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ARTICLE INFO ABSTRACT

Keywords: This study was undertaken to see how microbial consortia influenced maize development and
Microbial consortia yield under salt-affected conditions. The efficacy of the pre-isolated bacterial strains Burkholderia
Rhizosphere

phytofirmans, Bacillus subtilis, Enterobacter aerogenes, and Pseudomonas syringae and Pseudomonas

}’:ﬁgtreﬁauon fluorescens to decrease the detrimental effects of salt on maize was tested in four distinct com-
onormones . A . . X A X
Engophytes binations using Randomized Complete Block Design with three replicates. The results revealed

that these strains were compatible and collaborated synergistically, with an 80% co-aggregation
percentage under salt-affected conditions. Following that, these strains were tested for their
ability to increase maize growth and yield under salt-affected field conditions. The photosynthetic
rate (11-50%), relative water content (10-34%), and grain yield (13-21%) of maize were all
increased by these various combinations. However, when Burkholderia phytofirmans, Enterobacter
aerogenes and Pseudomonas fluorescens were combined, the greatest increase was seen above the
un-inoculated control. Furthermore, as compared to the un-inoculated control, the same combi-
nation resulted in a 1.5-fold increase in catalase and a 2.0-fold increase in ascorbate concentra-
tion. These findings showed that a multi-strain consortium might boost maize’s total yield
response as a result of better growth under salt stress.

1. Introduction

Sodicity and salinity alone deteriorated 1128 million hectares of land throughout the world [1]. It is expected that 30% of arable
areas would be impacted by salt in the next 25 years, and around 50% by the end of 2050 [2]. It has been reported that 10% annual
increase in salt-affected soil around the globe [3]. Global trends indicate that to meet the food demands of the growing population, we
must cultivate marginal land (salt-affected soils, for example) [4]. Salinity can be reduced by a variety of biotic and abiotic methods,
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including the use of chemical additives (Gypsum), genetic engineering, and the breeding of salt-resistant cultivars [5]. The use of
biological methods is the most promising method for removing salt stress [6] like plant growth-promoting bacteria (PGPB), mycor-
rhizal fungi, and nitrogen fixers are the most common bio-inoculants [7]. These microorganisms’ tools might include nitrogen fixation
in the atmosphere [8], nutrient solubilization [9], phytohormone synthesis [10], and release of metabolites and enzymes [11]. These
activities improve nutrient uptake, control ethylene production, and cause biochemical changes (buildup of betaines, proline, and
antioxidants). PGPB may settle efficiently at the roots of many plant species, improving plant mineral-nutrient adsorption and soil
physical conditions, and therefore increasing output [12]. In addition to this mechanism, it is well known that ACC deaminase reduces
stress-induced ethylene levels in plant species, resulting in tolerance to salt in a variety of crops. Through ACC deaminase activity, the
plant growth promoting rhizo-bacteria, Pseudomonas spp., and Enterobacter spp. greatly increased maize biomass under varying
salinity levels [13].

Due to their incapacity to fight pathogen assaults, limited survival capacity, and low colonization percentage, solitary stains find it
challenging to interact with native soil populations under a variety of soil and environmental conditions [14]. Salinity resilience was
generated by a single strain along the PGPR, either rhizobium or fungi. Under saline stress, for example, an Arbuscular mycorrhiza
Fugus, Glomus intraradices, or mosseae, in combination with PGPR had greater growth and yield than when grown alone [15]. Several
PGPR associations, such as Herbaspirillum and Bacillus [16], Klebsiella [17], Rhizobium [18], and Burkholderia [18], have shown salt
stress mitigation in maize [19].

Microbial consortia, a biological method, have the potential to alleviate the consequences of salt stress. The five PGPR strains
Pseudomonas syringae (S5), Enterobacter aerogenes (S14), Pseudomonas fluorescens (S20), Burkholderia phytofirmans (PsJN), and Bacillus
subtilis (Y16) have been evaluated in laboratory and field experiments and have proven to be promising techniques for reducing salinity
stress. Gaseous exchange, biochemical, ionic, and growth, and yield characteristics were used to evaluate the multi-strain consortia’s
potential for generating salt tolerance in field conditions on maize.

