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Abstract: To feed the increased world population, sustainability in the production of crops is the
need of the hour, and exploration of an effective symbiotic association of rhizobia with legumes
may serve the purpose. A laboratory-scale experiment was conducted to evaluate the symbiotic
effectiveness of twenty wild rhizobial isolates (MR1-MR20) on the growth, physiology, biochemical
traits, and nodulation of mung bean to predict better crop production with higher yields. Rhizobial
strain MR4 resulted in a 52% increase in shoot length and 49% increase in shoot fresh mass, while
MRS5 showed a 30% increase in root length, with 67% and 65% improvement in root fresh mass by
MR4 and MRS, respectively, compared to uninoculated control. Total dry matter of mung bean was
enhanced by 73% and 68% with strains MR4 and MRS5 followed by MR1 and MR3 with 60% increase
in comparison to control. Rhizobial strain MR5 produced a maximum (25 nodules) number of nodules
followed by MR4, MR3, and MR1 which produced 24, 23, and 21 nodules per plant. Results related to
physiological parameters showed the best performance of MR4 and MR5 compared to control among
all treatments. MR4 strain helped the plants to produce the lowest values of total soluble protein
(TSP) (38% less), flavonoids contents (44% less), and malondialdehyde (MDA) contents (52% less)
among all treatments compared to uninoculated control plants. Total phenolics contents of mung
bean plants also showed significantly variable results, with the highest value of 54.79 mg kg ~! in MR4
inoculated plants, followed by MR5 and MR1 inoculated plants, while the minimum concentration
of total phenolics was recorded in uninoculated control plants of mung bean. Based on the results of
growth promotion, nodulation ability, and physiological and biochemical characteristics recorded in
an experimental trial conducted under gnotobiotic conditions, four rhizobial isolates (MR1, MR3,
MR4, and MR5) were selected using cluster and principal component analysis. Selected strains
were also tested for a variety of plant-growth-promoting molecules to develop a correlation with
the results of plant-based parameters, and it was concluded that these wild rhizobial strains were
effective in improving sustainable production of mung bean.
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1. Introduction

The global increase in human population and consequences of environmental dam-
ages have been indicating that global food production may soon be insufficient to feed
all of the world’s population. Therefore, it is necessary to sustainably increase agricul-
tural productivity to produce enough food to meet the needs of the world [1]. Use of
plant-growth-promoting microorganisms, especially bacteria, is one of the sustainable agri-
cultural practices which benefit the plants either as free-living cells or by endophytic and
symbiotic mechanisms [2]. Plant-growth-promoting bacteria (PGPB) can operate directly
by assisting in the uptake of nutrients or regulating plant hormone levels, or indirectly
by reducing pathogen inhibitory effects [3]. Rhizobia are bacterial symbionts of legumes
that fix nitrogen from the atmosphere through a process called biological nitrogen fixation
(BNF). A complicated biochemical dialogue takes place in the early phases of the symbiosis,
involving Nod factors generated by the bacterium and flavonoids secreted by legume
roots, for mutual recognition for nodulation to occur [4]. Rhizobia can metabolize ambient
nitrogen in root nodules and convert it into plant-available nitrogenous compounds. This
process reduces the application of nitrate fertilizers and results in cost saving for both the
environment and the farmer [5]. Subsequent crops may also enjoy the benefits of the BNF
produced by the symbiosis of legume and rhizobia along with the host crop [6].

Due to this logic, legume-rhizobium mutualism has been extensively investigated
as a paradigm of mutualistic associations for sustainable agriculture. Legume-rhizobium
mutualism is very particular, as every strain of rhizobia has its own specific host range that
can be very broad or narrow [7,8]. For specific environmental situations and soil types, it is
preferable to select bacterial strains specific to distinct cultivars of the leguminous host [9].
In addition to nitrogen fixation, some other mechanisms of plant growth promotion are
also reported by Chernin and Glick [10]. Among these mechanisms, an exhibition of
desirable traits of physiology by some rhizobia like production of plant-growth-promoting
molecules including gibberellins, lumichrome, cytokinins, riboflavin, indole-3-acetic acids
(IAA), 1-aminocyclopropane-1-carboxylate (ACC) deaminase, protons for phosphate sol-
ubilization, and Nod factors, which result in plant growth and productivity through
diversified roles [11-13].

