectively.
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3. Discussion

The growth of plants stimulated by use of microbial inoculants leads to healthier food
and improves sustainability and food supply [25]. Bacteria produce siderophores and
EPS, which are high-molecular-weight polymers and iron scavengers that help bind soil
particles and improve soil aggregation. Catalase and urease enzymes are essential elements
for the hydrolysis of endosperm in seed and boost the energy level of root and shoot
development. Catalytic rhizobacterial strains play an important role in several microbial
processes independent of oxidative stress and remove hydrogen peroxide (H2O2) from
the cells; therefore, catalase production by Bacillus strains has proved to be significant for
hydrogen peroxide detoxification in plants or in microbes for their survival [26]. In the
present study, the Bacillus strains showed positive results for the production of catalase with
high catalytic activity and the removal of hydrogen peroxide (H2O2) [27]. Microbes with
catalase production have different mechanisms: breakdown of organic matter, promotion
of plant growth and protection against reactive oxygen species [27].

The identified rhizobacterial strains showed a significant increase in urease activity in
rice seedlings, suggesting that these Bacillus strains enhance nitrogen utilization in plants
and promote root growth [28]. It has been reported that rhizobacterial strains such as
B. pasteurii and B. megaterium potentially enhance the hydrolysis of urea and stimulate
urease activity [29]. In addition to nutrient solubility, Bacillus strains increase the amount
of siderophore and have a high affinity to iron. Microbial siderophores are iron-scavenging,
low-molecular-weight ligands that are produced in the case of iron deficiency [30]. More-
over, the Bacillus strains exhibited variable growth with increasing EPS concentration and
improved root and shoot growth with root adhering ability in soil. Our results also correlate
with various Bacillus strains that produce EPS, such as B. licheniformis and B. subtilis. These
strains have higher-molecular-weight polymers such as proteins, carbohydrates and other
organic compounds [31]. The EPS is thus released by bacteria to trigger the plant and is
associated with the formation of an adaptive mechanism under stressful conditions.

Plant-growth-promoting rhizobacterial Bacillus strains with catalase activity also
showed organic acid production. In the soil, organic acid production increased the hydro-
gen ion concentration by solubilizing nutrients, which improved plant growth [32]. The
results were similar to those in the literature [19]. Citric acid and catalase activity plays
a protective role in plants to minimize oxidative stress. In our study, all Bacillus strains
produced organic acids like succinic acid, pyruvic acid, citric acid, gallic acid, oxalic acid,
fumaric acid and quercetin. Similarly, our study was also in line with Mumtaz et al. [33],
who reported that Bacillus sp. strain ZM20, B. cereus and B. subtilis strain ZM63 produced
citric acid, acetic acid, formic acid, lactic acid, isovaleric acid, succinic acid, formic acid and
isobutyric acid.

The identified Bacillus strains were inoculated with rice seeds and tested for their
effects on plant growth promotion and root development. The inoculation with rhizobac-
terial Bacillus strains improved root colonization, root surface area, root diameter, dry
biomass and root/shoot length in the current study. The strains showed different responses
and maximum growth with the inoculation of catalase-producing Bacillus strains in rice
seedlings. However, a consortium of Bacillus strains (AN24+ AN35+ AN30 +AN31) showed
the maximum growth promotion. Our study was also consistent with previous research
that showed these rhizobacterial bacillus strains improve the length of plant roots, thus
increasing water and nutrient uptake, growth and seedling physiology [34]. Another study
also proved there was catalase production by Bacillus strains and its possible influence
on plant growth [35]. This percentage increase in plant growth parameters is due to the
inoculated rice seedlings stimulating the growth-promoting abilities of the bacterial isolates.
Our study showed that the microbial catalytic activity significantly improved the catalase
activity in both soil and plant. Maximum catalase activity was observed for the consortium
application of AN24+ AN35+ AN30 +AN31. The catalase enzyme is closely linked with the
rhizosphere of rice seedlings and enzymes released by roots, its expansion and tolerance
mechanisms [36]. Soil enzymes can positively influence plant growth through catalase,
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involving various biochemical reactions that improve soil health and plant growth [37].
Furthermore, the present study demonstrated that the use of catalytic Bacillus strains en-
hanced soil chemical and biological properties. The microbial biomass carbon, microbial
population in the rhizosphere and microbial biomass nitrogen significantly improved with
the inoculation of the catalytic strains. It is well documented that seed inoculation signifi-
cantly increases bacterial population [38]. The bacterial population improves the amounts
of nitrate–nitrogen, ammonium–nitrogen and microbial biomass carbon [39]. This was also
reported by Iqbal et al. [40]. The treatments applied in our study showed a remarkable
improvement in microbial carbon biomass and acted as a substrate for nutrient availability
in soils, hence improving their nutrient availability and organic matter.