2. Material and methods

The efficacy of an endophytic bacteria Burkholderiaphytofirmans in combination with salt-tolerant strains like Bacillus subtilis,
Enterobacter aerogenes, and Pseudomonasfluorescensand syringae on maize growth and yield under salt stress conditions (EC 8.23 dS
m 1) was tested in the field at the Postgraduate Agriculture Research Station, University of Agriculture, Faisalabad.

2.1. Compatibility test

These bacterial strains were investigated for their compatibility of growth as described by Raja et al., [20]. Each isolate was
cultured in Luria-Bertani broth (50 mL) separately at 28 + 1 °C on shaker at 100 rpm for 48-72 h and all strains were cross streaked on
same L.B agar plate. This step was repeated three times and these plates were incubated at 28 + 1 °C for 48-72 h and was examined for
the inhibition zones around the colonies.

2.2. Synergism/antagonism tests

The synergistic/antagonistic activities of bacterial isolates were screened between these PGPR strains Burkholderia phytofirmans,
Bacillus subtilis, Pseudomonas fluoroscenes and syringae, and Enterobacter aerogenes. For antibacterial assays, the bacterial isolates were
cultivated in Luria-Bertani (LB) broth at 28 + 1 °C for 24 h. The bacterial isolates were spot-inoculated (10 pl aliquots) on LB plates pre-
seeded with 100 pl tested strains. The plates were incubated at 28 °C for 48 h and clear zones of inhibition were recorded [19].

2.3. Co-aggregation and auto-aggregation tests

For co-aggregation assay, bacteria were grown in high C/N fructose minimal medium as described above and the cells were
harvested by centrifugation at 5000g for 15 min, washed twice and re-suspended in phosphate buffered saline (0.1 mol L™}, pH 6.8) to
give viable counts of 10% CFU mL~!. Equal volumes (2 mL) of each bacterial strain’s cell suspension were mixed together in pairs by
vortexing for 10s. Control tubes were maintained with 4 ml of bacterial suspension for each individual strains. The absorbance (A) at
600 nm of the suspensions was measured after mixing the strains and after 24 h of incubation at a temperature of 28 + 2 °C. The
percentage of co-aggregation was calculated using the equation of Joe et al., [21].

(Ax+Ay+Az)/3—-A(x+y+z)

100
Ax + Ay + Az/3 X

Co — aggregation(%) =

where Ax, Ay and Az represent the absorbance of the three strains in the control tubes and

A (x + y + z) the absorbance of the mixture of the three strains after a period of 24 h.

Auto-aggregation assays were performed according to Joe et al. [21], with certain modifications to compare auto-aggregation
potential of the strains with their co-aggregation efficiency. Cell suspensions (4 mL) were mixed by vortexing for 10 s and
auto-aggregation was determined during 24 h of incubation at room temperature. After 24 h, 0.1 mL of the upper suspension was
transferred to another tube with 3-9 mL of PBS buffer and the absorbance (A) was measured at 600 nm. The auto-aggregation per-
centage is expressed as
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Auto — aggregation (%) = 1 — At/A0 x 100

where At represents the absorbance at 24 h and AO the absorbance at t = 0.

2.4. Inoculum preparation

The PGPR strains Pseudomonas syringae S5, Enterobacter aerogenes S14, Pseudomonas fluorescens S20, Burkholderia phytofirmans
PsJN, and Bacillus subtilis Y16 were grown separately in LB medium for 24 h at 28 + 1 °C with shaking at 280 rev/min. After achieving
the required population (107-10%) CFU mL™! of the multi-strainconsortia, the cell suspensions of all three bacterial strain were pre-
pared, mixed in equal proportionsand incubated for 24 h at 28 °C with germ-free peat. After that, sterile maize seeds were coated by the
help of 10% sugar solution. For the uninoculated control, the autoclaved broth was utilized to treat the seeds [22]. Following RCBD,
five treatments CO = Un-inoculated Control, C1 = (PsJN + S5+Y16), C2 = (PsJN + S14 4 Y16), C3 = (PsJN + S14 + S20) and C4 =
(PsJN + S20 + Y16) were duplicated thrice.