In higher plants, the enzyme ACC deaminase can reduce harmful quantities of ethy-
lene, leading to enhanced output. There are two unique biochemicals found in rhizobial
exudates that are known to enhance plant growth: lumichrome and riboflavin. IAA,
on the other hand, is a member of the auxin family that regulates plant physiological
processes such as cell division and expansion, differentiation of tissue and responses to
light/gravity [14,15]. Furthermore, it is also a proven fact that rhizobia impart enhanced
resistance in plants against disease-causing organisms [16]. Mung bean, one of the legumes,
is capable of fixing atmospheric nitrogen via its symbiont, Rhizobium phaseoli, and shows
increased photosynthetic rate, leaf area, plant height, and biomass production when inocu-
lated with Rhizobium species living in root nodules. However, under arid and semi-arid
agro-ecological conditions, the nodulation of the mung bean is poor and is a major cause of
its lower yield [17]. In Pakistan, the mung bean contribution is 16% of the total production
of pulses as grown on 15% of the area of total pulses-occupied area, but its production is
not appropriate due to lack of effective symbiotic associations [18].

Keeping in view the above-mentioned facts, the present study was designed to find
out the symbiotic effectiveness of wild rhizobial strains (twenty strains) based on growth
promotion, nodulation, and improvement of physiological and biochemical attributes of
mung bean. As a result, assessment of the biochemical characteristics of the best-performing
wild rhizobial strains under controlled conditions to predict sustainability in the production
and yield of mung bean is also part of this research.
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2. Materials and Methods
2.1. Isolation and Preservation of Rhizobial Isolates

Numerous rhizobia were isolated from the root nodules of mung bean (Vigna radiata
L.) plants sampled from different fields of District Faisalabad, Pakistan. Root samples
in polythene bags were transferred to the laboratory where the standard protocol was
followed before and after cutting nodules and using 5% sodium hypochlorite for surface
disinfection purposes, followed by washing with sterilized distilled water [19]. After
surface disinfection, a suspension was prepared following standard procedures. Yeast
extract mannitol agar (YEM) media was prepared (mannitol, 15 g; yeast extract, 0.5 g;
Ky;HPOy, 0.5 g; MgS04.7H,0, 0.2 g; NaCl 0.1 g with pH adjusted to 7.0) and autoclaved.
These agar plates were inoculated by using 1 mL of above-prepared suspension and
incubated at 28 £ 1 °C for 48 hours to obtain bacterial growth. Fast-growing colonies of
rhizobia were selected and purified by streaking (3—4 times) on fresh agar plates of YEM.
Twenty fast-growing strains were selected, coded (MR1 to MR20), and preserved at 4 °C
for subsequent use. Fresh inocula of MR1-MR20 was prepared by using YEM broth, which
was pre-sterilized and incubated at 28 & 1 °C at 180 rpm for 48 h. After achieving cell
density of 108-10° CFU mL ™!, the inocula were assumed ready for inoculation. For seed
(mung bean NM-2006) inoculation with twenty strains, inoculated peat mixed with clay
and 10 percent sugar solution were used for seed dressing. Non-inoculated control seeds
used the same broth but after autoclaving.

2.2. Experimental Setup and Growth Attributes

The impact of twenty rhizobial isolates (MR1-MR20) on mung bean growth, phys-
iology, biochemical characteristics, and nodulation was evaluated in a laboratory-scale
jar experiment. The plastic jars were filled with sand and autoclaved twice before being
placed in the growth room. In each plastic jar, five inoculated NM-2006 mung bean seeds
were sowed. Six replicates of each experimental unit were performed using a completely
randomized design (CRD), with the control being treated with sterilized broth. For irriga-
tion, a nitrogen-free Hoagland solution at half strength was utilized. After five weeks of
seeding, biomass production was assessed in terms of shoot/root fresh mass and total dry
matter. The roots and shoots of the seedlings were separated, and their fresh weights were
determined. A 48-h oven drying period at 70 °C was used to determine the dry biomass.

