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ABSTRACT

In the last few decades, sea levels have risen mainly because of global warming. This has caused flooding and increased 
salinity in low-laying coastal agricultural lands. As a result of salinity, crop production is seriously reduced. The present 
study evaluated the effects of an arbuscular mycorrhizal fungus, Rhizophagus irregularis and a rhizospheric bacterium, 
Pseudomonas flourescens, alone and in dual inoculation on the survival, growth, mycorrhizal colonization, nutrient uptake, 
glomalin production, and soil aggregation of scallion plants under saline conditions. In saline soils, seedling survival, growth, 
total biomass, nutrient uptake, glomalin production, and soil aggregation were significantly increased when inoculated with 
R. irregularis and P. flourescens. Dual inoculation with R. irregularis and P. flourescens were superior than single inoculation. 
Pseudomonas flourescens stimulated mycorrhizal colonization in saline soils. The present results indicate that arbuscular 
mycorrhizal fungi and beneficial rhizospheric bacteria offer potential for mitigating salinity stress in A. fistulosum.
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1 INTRODUCTION

Global warming has caused sea levels to rise mainly due 
to additional water from melting ice sheets and glaciers and 
the expansion of seawater as it warms. Because of the rise of 
sea water levels, arable lands in low-lying coastal regions are 
facing a serious problem of salinity [1, 2]. Agricultural plants 
that are facing salinity problems under field conditions are le-
thal to plant survival and crop production. It has been reported 
that long-term effects of increased temperatures over the last 
20 years has caused sea water to rise, increased soil salinity 
due to leaching of salt in the soil, and salinity has increased 
from 1 to 33% in coastal low-lying areas [3-7]. This will seri-
ously affect food security and food availability worldwide [8].

Plant roots play a vital role by exploring the soil environ-
ment and taking up nutrient and water. Salinity can affect root 
function by altering cell water permeability and influencing 
the growth and architecture of the root system [9].  Salinity re-
sults in dehydration of the plant, interfering with nitrogen and 
other nutrient uptake, affecting stomatal and hydraulic con-
ductance, reducing photosynthetic efficiency, leading to de-
cline in crop yield or even cause death of the plants [10-13]. 
Under saline conditions, plants suffer from Na+ and Cl+ toxic-
ity and accumulation of Na+ can cause K+ deficiency resulting 
damages of cellular organelles, disrupt osmotic potentials, and 
impact photosynthetic efficiency [14-16]. Plants must consis-
tently maintain a low Na+ to K+ ratio to tolerate salinity stress 
(Evelin et al. 2019). Na+ and Cl- ions are toxic to plants and 
as the concentration of Cl- increases plants suffer from toxic 
effects of Cl- which affect nutrient uptake [17, 18].

In recent years, there is a growing interest to use beneficial 
soil microorganisms to improve agricultural productivity un-
der adverse soil conditions. Arbuscular mycorrhizal fungi are 
considered to be of particular importance for the sustainable 
management of agricultural ecosystems and mediating crop 
productivity [19-22]. Arbuscular mycorrhizal fungi are a spe-

cialized group of soil fungi that form symbiotic associations 
with higher [23]. In this association both the partners benefit 
from each other. The mycorrhizal fungi help host plants en-
hancing water and nutrient uptake from the soil far beyond 
the reach of root system [23-25], increasing resistance against 
diseases [16], and improving water-use efficiency [22, 26, 27]. 
In return, the plant provides the fungi with carbohydrates and 
sugars formed during photosynthesis for fungal growth and 
metabolism. Arbuscular mycorrhizal fungi are also known to 
provide plants greater tolerance to biotic and abiotic stresses 
by changing host-plant physiology, biochemistry along with 
secondary metabolites [28-30].

In addition to arbuscular mycorrhizal fungi, plant 
growth-promoting bacteria have recently attracted increas-
ing attention because of their effect on promoting the growth 
in agricultural crops [31-34]. These beneficial bacteria en-
hance plant growth by producing growth hormones such as 
indole-acetic acid, giberellic acid, and cytokinins [35], fixing 
nitrogen from the atmosphere [36], and protecting plants by 
producing antimicrobial compounds [37]. Their application 
to field crops enhances the growth and act as biological fer-
tilizers [38]. Recent years, different plant growth-promoting 
bacteria have been studied including nitrogen fixing bacteria 
and phosphate solubilizing bacteria for their effect on plant 
growth and nutrient uptake [39-41].