2.5. Determination of malondialdehyde contents, membrane permeability index, proline contents, relative water contents, K*/Na" ratio,
chlorophyll contents, and gas exchange measurements

Jambu Nathan [23], method was usedto calculate the leaf MDA concentration with the help of Beer and Lambert’s equation at 600
and 532 nm. The membrane permeability index was computed using the formula for percent leakage of ions from leaves, as described
by Jambu Nathan [23].

EC1 — ECO »
EC2 — ECO

At an absorbance of 520 nm, the free proline content in maize was determined using the technique described by Bates et al., [24].
Relative water content (RWC) was determined by following the procedure as explained by Mayak et al., [25]. A portable chlorophyll
meter was used to determine the chlorophyll concentration [26]. CIRAS-III was used to measure the gaseousexchange measurements
(MA, USA, PP System).

% MPI = 100

Fig. 1. Demonstrated results of antagonism/synergism assays where (A) positive control antagonistic interaction, (B) synergestic interaction
Burkholderia phytofirmans (PsJN) versus Bacillus subtilis (Y16), (C) synergistic interaction of Burkholderia phytofirmans (PsJN) versus Enterobacter
aegogenes (S14), (D) synergistic interaction of Burkholderia phytofirmans (PsJN) versus Pseudomonas fluorescens (S20).
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2.6. Enzymes assays

The role of Catalase and ascorbate peroxidase in maize leaves was studied using Qui et al. [27], method of fluctuating absorbance at

240 nm owing to hydrogen peroxide annihilation [28]. Similarly, the ability of ascorbate peroxidase was measured at 290 nm
absorbance [29].

2.7. Growth and Yyield attributes

At maturity, the growth and yield attributes including plant height, cob yield, total biomass, grain yield, straw yield, and 1000
grains weight were determined by standard methods.

2.8. Minerals analysis

Macronutrients Nitrogen, Phosphorus, Potassium (NPK) and Sodium (Na) contents from plant samples were analyzed by using the
method described by Ryan et al., [30].

2.9. Statistical analysis

Data was analyzed statistically under Randomized complete block design (RCBD) by using Statistics-8.1 (Statistics-8.1 Analytical
Software, Tallahassee, USA).

3. Results and discussion

The findings of this study revealed that multi-strain combinations improved growth and yield qualities in a saline environment
when compared to a linked control. First and foremost, the competence of selected strains was tested in the laboratory, where all
strains demonstrated growth compatibility. Furthermore, all conceivable combinations of synergism/antagonism were investigated
and shown to have favorable synergistic interactions with each other for activities relevant to plant development, as shown in Fig. 1
(A-D). All five strains that were eventually employed as multi-strain combinations were evaluated for auto-aggregation in the current
investigation (Fig. 2). Auto-aggregation percentages ranged from 45 to 73%. All of the co-aggregates were bulky and quickly split,
leaving a clear supernatant. The proportion of PsJN, S14, and S20 was determined to be 80% on average across replicates (Fig. 3).

3.1. Gaseous exchange parameter

As shown in Table 1, the gas exchange characteristics improved considerably in all multi-strain combinations when compared to
the un-inoculated control under saline field conditions. C3 had the best response in terms of photosynthetic apparatus regulation
(50%), conductivity through stomata (49.16%), transpiration rate (18.85%), efficient use of water (26.50%), membrane permeability
index (30.69%), and relative water content (27.26%) compared to the uninoculated control CO. However, when compared to each
other, none of the combinations are statistically significant, but they are significant when compared to the control treatment. Due to
soil salinity, the membrane permeability index and relative water content decreased, potentially preventing CO; from reaching the
plant through stomata closure. As a result, the plant’s substomatal conductance increased, but other gas exchange metrics such as
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Fig. 2. Auto-aggregation (%) of PGPB strains used in multi-strain combinations.
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Fig. 3. Co-aggregation (%) of PGPB strains used in multi-strain combinations. PsJN = Burkholderia phytofirmans, S14 = Enterobacter aerogenes, S20
= Pseudomonas fluorescens, S5 = Pseudomonas syringae and Y16 = Bacillus subtilis.