2.3. Physiological and Photosynthetic Attributes

In each experimental unit, two completely expanded leaves from one plant were
selected and portable infra-red gas analyzer (IRGA) was used to measure different physi-
ological parameters including sub-stomatal CO; concentration (Ci), photosynthetic rate
(A), transpiration (E), and stomatal conductance of water (gs). Morning time was selected
for the measurement of these physiological parameters at 1200~1400 p mol m~2 s~! photo-
synthetic photon flux density [20]. SPAD chlorophyll meter SPAD-502 (Minolta, Minolta
Co, Ltd., UK) was used to measure SPAD chlorophyll contents in the leaves of mung bean
plant [21].

The method reported by Arnon [22] was used to determine chlorophyll a and b. For
extraction, 80% acetone was used on 50 mg of fresh leaf sample using mortar and pestle,
followed by filtration and 50 mL volume formation by diluting with 80% acetone. For the
measurement of chlorophyll a and b, 645 nm and 663 nm wavelengths, respectively, were
used to measure absorbance of diluted plant extract. The following equations were used to
calculate the values of chlorophyll a and b:

12-7A663 — 2.69A645
1000 x W

Chlorophyll a (mg g ! FW) = X V.

22.9A645 - 4-68A663

1000 x W X V.

Chlorophyll b (mg g~! FW)
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where V = volume of extract in ml, and W = fresh weight of leaf sample in grams.

The method described by Aery [23] was used to determine total carotenoid contents of
mung bean leaves. Fresh leaf sample (50 mg) was ground with 80% acetone in mortar and
pestle, and was then filtered and diluted using 80% acetone to make a volume of 25 mL.
This diluted volume was checked for absorbance at 480 and 510 nm, respectively. For the
estimation of carotenoid contents, the following equation was used:

_ 7.6Dyg) — 1.4Ds1g

: -1
Carotenoid contents (mg g FW) = 1000 X W x V

where D = OD at specific wavelength, V = volume of extract in mL, and W = fresh weight
of leaf sample in grams.

2.4. Extraction of Enzymes, Determination of Total Soluble Protein (TSP) Content and
Malondialdehyde (MDA) Content

An ice-cold buffer solution containing 1.5 g insoluble PVP, 2 ml L~! Triton X-100,
10 mM d-isoascorbic acid, 20 g L~! PVP-10, 0.1 mM EDTA, and 100 mM Tris (pH 7.0)
was used to homogenize 0.5 g of frozen fresh seedlings to extract the antioxidant enzyme.
Bradford’s method [24] was used to calculate quantitative TSP using bovine serum albumin
(BSA) as a reference. MDA concentration in seedlings as a measure of lipid peroxidation
was determined with some minor adjustments to it [25].

2.5. Biomolecular Characterization and Identification of Selected Rhizobial Isolates

The best-performing rhizobial isolates were selected and characterized for different
plant-growth-promoting properties, and their identification was confirmed. The ability of
selected rhizobial isolates to produce indole 3-acetic acid (IAA) in the presence and absence
of substrate (L-TRP) was determined spectrophotometrically [26]. The method described
by Borrow et al. [27] was used to estimate the production of gibberellins (GA) by shortlisted
strains. Using naringenin as a standard, the total flavonoid content was calculated using the
aluminum chloride method [28]. At 510 nm, the absorbance was measured. The plate test
method [29] was adopted to determine that the best-performing rhizoia can solubilize ZnO
and ZnCOs in vitro. On National Botanical Research Institute Phosphate Bromophenol
Blue (NBRI-PBB) media, the solubilization of inorganic phosphate by chosen rhizobia was
investigated [30]. The formula of Ramesh et al. [31] was used for the determination of zinc
and phosphorus solubilization index. Siderophore production assay was performed on
selected strains by following the method of Schwyn and Neilands [32]. Fresh inoculum for
each selected isolate was used for exopolysaccharide production assay [33], while chitinase,
catalase, and oxidase activities were tested by the methods of [34,35], respectively. The
procedure mentioned by Nutman [36] was adopted to perform an organic acid production
assay.

2.6. Statistical Analyses

One-way analysis of variance technique (ANOVA) described by Steel et al. [37] was
used to examine the data, and Tukey’s test was used to compare means, while Statistix 8.1
was utilized for the analysis (Analytical Software, USA). For principal component analysis
(PCA), XLSTAT software (v.4.04) was used, while Minitab software (Minitab™ version 16)
was utilized for cluster analysis.

