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Disentangling the functioning
of native soil microbes in
enhancing nutritional
value of Aloe vera and
soil health parameters
Neha Singh Chandel, H. B. Singh and Anukool Vaishnav*

Department of Biotechnology, GLA University, Mathura, India
Soil salinity is a significant global issue that adversely affects plant growth by

reducing the availability of essential nutrients, leading to deficiencies. This

presents challenges for the production of medicinal plants, as their value relies

on nutrient-dependent metabolites. To address this, bioremediation strategies

using living organisms have gained attention. Native bacteria in saline soils offer a

sustainable way to restore soil health and mitigate salt stress. This study

investigates the impact of native rhizosphere soil bacteria on the growth and

nutritional value of Aloe vera. We screened four bacterial isolates from the

rhizosphere of A. vera plants grown in saline soil in the Mathura region of Uttar

Pradesh, India, focusing on their nutrient-solubilizing abilities. These bacterial

strains demonstrated phosphate solubilization, potassium solubilization,

siderophore production, indole-3-acetic acid (IAA) production, and protease

activity. Using partial 16S rRNA gene sequencing, bacterial isolates were identified

as Paenibacillus sp., Arthrobacter sp., Pseudomonas sp., and Bacillus sp.

Subsequently, a pot experiment was conducted to augment the population of

these bacteria in the soil and to evaluate their impact on A. vera’s growth and

nutritional value. The bacteria were applied both individually and as a consortium.

To assess the impact of these inoculations, the nutrient content of leaf gel and

various soil health parameters were measured. The results showed that the

application of the bacterial consortium yielded higher number of leaves (47%),

leaf fresh weight (74%), gel content (33%), and nutritional properties as compared

to control treatment (non-inoculated). Furthermore, bacterial inoculation

significantly enhanced soil enzymatic activity and increased the soluble nitrate

and phosphate content in the experimental soil. In conclusion, the presence of

these bacteria in the rhizosphere of A. vera, along with their nutrient-solubilizing

activities, enhances nutrient uptake and metabolite synthesis in the host plant

under saline soil conditions.
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1 Introduction

Aloe vera is a succulent plant belonging to the Asphodelaceae

family. It is highly valued in the pharmaceutical, food, and cosmetic

industries due to its numerous medicinal applications that have

been recognized for thousands of years (1). A. vera is used

worldwide in nutraceuticals and personal care products. It is

believed to have originated from Africa and the Arabian

Peninsula and possesses a unique ability to tolerate dry

conditions through a process called Crassulacean acid metabolism

(CAM). The plant propagates by producing shoots and has

succulent leaves that can store water in their gelatinous pulp. A.

vera has been extensively studied for its bioactive compounds,

including polyphenols like aloin and aloe-emodin, flavonoids, and

polysaccharides such as acemannan and fructan. These metabolite

compounds have been associated with various biological effects,

including anticancer, antioxidant, antimicrobial, anti-diabetic, and

anti-inflammatory properties. The therapeutic potential of A. vera

continues to attract researchers and health enthusiasts, encouraging

further exploration into its medicinal uses (2).

The beneficial properties of A. vera leaf gel are attributed to its

secondary metabolites. The gel consists of 98–99% water, with the

remaining 1–2% made up of bioactive molecules such as vitamins,

proteins, and phenolic compounds (3). These metabolites help

plants to defend against environmental stress and have potential

applications in pharmaceuticals and cosmetics. However, these

compounds are present in low concentrations, and their

production is influenced by environmental factors (4). Among

environmental factors, soil nutrient availability is particularly

crucial for synthesizing bioactive metabolites. Research has shown

that A. vera is sensitive to salt stress and alkaline soils (5, 6). The

uptake of key nutrients, particularly phosphorus (P) and potassium

(K), is limited in alkaline soils due to reduced availability and the

formation of nutrient complexes (Ca-P, Fe-P, Al-P precipitates,

micas and feldspars) (7). As a result, there has been increased

interest in methods to enhance the metabolites concentrations of A.

vera in sustainable ways. Native rhizosphere bacteria in saline soils

have gained attention to increases nutrient availability for plants

under saline conditions.

Beneficial soil bacteria, known as plant growth-promoting

rhizobacteria (PGPR), play a crucial role in nutrient acquisition,

stress management, and activating systemic resistance against plant

pathogens (8). These bacteria reside in the soil surrounding plant

roots, which is rich in nutrients. Root exudates provide a source for

carbon (C), N and P for these microorganisms. Additionally, plants

release signals that promote the growth of specific microbial

communities. In turn, these communities support plant growth

and development under both normal and stress conditions (9).