Table 1

Effect of microbial consortia on gas exchange parameters under salt affected conditions.
Treat PR TR WUE e SSC RWC MPI

pmol CO, m2s?! mmol H,O m 257! mmol CO, mol~! H,0 mmol H,O0 m 257! pmol CO, mol ! % %

co 23.2°+ 1.1 8.0" +0.14 29" +0.12 211¢+ 11 2212 + 12 57.9+ 2.8 3219+ 1.0
c1 25.8" + 2.3 8.2%" + 0.68 3.1% +0.37 225 + 15 196™ + 9.0 63.9°+63 283" +3.1
c2 29.1°+ 2.3 8.8%" + 0.45 3.3% 4+ 0.21 3007 + 14 152" + 17 70.9°° + 44 236+ 0.4
c3 34.7° + 1.3 9.5% + 0.44 3.7% £0.21 315% + 16 140° + 21 73.7°° £ 46 2349105
c4 30.6°° + 2.6 8.6%" + 0.22 3.5%" + 0.90 268% + 23 170% + 8.0 77.7° £ 5.7 25.4°+ 0.6
LSD 5.60 1.36 0.72 48.3 52.2 12.4 2.80

*PR = photosynthesis rate, TR = transpiration rate, WUE = water use efficiency, SC = stomatal conductance, SSC = sub-stomatal conductance, RWC
= relative water contents, MPI = membrane permeability index. Mean values followed by different letter(s) in the same column are statistically
different (P < 0.05) CO = Un-inoculated Control, C1 = (PsJN + S5 + Y16), C2 = (PsJN + S14 + Y16), C3 = (PsJN + S14 + S20) and C4 = (PsJN + S20
+Y16).

photosynthetic activity, transpiration rate, water usage efficiency, and stomatal conductance decreased [31]. The multi-strain com-
bination significantly improved photosynthetic characteristics such as rate of transpiration, photosynthetic activity, water efficiency,
and stomatal conductance in maize leaves. This might be attributed to an increase in root development as a result of ACC-deaminase
activity, which reduces ethylene synthesis and allows roots to absorb more nutrients and water efficiently from the soil.

3.2. Biochemical parameters

Table 2 displays the findings of biochemical factors such as proline, chlorophyll content, catalase content, ascorbate peroxidase
content, and malondialdehyde content. In comparison to the un-inoculated control CO, the multi-strain combinations (C2, C3, C4)
considerably enhanced the biochemical characteristics of the maize under salt impacted conditions. The most promising combination,

Table 2
Effect of microbial consortia on biochemical parameters under salt affected conditions.

Treatments Proline Chlorophyll MalondialdehaydeActivity Ascorbate peroxidase Activity Catalase Activity
pmol g~! SPAD Value pmol min~! mg protein !

co 2.34° + 0.04 36.0° + 0.92 70.9° + 2.16 9.73° + 0.59 7.56° + 0.33

c1 2.06™ + 0.23 40.7°° +0.83 64.8° +1.89 10.7¢ £ 1.10 8.45" + 0.86

c2 1.95% + 0.04 43.3% 1+ 1.78 51.1° + 1.11 11.9° + 1.22 9.95%¢ + 0.80

c3 1.397 + 0.01 48.1% + 2.67 41.4°+2.73 14.9* + 0.68 11.39% + 0.83

c4 1.56?° + 0.03 45.8% + 0.95 47.7°¢ + 5.02 13.4* + 0.83 10.47%° + 0.77

LSD 0.51 5.01 22.4 3.64 1.58

CO = Un-inoculated Control, C1 = (PsJN + S5 + Y16), C2 = (PsJN + S14 + Y16), C3 = (PsJN + S14 + S20) and C4 = (PsJN + S20 + Y16) Mean values
followed by different letter(s) in the same column are statistically different (P < 0.05).
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C3 raised the levels of chlorophyll (33.68%), ascorbate peroxidase (53.31%), and catalase-peroxidase (5.66%) as compared to the un-
inoculated treatment CO, however, there was a reduction in malondialdehyde content (41.57%) and proline content (68.64%).
Senescence in plants is caused by an increase in ethylene levels caused by stress [32]. Under salt-affected conditions, the current study
found that PGPR multi-strain combinations C3, C4, and C2 enhanced chlorophyll content in maize plants compared to control CO. As a
result, PGPR encourages the reduction of ethylene production to safeguard the plant’s chlorophyll content from degradation. Similarly,
limiting Na absorption and boosting Mg and N supply improves the chlorophyll synthesis [33]. Furthermore, multi-strains under
salinity had a favorable effect on chlorophyll concentration [19,34,35].