3. Results
3.1. Plant and Biomass Growth, and Nodulation of Mung Bean

A growth room experiment under controlled conditions was conducted to evaluate the
effect of different wild rhizobial strains on the growth, physiology, nodulation, antioxidants
enzymes, and biomass of mung bean to select the best-performing rhizobial strains for
further experimentation. Growth data of mung bean presented in Figure 1 show that 9 out
of 20 rhizobial strains significantly increased shoot length as compared to uninoculated
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Figure 1. Impact of rhizobial inoculation on growth attributes of mung bean under gnotobiotic conditions: (a) shoot length;

(b) root length; (c) shoot fresh mass; (d) root Fresh mass; (e) total dry matter; (f) number of nodules per plant (average of 3

0.05.

replicates). Means sharing the same letters are statistically at par where p
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Rhizobial strains MR10, MR15, MR9, MR16, and MR6 were statistically non-significant
when compared with one another but caused significant improvement in shoot length
of mung bean by 29, 29, 28, 26, and 25%, respectively, compared to uninoculated control
(Figure 1a).

The significant increase in root length due to the five rhizobial strains (MR1, MR3,
MR4, MR5, and MR10) ranged from 18 to 30% compared to the uninoculated control.
Rhizobial strain MR5 gave a maximum increase (30%) in root length, followed by MR4
with an increase of 25% (Figure 1b). The strains MR1 and MR10 resulted in 20% increase
each compared to uninoculated control, and were followed by strain MR3, which caused
18% increase in root length compared to control (Figure 1b). Rhizobial strain MR4 gave the
maximum increase (49%) in shoot fresh mass compared to uninoculated control, followed
by MR5, MR1, and MR3 with 46, 45, and 38% increase in shoot fresh mass of mung
bean, respectively, as compared to uninoculated control (Figure 1c). Rhizobial strains
MR14 and MR15 caused significant improvement in shoot fresh mass of mung bean by
29 and 28%, respectively, compared to uninoculated control (Figure 1c). A similar trend
was observed regarding root fresh mass, where rhizobial strain MR4 and MR5 gave the
maximum increase (67 and 65% compared to uninoculated control, respectively), followed
by MR3 with 57% increase in root fresh mass of mung bean as compared to uninoculated
control (Figure 1d). A significant increase of 53% each was also observed due to inoculation
of MR1 and MR10 in comparison to uninoculated control, followed by MR2, MR11, and
MR17 with an improvement of 49, 46, and 38%, respectively (Figure 1d).

Overall, 13 rhizobial strains out of 20 significantly increased total dry matter as
compared to uninoculated control, while 7 other strains non-significantly increased total
dry matter as compared to uninoculated control (Figure 1e). Increases in total dry matter
of 73 and 68% were recorded in plants inoculated with strains MR4 and MR5, followed by
MR1 and MR3 with 60% increase as compared to uninoculated control. Rhizobial strains
MR6, MR10, MR15, MR9, MR11, and MR2 significantly improved total dry matter by 36, 34,
33, 32,29, and 28%, respectively, as compared to uninoculated control, but their effect was
non-significant as compared to each other (Figure 1e). All 20 rhizobial strains significantly
increased nodulation as compared to uninoculated control, as nodulation did not occur
in sterilized uninoculated control, while rhizobial strain MR5 produced maximum (25
nodules) number of nodules followed by MR4, MR3, and MR1, which produced 24, 23, and
21 nodules per plant (Figure 1f). Sixteen other rhizobial strains produced nodules with a
range of 10-15 nodules per plant, while the minimum (10 nodules) number of nodules per
plant was recorded due to the inoculation of rhizobial strains MR11 and MR17 (Figure 1f).