PGPRs play an essential role in transforming and acquiring

nutrients such as nitrogen N, P, K, and iron (Fe). They solubilize

nutrients from inorganic source and facilitate the release of organic

sources, primarily through the production of organic acids,

hydrogen ion excretion, and enzyme biosynthesis. Organic acids,

including gluconic, citric, and acetic acids, help make insoluble

nutrients available to plants (8). Bacteria from the Pseudomonas,
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Arthrobacter, Alcaligenes, Paenibacillus and Bacillus genera are

particularly effective at converting soil nutrients into accessible

forms to plants (10). Nutrient solubilization is essential for plants’

health and growth because it measures how rapidly plants can

absorb these essential nutrients from the soil. Furthermore, PGPRs

have also been shown to stimulate the synthesis of secondary

metabolites (11–13). However, the interactions between plants

and microbes can vary depending on environmental conditions

and may be specific to certain plant species. Research on how native

microbes in saline soil affect the synthesis of metabolites and the

nutritional value of A. vera plants is still limited.

This study focused on the field soil of A. vera cultivated (at small

scale) in the Mathura district of Uttar Pradesh, India, located at

coordinates N 27° 36.3502’ and E 77° 35.6722’. This region falls

within the Yamuna sub-basin, where irrigation predominantly

relies on groundwater. Several research efforts have highlighted

the high salt content present in both the soil and groundwater in

this area (14, 15). The aim of our study was to isolate native

rhizosphere bacteria from A. vera grown in saline soil and to

characterize these bacteria for their nutrient-solubilizing and

other plant growth-promoting (PGP) activities. We hypothesized

that augmenting indigenous PGPR isolates, which possess nutrient-

solubilizing capabilities, could effectively enhance nutrient uptake

by plants, thereby improving metabolite content and nutrient

quality in the host plant. To test this hypothesis, we conducted a

pot trial using A. vera plants in the same field soil, inoculated with

individual and consortium formulations of the isolated bacteria,

along with a control group.
2 Materials and methods

2.1 Plant sample collection and isolation of
rhizosphere bacteria

The soil samples used for bacterial isolation were collected from

the rhizosphere of A. vera plants grown in a horticulture garden at

GLA University, Mathura, India. A. vera have been cultivated in this

location for many years, suggesting that the soil microbes have

acclimatized to the host plants. Plant samples were collected in the

first week of June 2022. The field soil type was silty with organic

carbon (0.53%), pH (8.9), electrical conductivity (0.46 dS/m) and

total dissolved solids in the saturated soil extract (387 ppm).

Samples were collected in triplicate from a depth of 15 cm in the

root zone. The soil adhered to the roots was obtained by shaking

them and scraping off tightly adhering soil for rhizosphere

sampling. The samples were stored in sterile plastic bags at 4°C

overnight, and were then used for further analysis the next day.

Dilution was done in eight clean test tubes (labelled 1 to 8), prefilled

with 9 mL of 0.8% saline water. Samples were diluted from 10-1 to

10-8, with the 10-6 and 10-8 dilutions ultimately selected for

spreading on agar media. Diluted samples were plated on

Nutrient agar (NA), King’s B agar, and Tryptic Soy Agar, all of

which were supplemented with cycloheximide to prevent fungal

growth. Plates were incubated at 30°C for 48 hours. From these
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incubations, 33 distinct colonies were identified based on their

different morphologies across all three media (data not shown).

These colonies were further purified through repeated culturing and

preserved in a 20% glycerol stock at −80°C. Finally, all colonies were

screened for various PGP activities, and those exhibiting the highest

levels of activity were selected for further analysis.
2.2 Evaluation of PGP traits in isolated
bacterial strains

The production of indole-3-acetic acid (IAA) was measured

using the method described by Gordon and Weber (16). The

medium was supplemented with 0.1% tryptophan. A positive

result for IAA production was indicated by the development of a

pink color.

To assess nitrogen-fixing ability, a repetitive subculturing of

bacterial isolates were done on nitrogen-free Jensen’s agar medium

and incubated at 37°C until growth was observed (17). A non-

nitrogen fixing bacterium was also inoculated on the same medium

to serve as a negative control.

Siderophore production was evaluated using Chrome Azurol S

(CAS) medium (in brief the CAS agar medium—CAS 0.06 g in 50

ml ddH2O, FeCl3 0.0027 g in 10 ml HCl (10 mM), HDTMA 0.073 g

in 40 ml ddH2O and minimal media 9 (MM9) 100 ml, glucose 10 ml

(20%), CAS Amino acid solution 30 ml, PIPES 32.24 g, Agar 15 g,

and distilled water 750 ml). A yellow to orange halo around the

colonies indicated a positive result for siderophore production (18).

The iron-producing capacity of the strains was determined by the

given formula:

iron producing carrier capacity =
D
d

where, D = zone diameter + colony diameter; and d = colony

diameter.