Plants have developed their own mechanisms such as 
morphological, biological, physiological, and biochemical 
changes to deal with various biotic and abiotic stresses during 
the evolutionary process. They have developed mutualistic 
and symbiotic relationships with different soil microorgan-
isms to deal with these stresses [42, 43]. Mycorrhizal plants 
have greater tolerance to deal with biotic and abiotic stresses 
compared to non-mycorrhizal plants [30, 44]. Similarly, ben-
eficial phosphate solubilizing bacteria particularly Pseudo-
monas flourescens can co-exist with arbuscular mycorrhizal 
fungi and can help plants to deal with various abiotic stresses 
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[40, 41, 43, 44].
Scallion (Allium fistulosum) is one of the earliest culti-

vated crops and are grown world-wide: its leaves can be eaten 
either raw or cooked. Like many other crops, salinity can re-
duce the yield and quality of A. fistulosum. The effect of ar-
buscular mycorrhizal fungi and rhizospheric bacteria on sa-
linity tolerance on A. fistulosum is unknown. The objective of 
this study was to determine the salinity tolerance of A. fistulo-
sum inoculated with an arbuscular mycorrhizal fungus, Rhi-
zopagus irregularis and a rhizospheric bacterium, Pseudomo-
nas flourescens alone and in combinations.

2 MATERIALS AND METHODS

2.1 Organisms.
Seeds of A. fistulosum were obtained from Armstrong 

Garden Center, Glendora, California, U.S.A. The arbuscular 
mycorrhizal fungus, R. irregularis (PL 1794RI) and a rhizo-
spheric bacterium, P. flourescens (PL 009PF) were obtained 
from the culture collection bank of Pasteur Laboratory, Glen-
dora, California, U.S.A. The inoculum of R. irregularis was 
maintained in the fragmented roots of carrots whereas P. 
flourescens was maintained in tryptic soya broth nutrient me-
dium. The identity of these organisms was verified through 
DNA metabarcoding analysis of the rDNA ITS2 region. 

2.2 Seed germination.
Garden soils were autoclaved at 1210C for 15 minutes at 

15 lb pressure. When cooled, soils were placed on germina-
tion trays and covered with lids. Seeds of A. fistulosum were 
soaked in water overnight, washed with sterile distilled wa-
ter and then sown in germination trays containing moist ster-
ile soil. The germination trays were then covered with a lid to 
prevent evaporation. The trays were kept in a growth cham-
ber (250C ± 20C) and lightly sprayed with sterile distilled wa-
ter daily to keep soil moist. Seeds started sprouting 4 days af-
ter sowing.

2.3 Effect of R. irregularis and P. flourescens on salinity 
tolerance of A. fistulosum.

Autoclaved soil was treated with a 3.5% sodium chloride 
solution and filled with 5-inch plastic pots. Electrical conduc-
tivity of the soil was 2.39 dSm-1 and pH was 8.3. The seed-
lings were inoculated with P. flourescens and R. irregularis 
alone and in combination [44]. The following 8 treatments 
resulted: non-inoculated control with and without NaCl, R. 
irregularis with and without NaCl, P. flourescens with and 
without NaCl, a dual inoculation of R. irregularis plus P. 
flourescens with and without NaCl. Seedlings were kept in 
the growth chamber at 250C ± 20C under LED growth light 
(Model X001NTBWA5) for 10 hours daily illumination. Spe-
cial attention was taken while watering to prevent leaching of 
NaCl from the pots into holding trays. The pots were random-
ized in the growth chamber every 2 days. Seedling mortal-
ity was recorded for each treatment. Since garden soils were 
used, pots were not fertilized.