3.2. Physiological Attributes of Mung Bean

Figure 2 represents data of physiological parameters of the mung bean plants affected
by the inoculation of wild rhizobial strains. Plants inoculated with MR5 strain showed
31% higher values of sub-stomatal carbon dioxide concentration (Ci) as compared to
uninoculated plants (Figure 2a). Similar kinds of results were observed in the plants
which were inoculated with MR4, MR3, and MR1, with concentrations of sub-stomatal CO,
ranging from 22 to 30% more compared to control plants. It is also depicted in Figure 2b that
significantly higher values of assimilation rate (A), stomatal conductance (gs) (Figure 2c),
and transpiration (E) (Figure 2d) were shown by those plants which were inoculated
with MR4, MR5, MR3, and MR1. Sixteen other strains also produced better plants with
positive values of physiology, but those values were non-significant as compared to the
aforementioned four best strains.
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replicates). Means sharing same letters are statistically at par where p

3.3. Photosynthetic Attributes of Mung Bean

data is given in

SPAD chlorophyll, chlorophyll a, chlorophyll b, and total carotenoids’

which indicates that all the strains performed better when seen in reference to
and MR1. SPAD chlorophyll values of these four best strains ranged from 42 to

while significantly higher and best performance was shown by the strains MR4,

MR3,
better compared to uninoculated plants (Figure 3a).

a values of all the plants inoculated with rhizobium ranged from 1.11 to 1.60 mg g~! FW,

Figure 3a—d,
control,
MRS5,

54%

Figure 3b shows that chlorophyll

while that of control plant chlorophyll a was 1.04 mg g~! FW. Results demonstrated that

the best value of chlorophyll a was produced by inoculation of strain MR4,

with 54% higher

and MR3 with 51%,

higher values compared to control plants. Data regarding chlorophyll b

(Figure 3c) indicates an almost similar trend as chlorophyll a, but the results were much
better in terms of percentages, with the highest value produced by MR4, which was 89%
more in comparison to uninoculated control plants. MR5-inoculated plants produced

followed by MR5, MR1,
85% more chlorophyll b compared to control, while the overall range of chlorophyll b in

values compared to uninoculated controlled,

440/0, and 44%

inoculated plants was 1.047 to 1.643 mg g~ ! FW. Data regarding total carotenoids present

in plants is presented in Figure 3d, which shows that the best results were found in those
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plants which were inoculated by MR4, MR5, MR1, and MR3 with values 64%, 63%, 55%,

and 54%, respectively, higher compared to uninoculated control.
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(c) chlorophyll b;

0.05.

letters are statistically at par where p

3.4. Biochemical Properties of Mung Bean

Data presented in Figure 4a shows that significant differences in the values of total

(TSP) were observed, where plants inoculated with MR4 strain produced

the lowest values of TSP among all treatments, and this was 38% less than the uninoculated

soluble proteins

which produced the highest value of TSP. Total phenolics contents of

mung bean plants also showed significantly variable results, with the highest value of
—1 jn MR4-inoculated plants, followed by MR5- and MR1-inoculated plants,

while the minimum concentration of total phenolics was recorded in uninoculated control

control plants,
54.79 mg kg

plants of mung bean (Figure 4b). Results regarding flavonoids contents of mung bean
plants (Figure 4c) showed an almost similar trend to TSP, where MR4 inoculation helped

to produce 44% less contents of flavonoids as compared to uninoculated ones, followed
by MRS5 (43% less), MR1 (38% less), and MR3 (34% less), while highest flavonoid contents

were recorded in uninoculated control plants of mung bean.
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Figure 4. Impact of rhizobial inoculation on biochemical properties of mung bean under gnotobiotic conditions: (a) total

soluble proteins; (b) total phenolics; (c) flavonoids; (d) ascorbic acid; (e) MDA contents (average of 3 replicates). Means

0.05.

sharing the same letters are statistically at par where p
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Data regarding ascorbic acid concentrations are also shown in Figure 4d, which
indicates that the lowest concentration of ascorbic acid was found in uninoculated plants,
while the highest concentration was recorded in MR4 (650.5 mg kg~ FW) inoculated
plants followed by MR5, MR1, and MR3. Inoculation of mung bean with rhizobial strains
also produced significantly positive results, as MR4 inoculation produced 52% less MDA
contents (Figure 4e) as compared to uninoculated control, which produced the highest
MDA contents among all treatments.