P solubilization activity of the bacterial isolates were assessed on

Pikovskaya’s agar medium following the method described by

Pikovskaya (19). A positive indication for P solubilization was the

development of the halo zone around the colonies. The phosphate

solubilization index (SI) was determined using the widths of the

colony and halo zone, calculated using the formula:

Phosphate Solubilizing Index (SI) = (ZD + CD)=CD

where ZD= zone diameter and CD = colony diameter (20).

K solubilizing activity of bacterial isolates was screened on

Aleksandrov agar medium. A positive indication for K

solubilization was the development of the halo zone around the

colonies. K solubilization index (KSI) was calculated using the

formula provided by Saheewala and coworker (21):

KSI  =  (Diameter of halo zone

+ diameter of colony)=Diameter of the colony

Bacterial isolates were also screened for their ability to produce

hydrolytic enzymes such as cellulase, xylanase, amylase, pectinase,
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chitinase and protease. The bacteria were inoculated on a medium

supplemented with different enzyme substrates in individual petri

plates containing 1% (w/v) carboxymethylcellulose, 1% (w/v) xylan,

1% (w/v) starch, and 1% (w/v) pectin, and then incubated at 28 ±

2°C for 72 hours. After incubation, congo red and iodine solution

were flooded on the medium, and the hydrolysis halo zone was

identified in the respective enzyme assay (22). Chitinase activity of

bacteria was screened on chitin agar plates and kept in the incubator

at 35 ± 2°C for up to 6 days. A cleared zone surrounding the bacteria

indicated the hydrolysis of chitin (23). Furthermore, the bacterial

isolates were tested for protease enzyme activity in skimmed milk

agar for 72 hours at 35°C. A characteristic clear zone surrounding

the bacterial colony indicated the production of the proteolytic

enzyme (24). The entire enzyme activities halo zone diameters were

measured by the given formula.

Enzyme activity diameter  =  

(Diameter of halo zone + diameter of colony)=Diameter of the colony
2.3 Molecular characterization of bacterial
isolates

Total four bacterial isolates were selected based on their

maximum PGP traits and nutrient mineralizing ability for

molecular identification through 16S rRNA gene sequencing.

Bacterial DNA was extracted using the Nucleo-pore genomic

DNA extraction mini kit (Genetix Biotech Asia Pvt. Ltd.). The

purity and integrity of DNA was checked by 260/280 ratio and

visualized on 1% agarose gel electrophoresis respectively. The

molecular characterization of bacterial isolates was done by 16S

rRNA gene sequencing using universal primers 27F (5′-
AGAGTTTGATCCTGGCTCAG-3 ′ ) and 1492R (5 ′ -
GGTTACCTTGTTACGACTT-3′). Amplified gene was visualized

on agarose gel electrophoresis (1%). The sequences were analyzed

through a similarity search using the Nucleotide BLAST (BLASTn)

tool. The closest percent similarity, strain and species similarity to

the isolates were obtained from the BLAST result and similar

sequences were subjected for the alignment in ClustalW in

MEGA11 software. The phylogenetic tree was constructed using

the neighbor-joining method in MEGA11 software using 1000

Bootstrap value (25). All four bacterial sequences were submitted

to the GeneBank NCBI database for accession numbers.
2.4 Plant growth experiment with bacterial
inoculation

The pot experiment aimed to augment the population of

selected bacteria (GLAU-BT2, GLAU-BT16, GLAU-BT21, and

GLAF3) in the rhizosphere and assess their role as individual and

in consortium in the growth promotion and nutritional value of A.

vera plants. For bacterial inoculum preparation, a 24-hour-old

bacterial culture was used, and the cell pellet was resuspended in
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sterile water to achieve a final concentration of 108 CFU/mL for

inoculation. Before development of consortium inoculum, a cross-

compatibility test was performed with all four bacterial isolates to

ensure their compatibility in terms of growth (Supplementary

Figure S3). Two different bacterial strains were tested in various

combinations across a total of six plates, along with one plate that

contained all four strains together. These were streaked on NA

medium and incubated for 48 hours at 35°C. All strains exhibited

concurrent growth, suggesting compatibility with one another.

Therefore, the four strains were combined to develop a

consortium inoculum. For the consortium inoculum, the cell

pellets of all four bacterial isolates were mixed to obtain the final

concentration of 108 CFU/mL. All bacterial inoculums were then

used to soak the pre-sterilized rhizomes for one hour before

planting them in 5-liter earthen pots. The same field soil was

used for the experiment without sterilization to maintain the

original characteristics of the soil along with its native microflora.