Proline accumulation in the plant is an indication of stress tolerance since it acts as a protective osmolyte. It operates by regulating
osmotic pressure, preventing dehydration of intercellular macromolecules, and scavenging hydroxyl radicals [31]. Under salt stress,
the proline content of the multi-strain combination C3 was considerably reduced in this research.

Salinity stress induces the formation of reactive oxygen species (ROS) which causes the destruction of biomembranes and mac-
romolecules [36]. Plants developed a variety of antioxidants to overcome these harmful effects. The increase in antioxidant activity in
the plant can enhance the plant’s tolerance to a variety of stressors. SOD, GR, APX, and CAT are examples of enzymes that operate as
reactive oxygen species (ROS) scavengers [37,38]. Multi-strain consortia greatly increased antioxidant activity in the maize plant, as
indicated in Table 2, causing increases in Catalase and ascorbate peroxidase activity. Reduced malondialdehyde levels, on the other
hand, alleviated salt stress. In this investigation, it was discovered that all multi-strain combinations are statistically equivalent to each
other except for C1, which is significant when compared to the inoculated control C0. This may be due to greater antioxidant activity in
the presence of PGPR, which results in lower MDA levels and a lower membrane permeability index leading to improved plant salt
stress resistance and biomass accumulation [39]. Moreover, it’s possible that PGPR encouraged the buildup of antioxidant enzymes in
the host plant to reduce salt stress by scavenging reactive oxygen species (ROS) [40].

3.3. Ionic parameter

When compared to the un-inoculated treatment CO, C3 showed the greatest improvement in ion parameters such as leaf K& Na™*
and macronutrient concentrations under salt stress. The multi-strain combination C3 increased K" uptake by 14.6% while decreasing
Na™ uptake by up to 48.4% (Table 3). As a result, the K™/ Nat Ratio was boosted by a factor of two (94.8%). It is self-evident that
salinity promotes ion homeostasis while reducing nutrient supply in plants, resulting in stunted development [41]. It also upsets the
balance of Na* and K" between the soil and the plant. As a result, the K": Na' ratio is low [42]. The findings of this study show that
inoculating maize with several strains reduces the absorption and accumulation of Na* ions while increasing the demand for K™,
resulting in a higher K': Na™ ratio. It might be related to the PGPR’s ACC-deaminase action causing the roots network to expand and
investigate additional soil. As a result, the plant’s growth has risen. In comparison to control CO, the multi-strains significantly
improved ionic balance in maize by controlling Na™ and K" ions. Several microbial strains have been shown to reduce salt toxicity by
balancing the Na* and K" levels [15,43,44]. In the current work, inoculating maize straw and seeds with multi-strain combinations
dramatically increased N, P, and K levels in a saline medium (Table 4). With multi-strain combination C4 as compared to control CO
treatment, the greatest increase in N straw and grains content was found to be 102% and 37% respectively. The multi-strain com-
binations C3 raised the supply of P and K concentration in straw by 52.4% and 19%, respectively, compared to the untreated control
CO, but were statistically comparable to C4. In addition, C4 improved the P and K content of grain by up to 45.0% and 17%,
respectively, as compared to the un-inoculated control. This enhanced supply of N, P, and K in the plant might be attributed to the
inoculation of PGPR multi-stains, which boosted the root network, generation of growth-promoting hormones, and a variety of other
unknown causes [8].

3.4. Growth and yield parameters

With the C3 combination, the maximum increase in terms of growth and yield parameters was obtained (Table 5). However, the
remaining three multi-strain consortia (C2, C4, and C1) increased maize growth and yield. Plant height, straw production, cob yield,
1000 grain weight, grains yield, and total biomass increased by 26%, 46.9%, 40.7%, 13.5%, 21.3%, and 49.5% respectively, when the
C3 multi-strain combination was used. Multi-strain combinations offered a superior response to enhance yield and growth under saline
stress in this experiment, and PGPR minimized the harmful effects of salinity stress on maize. This could be due to the increased actions
of PGPR bacteria, such as biological nitrogen fixation and ACC-deaminase activity, which result in a decrease in ethylene production,
nutrient solubilization, oxidative damage reduction, biochemical buildup (proline, betaine, antioxidants), and colonization with other
beneficial soil microorganisms under saline conditions [8].