3.5. Selection of Rhizobial Isolates of Mung Bean

Based on the results of growth promotion, nodulation ability, and physiological and
biochemical characteristics recorded in an experimental trial conducted under gnotobiotic
conditions, four rhizobial isolates (MR1, MR3, MR4, and MR5) were selected using cluster
and principal component analysis. Factor coordinates of mung bean rhizobial isolates based
on growth promotion and nodulation ability under gnotobiotic conditions are presented
in Table 1. The maximum coordinate value (6.228) was observed due to MR4, followed
by MR5 with 6.067, MR3 with 4.397, and MR1 with 4.246 F1 value (Table 1). The factorial
plane clearly shows their unique behavior in the growth promotion and nodulation of
mung bean. Further, these strains also fell under the same group in cluster analysis, with
the highest similarity index (Figures 5 and 6).

Table 1. Factor coordinates of rhizobial isolates based on growth promotion and nodulation ability
of mung bean under gnotobiotic conditions.

Observation F1 F2 F3 F4 F5

Control —5.763 1.515 1.093 0.292 —0.090
MR1 4.246 —-0.137 0.656 —0.152 0.088
MR2 0.179 0.618 —0.989 —0.210 0.296
MR3 4.397 —0.269 —0.301 0.319 0.130
MR4 6.228 0.109 0.110 0.545 —0.238
MR5 6.067 0.039 —0.287 —0.133 —0.012
MR6 0.025 —-0.417 0.614 0.324 0.212
MR?7 —1.006 —0.579 0.315 0.090 0.400
MRS —2.720 —1.460 0.187 —0.055 0.070
MR9 0.421 —0.138 0.228 0.003 —0.321
MR10 1.045 1.064 0.029 —0.754 0.093
MR11 —0.355 1.563 0.082 0.012 0.034
MR12 —1.368 —-0.417 0.047 —0.022 0.106
MR13 —1.459 0.597 —0.764 0.197 —0.282
MR14 —0.630 —0.281 0.792 —0.194 —0.131
MR15 0.650 —0.336 0.338 —0.220 —0.080
MR16 —0.066 —0.342 0.330 —0.386 —0.234
MR17 —1.524 1.079 —0.518 0.292 0.234
MR18 —-3.275 —-1.111 —0.294 0.109 0.005
MR19 —2.598 —-0.192 —-1.134 —0.058 —0.255

MR20 —2.496 —0.904 —0.536 0.002 —0.027
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3.6. Identification and Biochemical Characterization of the Selected Strains

Identification was made by isolating them from the roots of mung beans and then
re-inoculating them with the seeds of the mung bean under controlled environments,
which triggered nodulation. As a result, the strains were confirmed to be Rhizobium phaseoli.
Based on performance, four rhizobial strains were selected, and siderophore production,
auxin production, chitinase activity, ACC-deaminase activity, root colonization ability, and
phosphate solubilization were among the features studied. Table 2 lists the morphological
and biochemical characteristics of the best-performing rhizobial strains. All the four
selected rhizobial isolates (MR1, MR3, MR4, and MR5) depicted spherical colonies of milky
white color and glossy look, being Gram-negative rods (Table 2). These strains were capable
of auxin production and phosphate solubilization and demonstrated chitinase, oxidase,
and exopolysaccharide activity. All the strains were capable of producing siderophore
except MR3, while MR4 and MR5 were positive in organic acid production only (Table 2).

Table 2. Characterization of selected rhizobial strains (Rhizobium phaseoli).

Codes MR1 MR3 MR4 MR5
Strains Rhizobium phaseoli Rhizobium phaseoli Rhizobium phaseoli Rhizobium phaseoli
Cell shape Rod-shaped Rod-shaped Rod-shaped Rod-shaped
Colony color Milky white Milky white Milky white Milky white
Colony appearance Shiny Shiny Shiny Shiny
Colony shape Round Round Round Round
Gram'’s test Negative Negative Negative Negative
Oxidase test Positive Positive Positive Positive
Catalase test Positive Positive Positive Positive
Exoplys'ac'c ahride Positive Positive Positive Positive
activity
Auxin biosynthesis Highly positive Highly positive Highly positive Highly positive
Chitinase activity Positive Positive Positive Positive
solillllgflri):;iattif)n Positive Positive Positive Positive
S;f:;ﬁlzt};g;e Positive Negative Positive Positive