One plant was maintained per pot. The experiment consisted of six

treatment groups: (T1)- Control (non-inoculated), (T2) GLAU-BT2

(Paenibacillus sp.), (T3) GLAU-BT16 (Arthrobacter sp.), (T4)

GLAU-BT21 (Pseudomonas sp.), (T5) GLAF3 (Bacillus sp.), (T6)

Consortium (T2 + T3 + T4 + T5). Each treatment was conducted

with seven replicates. All pots were arranged by following

completely randomized design (4). The experiment was

conducted at the greenhouse facility, maintaining a temperature

of 24 ± 2°C and a 16/8-hour day/night cycle. The plants were

watered weekly with sterile water to maintain 50% soil moisture

content, and all necessary plant protection measures were followed

throughout the experiment.
2.5 Measurement of morpho-anatomical
traits of plants

Plants were harvested 90 days after their rhizome plantation.

Measurements were taken for leaf growth, as well as the fresh weight

of both leaves and roots. The roots were then dried in an oven at

65°C for 48 hours, after which the dry biomass of the root samples

was measured. One leaf per plant was collected to determine the

nutrient content in the inner leaf gel, with seven replicates for each

treatment. Leaf samples were collected in the morning, washed with

distilled water, and weighed. Then separated the outer leaf rind and

inner leaf gel parts and weighed. The gel content was measured

using the formula provided. The remaining samples were

homogenized and stored at −20°C until lyophilization.

Gel content ( % ) = (Fresh weight of gel=Fresh weight of leaf ) x 100
2.6 Measurement of nutritional properties
in the leaf gel

For the analysis of the inner leaf gel, a subsample of 50 mg of

lyophilized gel from each sample was heated to ash at 550°C. The

resulting extract was digested with 1 mL of 65% nitric acid (HNO3),
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then diluted to a final volume of 10 mL with deionized water

(dH2O) and filtered. Total N content was measured in ashed sample

using the Kjeldahl method (26). The total concentration of P was

determined through colorimetric analysis. In this process,

molybdate and vanadate reacted to form a colored complex,

which was measured with a spectrophotometer at a wavelength of

420 nm. Potassium phosphate was used to establish the standard for

phosphorus analysis (27). Additionally, the total K concentration

was measured using potassium standards (KCl) with a flame

photometer (28). All nutrient concentrations were reported as

mg/g of dry leaf weight.

The quantification of polyphenols was carried out following the

methodology established by Ouahhoud et al. (29). In this protocol,

0.5 mL of a methanolic sample with a concentration of 1 mg/mL.

Next, 2 mL of Folin-Ciocalteu reagent was added, followed by 2.5

mL of a 20% sodium carbonate solution. The mixture was incubated

for 30 minutes at room temperature, after which the absorbance was

measured at 725 nm. A calibration curve was generated using a

gallic acid (GA) reference solution, which allows for the

quantification of polyphenols. The results were expressed as

grams of gallic acid equivalent per 100 g of dry extract.

The phenol-sulfuric acid method was used for quantifying total

sugars (30). This assay utilizes the reaction between phenol and

concentrated sulfuric acid to detect reducing sugars. This reaction

produced a creamy yellow color that corresponds to the

concentration of total sugars in the sample. To determine the

sugar concentration, optical density measurements were taken at

a wavelength of 490 nm (31).
2.7 Analysis of soil health parameters

The pot soil sample was air dried for soil phosphate and nitrate

analysis. The soluble phosphate content in the soil was quantified

using the method established by Bray & Kurtz (32). In brief, 10 g of

soil was mixed with 100 mL of 0.5 N NaHCO3 (pH 8.5). Next, 0.5 g

of activated carbon was added to the mixture, which was then

incubated at 25°C while shaking at 140 rpm for one hour and

filtered at the end. The resulting filtrate was combined with 2.5 mL

of sulfo-molybdic reagent. Following this, 0.5 mL of 1% ascorbic

acid and 5 mL of distilled water were added to achieve a total

volume of 10 mL. The samples were then heated in a water bath at

80°C for 15 minutes. After cooling, the absorbance of the solutions

was measured at 650 nm. The soluble phosphate concentration was

determined by comparing the absorbance readings against a

standard curve prepared from KH2PO4 (10–100 mg).

Nitrate soil content was determined using the protocol

established by Chaney (33). In brief, 10 g of soil was combined

with 40 mL of 2 M KCl, followed by 30 minutes of shaking at 140

rpm for incubation. The mixture was then filtered and 10 mL of the

resulting extract was transferred into glass tubes and combined with

1 mL of NaOH and 1 mL of a 0.5% sodium salicylate solution. The

tubes were subjected to evaporation to concentrate on the solution.