4. Materials and Methods
4.1. Quantitative Characterization of Bacillus Strains

In the present study, the following pre-isolated and identified Bacillus strains were
used, provided by the Soil Microbiology and Biotechnology Laboratory, Department of Soil
Science, the Islamia University of Bahawalpur: AN24 (B. megaterium), AN35 (B. megaterium),
AN30 (B. aryabhattai) and AN31 (B. megaterium). These strains have plant-growth-promoting
traits and are well characterized for this purpose, and the ability to produce indole-3-acetic
acid (IAA), catalase, urease, exopolysaccharides and siderophores has been positively
reported [32]. The current study was planned for the quantitative characterization of
Bacillus strains for their catalase activity and role in plant growth promotion.

The Bacillus strains were assessed for catalase activity in broth culture as studied by
Beers et al. [41] and Hildebrandt et al. [42]. A nutrient broth medium (1 L of distilled water
containing 3 g yeast extract, 10 g peptone and 1 g NaCl, (pH 7.2)) was used. The overnight-
grown bacterial strains with 0.6 OD600 were further inoculated in a nutrient broth medium
and incubated in a rotary shaker at 30 ◦C for 24 h. To obtain crude extracts, cultures were
centrifuged at 4500 rpm for 10 min. Then, 1.5 mL of a 30 mM H2O2 solution was added
to 0.1 mL of extract in 2.7 mL of buffer (50 mM Na2HPO4/NaH2PO4). To calculate the
quantitative catalase production, absorbance was recorded using a spectrophotometer
(Model Carry 60, Agilent Technologies Santa Clara, CA, USA) at 240 nm.

4.2. Biochemical Quantification of Strains

The Bacillus strains were tested for their urease-producing ability for growth promotion
by following the method of Burbank et al. [43]. The overnight-grown bacterial isolate was
added to Christensen’s urea broth [44] and placed in incubate at 30 ± 1 ◦C in a rotary
shaker for 24 h. Urease buffer was prepared by adding 1 mg EDTA, 50 mg HEPES and
20 g urea/L, cooled at 4 ◦C before use. Then, 2 µL of Christensen’s urea bacterial culture
was added to 1800 µL urease buffer (1 liter buffer prepared by adding 1 mg EDTA, 50 mg
HEPES and 20 g urea and cooling at 4 ◦C before use) in microtubes placed in an ice bath,
followed by the addition of sodium hypochlorite solution (17.5 g NaOH, 59.45 g Na2HPO4
and 200 mL bleach per liter solution) and 0.2 mL of phenol nitroprusside (70 g phenol and
0.34 g nitroprusside per liter). The mixture was gently shaken by inverting the tubes, and
they were then incubated at 30 ± 1 ◦C for 20 min. Ammonia standards, i.e., 1, 2, 3, 4, 5,
10, 15 and 20 µg mL−1, were prepared by using ammonium chloride (NH4Cl). The urease
buffer solution was also added to the standards. Urease activity in standard solutions and
samples was measured at 640 nm using a spectrophotometer (Model Carry 60, Agilent
Technologies Santa Clara, CA). The concentration of urease in the samples was calculated
through comparison with a standard curve.

The bacterial isolates were further tested for siderophore production in Chrome Azurol
S (CAS) media [45]. For this purpose, 72.9 mg of hexadecyltrimethylammonium bromide
(HDTMA) and 10 mg of FeCl3.6H2O were dissolved in 40 mL distilled water, while 60.5 mg
of CAS was dissolved in 50 mL distilled water in a separate tube. To prepare CAS media,
both solutions were mixed and made up to a volume of 100 mL with distilled water. The
overnight-grown bacterial strains (0.1 mL) with 0.6 OD600 were inoculated in sterilized
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King’s B broth (99.9 mL) and incubated for 48 h at 30 ◦C. After this, the culture was
centrifuged at 4500 rpm for 15 min and the supernatant was collected. By mixing 0.5 mL
supernatant with 0.5 mL CAS reagent, the color was developed, and after 20 min of
incubation, the optical density was measured on a spectrophotometer (Model Carry 60,
Agilent Technologies Santa Clara, CA, USA) at 630 nm. Siderophore was calculated as
percent siderophore unit (psu) [46].

The bioassay developed by Ashraf et al. [47] was used to determine the synthesis
of exopolysaccharides. For the EPS bioassay, bacterial culture was added to RCV broth
medium, which was then incubated for 72 h at ±30 ◦C under shaking (100 rpm). The
culture was centrifuged for 20 min at 1000 rpm to separate the supernatant in a tube. In
order to form EPS crystals, the extracted supernatant was combined (1:3) with cooled
acetone and left overnight at 4 ◦C. The solution was centrifuged at 4500 rpm for 15 min,
and the supernatant was discarded. To remove water, the remaining EPS pellets were
lyophilized and then dissolved in a 1:5 solution of phenol and sulfuric acid. To measure
the absorbance at 640 nm, a spectrophotometer (Model Carry-60, Agilent Technologies
Santa Clara, CA, USA) was used. Through comparison with a standard curve prepared
with glucose standards with concentrations of 1, 2, 3, 4, 5, 10, 15 and 20 g mL−1, the EPS
concentration was determined [48].