Organic acid

production Negative Negative Positive Positive

IAA synthesizing ability of the best-performing strains was tested at 35 °C, which
showed significant results with notable variations in the data (Figure 7a), ranging from 9.2
to 16.7 pg mL~! and 23.0 to 30.0 pg mL ! in the absence and presence of L-Trp medium
respectively. Gibberellin (GA) producing ability of these strains was also checked at 35 °C,
and it was found that strain MR5 produced the highest value of gibberellin (131.04 g mL 1)
among all the tested strains, followed by MR4, MR1, and MR3 producing 125.94, 118.20,
and 111.92 pg mL~! GA, respectively (Figure 7b). The flavonoid production ability of
all the selected strains was also evaluated in vitro (Figure 7b). The study revealed that
maximum flavonoid (147.45 g mL~!) was produced by MR5, while minimum flavonoid
(80.20 ug mL~!) was produced by MR3 (Figure 7b). A plate assay was used to examine
the ability of the best performing rhizobial strains to solubilize ZnO and ZnCOs. Figure 7c
shows that ZnO and ZnCOj3 solubilization indexes of MR5 were highest among the four
isolates, having values of 3.2 and 3.63, respectively. Data in Figure 7c also indicates that
ZnCOs solubilization index ranged from 2.61 to 3.63, and ZnO solubilization index ranged
from 2.3 to 3.2. All the four isolates selected based on growth promotion and other attributes
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also proved their phosphorus solubilization ability by demonstrating P solubilization index
ranging from 2.18 to 3.03, with the highest value of 3.03 tagged with MR5 strain (Figure 7c).
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Figure 7. Biochemical Characteristics of selected mung bean rhizobial strains under gnotobiotic conditions: (a) auxin

biosynthesis; (b) gibberellin and flavanoid production; (c) zinc and phosphorus solubilization index (average of 3 replicates).

Means sharing the same letters are statistically at par where p = 0.05.

4. Discussion

By forming a symbiotic association between rhizobia and plants, biological nitrogen
fixation (BNF) plays a critical role in promoting the growth of legumes. The majority of
rhizobial cultures used in our experiment under gnotobiotic conditions improved mung
bean growth, but to varying degrees of efficiency. This variation in their growth promotion
could be attributable to auxin, gibberellins, and flavonoid and other biomolecules produc-
tion by the rhizobia [38]. Previous research has also demonstrated a variable response to
rhizobial inoculation for improving lentil, chickpea, and pea growth [39].

In the same way, improvements were reported in the production of dry matter due
to inoculation of rhizobia [40]. An increase in plant growth and mineral nutrient uptake
due to auxin production by rhizobial isolates has also been reported by Etesami et al. [39].
It was observed in the present study that some of the rhizobial isolates did not improve
the growth of mung bean seedlings under gnotobiotic conditions. This kind of failure in
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growth promotion activity might be due to a lack of efficiency by Rhizobium strains to
colonize the root surface [41]. Non-significant improvement in growth parameters has
also been reported by Rhijn et al. [42] in pea (Pisum sativum) and alfalfa (Medicago sativa L.)
plants in response to Rhizobium inoculants. This may be due to insufficient or absence of
exopolysaccharides to rhizobial strains due to mutation or some unknown reasons.

In the present study, rhizobial inoculation significantly improved physiological param-
eters of mung bean by most of the strains, with top-of-the-line performance by MR5, MR4,
MR3, and MR1, which is justified by the fact that besides nitrogen fixation, plant-associated
rhizobia may also improve plant physiology by increasing nutrient bioavailability and up-
take [43], siderophores and osmolytes production [44,45], ACC deaminase regulation [14],
and phytohormone production [46]. Improvements in photosynthetic attributes of mung
bean in the present study is supported by the research of other scientists [47] who docu-
mented that rhizobial inoculation has the ability to increase chlorophyll concentrations
in agricultural plants, which leads to improved productivity as a result of better photo-
synthetic activity. Results of the present study in terms of physiology and photosynthetic
characteristics are also in line with the findings [48] that found that in maize crop chloro-
phyll contents, stomatal conductance of water, transpiration rate, relative water contents,
photosynthetic rate, nutrients uptake, and intrinsic water use efficiency were improved
under both stressed and normal conditions.