The residue was reconstituted in 2 mL of sulfuric acid, and then 15

mL each of distilled water and NaOHmixed with sodium potassium
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tartrate were added. A blank control was prepared using 1 mL of the

0.5% sodium salicylate solution in 10 mL of distilled water. The

absorbance of the resultant solution was measured at 415 nm, and

the nitrate concentration was quantified against a standard curve

derived from sodium nitrate (10–100 mg).

The activities of acid and alkaline phosphatase in soil samples

were evaluated using the methodology outlined by Tabatabai and

Bremner (34). Specifically, 0.5 g of moist soil was mixed with 2 mL

of a modified universal buffer—pH 6.5 for acid phosphatase and pH

11 for alkaline phosphatase—along with 0.5 mL of a 0.05 M p-

nitrophenyl phosphate (PNP) substrate solution. The resulting

color change, indicating the production of p-nitrophenol (p-NP)

f rom phosphomonoes t e ra se ac t i v i ty , was measured

spectrophotometrically at 400 nm. Quantitative analysis of p-NP

was carried out using a pre-established calibration curve. A control

solution without soil was included for comparison. Phosphomono

esterase activity is defined as the amount of enzyme required to

release 1 μg of p-NP from 1 g of dried soil at 37°C for one hour (34).

Protease activity was assessed using the protocol established by

Ladd and Butler (35). In this assay, 0.5 g of soil was combined with

2.5 mL of 0.2 M phosphate buffer (pH 7.0) and 0.5 mL of a 0.03 M

N-benzoyl-l-arginine amide (BAA) substrate solution. The release

of ammonium during the enzymatic reaction was measured

spectrophotometrically at 690 nm. One unit of protease activity is

defined as the amount of enzyme that liberates ammonium

equivalents from BAA per hour.
2.8 Data processing and statistical analysis

The assumptions of analysis of variance (ANOVA) were

checked first by the Shapiro-Wilk test for normality and Levene’s

test for homogeneity of variances using the “car” package in R 4.2.2.

(R Core Team 2022). The data were analyzed by one-way ANOVA,

followed by post hoc Tukey’s test to separate treatment means if

ANOVA results were significant (p< 0.05). Correlation analysis was

computed by the GGally library in the R package.
3 Results

3.1 A. vera’s rhizosphere contains various
strains of PGPR

All isolates were tested for their PGP abilities and nutrient

solubilization traits on agar plates. Among them, four isolates

GLAU-BT2 , GLAU-BT16 , GLAU-BT21 , and GLAF3

demonstrated the most promising results across all tested

activities. These four isolates were found to produce IAA, as

indicated by a color change in the media from yellow to pink

following the utilization of L-tryptophan. Highest IAA production

was observed with GLAU-BT2 isolate (23.4 ± 3.9 mg/L).

Siderophore production was observed in all four isolates, with

GLAU-BT21 showing the highest iron production capacity
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(solubilization index—1.38 ± 0.03), as evidenced by the orange

coloration of the media surrounding the inoculated culture

(Supplementary Table S1). None of the bacterial isolates

demonstrated nitrogen fixation ability on Jensen agar media.

In terms of nutrient solubilization, all four strains successfully

utilized tricalcium phosphate, resulting in positive phosphate

solubilization, which formed clear halo zones around their

colonies. Among these, GLAU-BT2 had the highest phosphate

solubilization index (3.22 ± 0.043). Additionally, all four isolates

were able to utilize inorganic potassium, displaying positive results

for potassium solubilization and forming clear zones around their

colonies, again GLAU-BT2 achieving the maximum potassium

solubilization index (3.75 ± 0.023) (Supplementary Table S1).

Furthermore, bacterial isolates GLAU-BT2 (3.33 ± 0.09),

GLAU-BT21 (1.57 ± 0.3) and GLAF3 (3.2 ± 0.3) exhibited

positive amylase activity. Bacterial isolates GLAU-BT2 (3.04 ±

0.6), GLAU-BT16 (3.16 ± 0.1) and GLAF3 (2.65 ± 0.2) showed

positive cellulase activity, while all four bacterial isolates

demonstrated protease activity (Supplementary Figure S1). None

of the bacterial isolates showed xylanase and pectinase activities.