4. Conclusions

Based on the aforementioned data, it may be inferred that maize salt resistance was given by a multi-strain PGPR combination.
Under salt-affected field conditions, it is clear that PGPR combinations enhance plant growth. Burkholderia phytofirmans, Enterobacter
aerogenes, and Pesudomonas florucens were shown to be the optimum multi-strain combination (C3) for increasing growth and yield
under salinity in this investigation. In comparison to other techniques, it is possible to say that PGPR in the form of multi-strain
consortia is a successful tool for reducing salinity.
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Table 3

Effect of microbial consortia on ionic parameters in maize leaf under salt affected conditions.
Treatments Na K K*/Nat

%

co 1.5 + 0.20 1.7¢ + 0.05 2.9°+0.23
c1 1.1° +0.10 1.8 + 0.04 3.7% +0.17
c2 1.0° + 0.0 1.9% + 0.02 4.6 + 0.34
c3 0.8° + 0.04 1.9 + 0.01 5.7% +0.13
ca 0.9% + 0.0 1.9% +0.10 4.6% + 0.04
LSD 0.35 0.12 0.71

CO0 = Un-inoculated Control, C1 = (PsJN + S5 + Y16), C2 = (PsJN + S14 + Y16), C3 = (PsJN + S14 + S20) and C4 = (PsJN + S20
+ Y16) Mean values followed by different letter(s) in the same column are statistically different (p < 0.05).

Table 4

Effect of microbial consortia on ionic parameters in maize straw and grain under salt affected conditions.
Treatments Straw N Straw P Straw K Grain N Grain P Grain K

%

co 0.5¢ + 0.07 0.214 + 0.0 1.6° + 0.04 1.13° £ 0.15 0.21° + 0.0 1.41¢ £ 0.01
c1 0.89° + 0.05 0.24° + 0.01 1.7° + 0.05 1.41%* + 0.07 0.25" + 0.03 1.48 + 0.02
c2 1.08% + 0.04act 0.29%° + 0.01 1.9°° £ 0.0 1.55% + 0.03 0.29°° + 0.02 1.53" + 0.03
c3 1.15% 4 0.02 0.32% + 0.01 1.9% + 0.02 1.67%" + 0.02 0.33% + 0.03 1.65% + 0.01
c4 0.94%° + 0.10 0.27" + 0.02 1.8" + 0.0 1.51%" + 0.02 0.31%° + 0.01 1.51° + 0.02
LSD 0.20 0.05 0.12 0.40 0.06 0.70

CO = Un-inoculated Control, C1 = (PsJN + S5 + Y16), C2 = (PsJN + S14 + Y16), C3 = (PsJN + S14 + S20) and C4 = (PsJN + S20 + Y16) Mean values
followed by different letter(s) in the same column are statistically different (P < 0.05).

Table 5
Effect of microbial consortia on growth and yield parameters under salt affected conditions.
Treatments Plant height Total biomass Straw yield Cob yield Grain yield 1000 Grain weight
cm tha? grams
co 134°+5.14 14.7° + 1.36 2.23° 4+ 0.21 10.3" + 0.94 2.85° + 0.05 208¢ + 3.03
c1 142" + 4,50 16.1% + 1.40 253" + 0.07 11.8%° + 0.71 3.21%° + 0.30 219¢ + 1.02
c2 169% + 8.23 20.3%° +1.28 2.82%° + 0.04 12.9% + 1.07 3.38%° + 0.20 236° + 1.20
c3 170% £ 7.55 22.0°° + 1.54 3.28% +0.37 14.5% + 1.15 3.46° + 0.11 229% + 2,27
c4 160 + 5.30 18.2%¢ + 1.73 3.09%° + 0.04 13.9% + 1.38 3.29%° + 0.09 224 + 2.38
LSD 23.2 4.52 0.56 2.80 0.59 7.68

CO = Un-inoculated Control, C1 = (PsJN + S5 + Y16), C2 = (PsJN + S14 + Y16), C3 = (PsJN + S14 + S20) and C4 = (PsJN + S20 + Y16) Mean values
followed by different letter(s) in the same column are statistically different (P < 0.05).
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