According to the results of the present experiment, Rhizobium inoculation improved
physiological characteristics of plants that lead to maximum growth and production. In
a study [49], rhizobium alone and in combination with Pseudomonas strains greatly im-
proved the chlorophyll contents, photosynthetic rate, relative water contents, transpiration
rate, carbon assimilation rate and stomatal conductance of water in mung bean, reducing
the negative impacts of salinity. This improvement in plant’s growth, physiology and
quality as in case of present study was inline [50] might be through a variety of ways
including reducing the endogenous level of ethylene. Ref. [51] reported an increase in
leaf chlorophyll contents in both glasshouse and field conditions with the application of
rhizobia which supports current findings where increase in chlorophyll contents of mung
bean was recorded.

All the rhizobial strains, especially the selected strains in the present experiment,
demonstrated better results [52] in terms of increases in photosynthetic leaf area, chloro-
phyll content, and relative water content following inoculation with rhizobium strains
that produce ACC deaminase and IAA, or that solubilize phosphate. Findings of current
research are also in line with the findings of [53], which found that Rhizobium laguerreae, a
plant-growth-promoting microorganism, was found to have favorable effects on vegetative
parameters of leafy vegetable in comparison to uninoculated control, such as chlorophyll,
leaf size, leaf weight, leaf number, and nitrogen content.

As found in the present study, inoculating legumes with Rhizobium increases the
amount of chlorophyll in their leaves [54]. Similar results were reported by [55] in their field
and glasshouse research on soybean and cowpea, in which B. japonicum inoculation and
supplementation of phosphate significantly boosted leaf chlorophyll contents. Significantly
higher growth rates in the current experiment are owing to the fact that an increase in
chlorophyll concentration leads to an increase in photosynthetic processes, leading to an
increase in sugar production for plant growth and development [51].

Because IAA is the most prevalent and important auxin in plants, it plays a critical
function in plant growth regulation. All the four different rhizobial strains selected based
on their performance in the experiment had produced IAA equivalents and had a signifi-
cant impact on plant development by modifying the endogenous auxin produced by the
plants [56]. Phytohormones such as gibberellins play a major role in plant morphology
alteration. As a result, they are said to promote stem growth, flower and fruit development,
dormancy reversal, and seed germination in plants. Five gibberellins producing rhizobac-
teria were isolated [57], which produced more gibberellins at 30 °C as well as 40 °C. In
plant-microbe interactions, flavonoids are the most important signaling molecule. In addi-
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tion to colonization in the rhizosphere, flavonoid synthesis is a key plant-growth-promoting
feature demonstrated by many soil microorganisms that induce nod gene expression and
increase nodulation [56].

Among other minerals, plants need zinc to flourish, and it can be found in a variety
of forms, such as smithsonite (ZnCOs3), ZnS (sphalerite), franklinite (ZnFe,O;), zincite
(Zn0O), and zinkosite (ZnSO;) [58]. Field crop yields such as wheat, rice, maize, and barley
are increased by inoculation of Zn solubilizer rhizobacterial strains, which increase the
availability of phosphorus (P) to plants [59]. Because PSBs (phosphate-solubilizing bacteria)
produce plant growth chemicals, these molecules likely enhance plant growth through their
direct impact on metabolic processes. As a result of this, the lateral roots and root hairs
proliferate, leading to an increase in nutrient absorption surfaces [60]. Therefore, screening
of effective rhizobial strains under controlled conditions based on growth promotion and
verification by the production of biochemical molecules that help the plants in growth
promotion and establishment of nodules may be a beneficial strategy for the selection of
symbiotically effective rhizobial strains.

5. Conclusions

The outcomes of this study revealed that inoculation of mung bean with distinct and
healthy strains improved the growth, biomass production, physiology, and biochemical
traits which depicts a significant yield of the crop when grown to maturity. The results
of this research are also very useful for researchers to further investigate the selected
strains to explore their potential under specific environmental conditions. Furthermore,
the results of the present study are useful to convince farmers of mung bean to inoculate
their crops with healthy rhizobial strains instead of depending upon the native strains
present in their fields and synthetic nitrogenous fertilizers. It is concluded from this
research experiment that the use of specific and effective rhizobial inoculation to mung
bean produces significant improvement in all indicators of crop production, which confirms
this practice of inoculation as a major component of sustainable production.
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