The phylogenetic analysis based on 16S rRNA gene (~ 1.5 kb)

sequencing indicates that the bacterial isolates GLAU-BT2,

GLAU-BT16, GLAU-BT21, and GLAF3 are closely related to the

genera Paenibacillus, Arthrobacter, Pseudomonas, and Bacillus,

respectively (Supplementary Figure S2). The sequences have been

submitted to the GenBank NCBI database and have been assigned

the following accession numbers: GLAU-BT2 (PV083208),

GLAU-BT16 (PV083209), GLAU-BT21 (PV083210), and

GLAF3 (OR389156).
3.2 The consortium inoculum promotes
growth parameters of plants

The effect of individual and consortium bacterial inoculums on

the growth of A. vera plants was investigated. Our results

demonstrated a significant impact of the treatments on several

growth parameters, including the number of leaves (F(5,36) = 14.33,

p<0.001), fresh weight of leaves (F(5,36) = 269.4, p<0.001), leaf

thickness (F(5,36) = 3.561, p=0.01), fresh weight of roots (F(5,36) =

16.76, p<0.001) and dry weight of roots (F(5,36) = 44.35, p<0.001)

of the plant. Plants treated with the consortium showed higher

growth parameters compared to the other treatments. For instance,

bacterial consortium inoculated plants exhibited higher number of

leaves (47%) and leaf fresh weight (74%) as compared to control

treatment (non-inoculated) (Table 1).
3.3 The consortium inoculum induces leaf
gel content and its nutritional properties

The gel content was measured in the leaves of different

treatment plants, and it was found to be significantly affected by
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bacterial treatments (F(5,36) = 34.07, p<0.001) (Figure 1A). The

highest gel content was observed in plants treated with a bacterial

consortium (33%) as compared to control. Similarly, the nutrient

contents, including N (F(5,36) = 100.9, p<0.001), P (F(5,36) = 66.39,

p<0.001) and K (F(5,36) = 19.45, p<0.001), were significantly

affected by bacterial treatments and found higher in the leaves of

consortium-treated plants compared to the others (Figures 1B–D).

Additionally, we measured metabolites, specifically polyphenols

and total sugar content in the gel. A significantly higher content

of polyphenols (F(5,36) = 47.72, p<0.001) and total sugar (F(5,36) =

47.48, p<0.001) were found in bacterial-inoculated plants as

compared to control (non-inoculated) plants (Figures 1E, F).
Frontiers in Soil Science 06
3.4 Bacterial inoculation improves soil
health parameters

To evaluate the impact of different bacterial inoculations on

experimental soil, we analyzed the enzymatic activity as well as the

soluble phosphate and nitrate contents in the soil. Our results

revealed a significant effect of bacterial treatments on the total

soluble phosphate (F(5,36) = 37.23, p<0.001) and soluble nitrate (F

(5,36) = 32.16, p<0.001) levels, with the soil inoculated with the

consortium showing higher concentrations of both nutrients

compared to the other treatments (Figures 2A, B). There was no

significant effect of the treatments on acid phosphatase activity.
TABLE 1 Effect of different bacterial treatments on A. vera growth parameters.

Treatments Leaf number Leaf thickness (cm) Leaf fresh weight (g) Root fresh weight (g) Root dry weight (g)

T1 9 ± 0.6b 1.49 ± 0.02 b 666 ± 9 b 38.9 ± 1.4 b 4.8 ± 0.1 b

T2 10.1 ± 0.3 b 1.50 ± 0.01 b 682 ± 9 b 39.2 ± 1.1 b 5 ± 0.1 b

T3 9.7 ± 0.3 b 1.50 ± 0.01 b 703 ± 13 b 40.2 ± 0.6 b 5 ± 0.0b

T4 10.6 ± 0.2b 1.53 ± 0 ab 681 ± 9 b 41.7 ± 0.8 b 5 ± 0.0 b

T5 10.1 ± 0.2b 1.52 ± 0 ab 706 ± 11 b 41.6 ± 0.6 b 5.1 ± 0.0 b

T6 13.3 ± 0.4 a 1.56 ± 0.01 a 1164 ± 18 a 49.7 ± 1 a 6.8 ± 0.1 a
This analysis is performed in each treatment group, where T1- Control; T2- GLAU-BT2; T3- GLAU-BT16; T4- GLAU-BT21; T5- GLAF3; and T6- consortium (T2–T5). The results are presented
as mean values± SE, (n=7). The presence of different letters in each column indicates a statistically significant difference between the treatment means. The means were separated by Tukey’s post-
hoc test (p < 0.05), following a significant one-way ANOVA analysis.
FIGURE 1

Effect of different bacterial treatments on A vera gel content and its nutritional properties (A) Total gel content in leaf, (B) total N content, (C) total P
content, (D) total K content, (E) total sugar, (F) polyphenol content. This analysis is performed in each treatment group, where T1- Control soil (no
additional inoculation); T2- GLAU-BT2 inoculation; T3- GLAU-BT16 inoculation; T4- GLAU-BT21 inoculation; T5- GLAF3 inoculation; and T6-
consortium inoculation (T2–T5). The results are presented as mean values± SE, (n=7). The presence of different letters on each bar indicates a
statistically significant difference between the treatment means. The means were separated by Tukey’s post-hoc test (p < 0.05), following a
significant one-way ANOVA analysis.
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However, we did observe a significant effect of bacterial treatments

on alkaline phosphatase (F(5,36) = 26.94, p<0.001) and protease (F

(5,36) = 30.93, p<0.001) activities in the soil, with the consortium-

inoculated soil displaying higher enzymatic activities than the other

treatments (Figures 2C–E).
3.5 Soil enzymatic activities correlate with
nutritional properties of leaf gel