4.3. Determination of Organic Acids

Organic acids produced in bacterial culture were determined as studied by Butsat
et al. [49]. The bacterial isolates (100 µL) were inoculated in test tubes that contained DF
minimal broth (14.9 mL) and incubated for 72 h at 28 ◦C. After this, the cultures were
centrifuged at 10,000 rpm, and the supernatant was mixed with HPLC-grade methanol
in a 1:1 ratio. By using HPLC, the organic acids were measured along with standards
(Shimadzu, Kyoto, Japan).

4.4. In Vitro Rice Growth Promotion Characterization of Catalase-Producing Bacillus Strains

A loop full of the respective bacterial strains (AN24, AN30, AN31 and AN35) was
dipped in 100 mL of sterilized Luria Bertani (LB) liquid medium separately [50] and
incubated at 100 rpm at 30 ± 2 ◦C in a shaking incubator (S19R-2, Sheldon Manufacturing,
Cornelius, OR, USA). After 48 h of incubation, a bacterial broth culture with 1.2 OD600
was used as the inoculum. The PK 386 variety rice seeds were disinfected by dipping them
in 0.2% solution of HgCL2 for 30 s followed by one-minute dipping in ethanol (95%) and
thoroughly rinsing 5 times with sterilized water. Then, disinfected seeds were dipped in
respective bacterial cultures for 30 min before sowing. For co-inoculation, an equal volume
of both cultures was mixed, and rice seeds were dipped in this mixture. Ten inoculated
rice seeds were sown in plastic jars filled with 600 g of sterilized sandy loam soil that was
characterized before placing it in the jars (Table 2). Five replications of each treatment were
arranged in a completely randomized design (CRD) and placed in a growth room that
was set to 12 h light (1000 flux) with 35 ± 1 ◦C temperature and 12 h dark with 25 ± 2 ◦C
temperature. Humidity was also adjusted to 60–70% throughout the experiment. After
germination, the plant population was maintained at five plants per jar. Half-strength
Hoagland solution (20 mL) was used on alternate days to fulfill the water requirement.
Thirty-five days after sowing, the rice seedlings were uprooted and growth parameters
(dry biomass of shoots and roots, length of shoots and roots, root volume, root surface area
and root diameter) were measured. Plant samples were analyzed for root colonization and
catalase activity in roots and shoots.

4.5. Postharvest Soil Analysis

After harvesting the rice seedlings, soil samples were collected and tested for microbial
biomass nitrogen and carbon as well as for catalase activity. Through the use of the serial
dilution and pour plate technique, the bacterial population was identified [51].
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Table 2. Physio-chemical characteristics of soil.

Analysis Unit Values

Textural class Sandy loam
ECe dS m−1 1.59 ± 0.0233
pH 7.91 ± 0.0581
Saturation percentage % 31.73 ± 0.2333
Organic matter % 0.58 ± 0.0088
Phosphorus mg kg−1 3.02 ± 0.0722
Potassium mg kg−1 75.50 ± 1.0408
Nitrogen % 0.03 ± 0.0006

Data are presented as the means of three replicates with standard errors.

The catalase activity in soil was determined through potassium permanganate titra-
tion [52,53]. For this purpose, two grams of freshly collected soil samples was dissolved in
40 mL of sterilized distilled cooled water followed by adding 1.5 mL of H2O2 (3%) and mix-
ing by shaking for 30 min on an orbital shaker. Soil particles and impurities were removed
through filtration of the solution using sterile Whatman filter paper number 1. After that,
a 25 mL filtrate was titrated against a 0.1 M potassium permanganate solution until the
endpoint was colorless. The units of catalase activity are represented by the volume of the
0.1 M potassium permanganate solution used for the titration. The breakdown of 0.1 moles
of H2O2 in one minute is represented by one unit (1 U) of catalase activity.

4.6. Statistical Analysis

Five replications were maintained in all experiments for better comparison of results.
A linear-model completely randomized design (CRD) was used for statistical analysis by
using one-way analysis of variance. Statistics 8.1 (Informer Technologies, Inc., Los Angeles,
CA, USA) was used to perform multiple comparisons of means at a par 5% probability
level. Linear regression and correlation analysis between bacterial population in soil and
microbial biomass carbon and nitrogen was performed using Origin 2018. Scatter diagrams
were plotted for comparisons of organic acids released by the tested strains.

5. Conclusions

Catalase-producing Bacillus strains, i.e., B. megaterium AN35, B. megaterium AN24, B.
megaterium AN31 and B. aryabhattai, have several plant-growth-promoting characteristics
in terms of urease, exopolysaccharide and siderophore production. The sole and co-
inoculation of catalase-producing Bacillus strains improved the growth of rice seedlings.
The outcome showed that a consortium of Bacillus strains with catalase activity has more
potential to promote an antioxidant defense system in plants and promote the growth of
rice seedlings. Thus, a consortium of catalytic bacterial strains with plant growth promotion
traits can be used as a bioinoculant to improve the growth and physiology of crops.
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