A correlation analysis was conducted to examine the effect of

soil enzymatic activities on the nutrient content of leaf gel. A

significant positive correlation was found between alkaline

phosphatase and protease activities in the P and N content of leaf

gel, respectively. However, no significant correlation was observed

between acid phosphatase activity and the nutrient content of the

gel. Specifically, alkaline phosphatase exhibited a significant positive

correlation with the total P content in the gel for both consortium

(0.976) and individual inoculum-treated plants (0.969). Similarly,

protease activity showed a significant positive correlation with the

total N content in the gel, with values of 0.976 for consortium-

treated plants and 0.820 for individual inoculum-treated plants.

Both enzymatic activities also displayed positive correlations with

the levels of polyphenols and total sugars in plants treated with the

consortium (Figure 3).
Frontiers in Soil Science 07
4 Discussion

The development of sustainable and eco-friendly agricultural

technologies has become a vibrant area of research. The use of soil

microbes, specially PGPR as a biofertilizers, has attracted significant

attention as a sustainable method for enhancing plant production

(36). In this study, we investigated the effects of indigenous bacterial

isolates within the A. vera rhizosphere, and the results were

promising. Our findings indicated that bacterial inoculation

treatments positively influenced growth parameters. Specifically,

IAA production is responsible for growth promotion as well as

development of the plant and their metabolites. Similarly, the

nutrient-solubilizing activities of the bacterial isolates were found

to significantly enhance the nutritional value of A. vera gel. Several

other studies have demonstrated that application of PGPR can

improve plant growth parameters such as leaf number, leaf width,

plant height, and overall yield of A. vera (11–13). For instance, the

inoculation of A. vera with PGPR and mycorrhiza has been

associated with increased plant height and nutritional value under

normal as well as drought and heavy metal stress conditions (4, 11).

Additionally, Rai et al. (37) observed that phosphate-solubilizing

bacteria (PSB) improved A. vera growth by enhancing phosphorus

dissolution (37). Other studies have also supported the positive

effects of PSB on plant growth (38). The consortium inoculation

had a significant impact on both fresh and dry weight, while
FIGURE 2

Effect of different bacterial treatments on soil health parameters (A) soluble nitrate content, (B) soluble phosphate content, (C) protease enzyme
activity, (D) alkaline phosphatase activity, and (E) acid phosphatase activity. This analysis is performed in each treatment group, where T1- Control
soil (no additional inoculation); T2- GLAU-BT2 inoculation; T3- GLAU-BT16 inoculation; T4- GLAU-BT21 inoculation; T5- GLAF3 inoculation; and
T6- consortium inoculation (T2–T5). The results are presented as mean values± SE, (n=7). The presence of different letters on each bar indicates a
statistically significant difference between the treatment means. The means were separated by Tukey’s post-hoc test (p < 0.05), following a
significant one-way ANOVA analysis.
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individual treatments did not show such effects. This indicates a

synergistic interaction among the four bacterial isolates that

promotes plant growth. One possible explanation for this

improvement could be enhanced biofilm formation or quorum

sensing during consortium inoculation, which may have increased

root colonization efficiency (39). As a result, this leads to better

overall growth and nutrient uptake. Microbial inoculants,

particularly those containing multiple isolates, resulted in the

greatest increases in leaf dry weight of A. vera (13). Recent

studies have shown that microbial consortium is more effective in

enhancing growth parameters, such as dry biomass as compared to

individual isolates (38–40). The benefits of PGPR in enhancing

plant biomass are often associated with improved nutrient uptake

(41–43). This study demonstrates that consortium inoculation

enhances leaf and root biomass, highlighting the significance of

indigenous microbial populations for nutrient uptake and plant

health. While previous research recognizes the benefits of PGPR,

their effects can vary based on environmental conditions and host

genotype. Our findings emphasize the role of native microflora in

promoting host plant growth in saline soil, supporting our

hypothesis that these PGPR enhance plant development.

This study examined the effect of PGPR inoculation on the

nutritional value and gel yield of A. vera, as the gel is the most

commercially valuable part of the plant. The results showed a

significant increase in gel content in the leaves of plants treated
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with a consortium of indigenous bacteria, while the gel content

remained constant in the individual treatments and control group.

Research has demonstrated that beneficial soil microbes enhance

water and mineral absorption in the soil, which can boost plant yield

and increase chlorophyll content, leading to greater leaf fresh weight

and increased gel amounts in A. vera (12, 44, 45). In addition,

inoculation with a consortium having phosphate solubilizing

activities led to an increase in P content in gel. Furthermore, N

content increased in bacterial-inoculated plant’s gel, suggesting that

indigenous bacteria enhance nitrogen uptake in A. vera (13). This

effect may be due to the protease activity of the bacteria, which

releases bound forms of nitrogen in the soil (46). Other studies have

also shown that bacterial inoculation enhances the uptake of macro

andmicro-nutrients, which may improve stress tolerance in plants (4,

12). In addition, the relationship between nutrient status and the

accumulation of secondary metabolites in A. vera gel was also

investigated. We measured the polyphenol and total sugar content

in dry gel samples. The inoculation of bacterial isolates positively

influenced the total sugar and polyphenol contents in both individual

and consortium treatments. The increased levels of total soluble sugar

and polyphenols highlight their role in salinity resilience and enhance

the commercial value of these findings. These findings are consistent

with previous studies that reported an increase in total phenol

content and specific metabolites (acemannan and aloin) under the

inoculation of PGPR (11, 13). Research has also shown that
FIGURE 3

Correlation analysis between soil enzymatic activities and nutritional properties of A. vera’s gel. Analysis was performed in R package with GGally
library. Results are shown in overall correlation coefficient (gray color) along with treatment wise (in different color), where Consortium- consortium
inoculum of all four bacterial isolates, Control- control soil (no additional inoculation) and Individual- All four bacterial individual inoculation. Asterisk
represents significant p value *** (p<0.001), ** (p<0.01), * (p<0.05), (p>0.1). N, Nitrogen; P,Phosphorus; K, Potassium; ALP, alkaline phosphatase; Aps,
acid phosphatase.
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inoculating nutrient-solubilizing bacteria can enhance the production

of metabolites in A. vera and other plant species (38, 47, 48).

Nutrient content in soil serves as a critical indicator of soil

quality. This study demonstrates the impact of consortium

inoculation on soluble phosphate and nitrate levels. The bacterial

consortia enhance nutrient availability in the rhizosphere of A. vera,

likely due to the nutrient-solubilizing activities of the isolated

bacterial strains. Isolated bacterial strains can solubilize nutrients

that are unavailable, such as phosphate, potassium, and nitrogen, by

producing specific hydrolase enzymes and organic acids that lower

soil pH. Concurrent research has shown that certain plant PGPR

effectively convert nutrients like phosphate, zinc, and potassium

into forms that plants can utilize (38, 49–51). The ability of PGPR to

solubilize nutrients significantly increases their availability for plant

uptake, thereby improving soil quality (39, 40). Moreover, soil

enzyme activities serve as effective bioindicators of soil quality.

Our findings indicate that inoculating microbial consortia

significantly increased the activities of alkaline phosphatase and

protease in the experimental soil. Previous studies have

documented comparable outcomes in various plant species (39,

40, 52, 53). Alkaline phosphatase, a key enzyme in the phosphorus

cycle, has a strong correlation with P content in leaf gel. This

correlation aids in the solubilization of insoluble phosphate, helping

to meet plant nutritional requirements (39, 54). In contrast, acid

phosphatase content was found to be very low and did not show a

correlation with P content. This may be due to the alkaline nature of

the experimental soil, which does not support the production of

acid phosphatase (53). Protease, another significant enzyme,

contributes to the nitrogen cycle by mineralizing nitrates from

complex nitrogen compounds such as proteins, DNA, and chitin

(55, 56). Overall, the positive correlation between alkaline

phosphatase and protease activities with P and N content,

respectively, indicates organic matter turnover and improves soil

fertility. The inoculation of consortium boosted nutrient availability

in the soil, thereby enhancing plant nutrition and growth.
5 Conclusion

Inoculating soil with a consortium of four indigenous bacterial

isolates significantly improved soil quality and enhanced key traits

of A. vera, such as gel content and nutritional components,

including N, P, K, polyphenols, and total sugar. Notably, there

was a 33% increase in leaf gel content under consortium

inoculation, making this approach both economically and

ecologically advisable for sustainable production of A. vera’s gel.

Furthermore, consortium inoculation significantly increased soil

enzymatic activities, leading to higher levels of soluble nitrate and

phosphate in the soil, which positively correlated with the N and P

content in leaf gel. Overall, this study lays the groundwork for

further research aimed at boosting the production of valuable

compounds in A. vera through field trials, while highlighting the

role of indigenous nutrient-solubilizing bacteria in promoting host

plant growth.
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