 The plants were harvested and evaluated 8 weeks after 
planting. At harvest, seedlings from each treatment were care-
fully removed from the pots without damaging the root sys-
tem. Roots were washed with water and shoot and root lengths 
were measured. Several randomly selected roots from each 
treatment were stored in test tubes with water for later quanti-

fication of mycorrhizal colonization, while the remaining root 
mass was dried along with shoots for quantifying total bio-
mass and nutrient contents. For calculating mycorrhizal colo-
nization, roots from the test tubes were cleared in 10% KOH, 
autoclaved for 10 minutes, acidified with 1% hydrochloric 
acid, stained with cotton blue, and percent mycorrhizal col-
onization were recorded [45, 46]. Nutrient contents (phos-
phorus and potassium) of the seedlings from each treatment 
were measured after oven drying of seedlings. The seedlings 
were pre-digested with a mixture of nitric acid and hydrogen 
peroxide overnight, followed by microwave heating for 15 
minutes [47]. Total nitrogen was determined using Kjeldahl 
method [48].

From each treatment, the amount of total glomalin-related 
soil protein (T-GRSP) and easily extractable glomalin-related 
soil protein (EE-GRSP) were determined [49]. One gm of rhi-
zospheric soil from different treatments was air dried, incu-
bated with 8 ml of 20 mM sodium citrate solution (pH 7.0), 
autoclaved at 1210C for 30 min and then centrifuges at 1000 
rpm for 15 min to extract EE-GRSP. The T-GRSP was ex-
tracted with 8 ml of 50 mM sodium citrate solution (pH 8.0) 
by autoclaving at 1210C for 30 min. The procedure was repli-
cated 5 times and all suspensions were collected. The T-GRSP 
and EE-GRSP concentrations were determined spectrophoto-
metrically by the Bradford dye-binding assay using bovine se-
rum albumin as the standard [50].

2.4 Statistical analysis.
Data were subjected to analysis of variance [51]. Individ-

ual means were compared using Scheffe’s test for multiple 
comparisons using SAS software [52]. Means followed by 
the same letters (a,b,c and so on) in bars in the graphs and ta-
bles for a particular treatment are not significantly (P = 0.05) 
different from each other by Scheffe’s test for multiple com-
parison.

3 RESULTS

3.1 Effect of P. flourescens and R. irregularis on seedlings 
mortality, growth, mycorrhizal colonization, and nutrient con-
tents of A. fistulosum seedlings under saline conditions.

Non-inoculated control seedlings when grown under sa-
line soil, 55.6% seedlings failed to survive (Figure 1). Mor-
tality of seedlings were 43.0% for P. flourescens and 22.0% 
for R. irregularis when grown in saline soil (Figure 1). Low-
est mortality (9%) was recorded when seedlings were co-in-
oculated with P. flourescens and R. irregularis in saline soil 
(Figure 1). Seedlings grown without NaCl had no mortality 
(Figure 1).

3.2 Shoot length and root length.
 Shoot and root length of A. fistulosum were significantly 

higher when seedlings were inoculated with R. irregularis 
alone and in combination with P. flourescens in saline soils 
(Figure 2). Lowest shoot lengths were observed in non-inoc-
ulated control seedlings compared to other treatments (Fig-
ure 2). In all treatments, seedlings grown in saline soils had 
lower shoot and root length compared to seedlings grown in 
soil without NaCl (Figure 2).

3.3 Biomass production.
When A. fistulosum seedlings were co-inoculated with 
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both P. flourescens and R. irregularis, significant higher bio-
mass was obtained in both saline and non-saline soils (Figure 
3). Lowest biomass was recorded in non-inoculated control 
seedlings grown in saline soils (Figure 3). Salinity signifi-
cantly reduced the production of biomass of A. fistulosum 
seedlings in all inoculated and non-inoculated seedlings com-
pared to seedlings grown without NaCl (Figure 3).

3.4 Mycorrhizal colonization:

Seedlings inoculated with R. irregularis and in combi-
nation with P. flourescens had a lower arbuscular mycorrhi-
zal colonization in saline soils compared to seedlings grown 
in non-saline soils. Mycorrhizal colonization was stimulated 
when R. irregularis was co-inoculated with P. flourescens 
(Figure 4). No mycorrhizal colonization was observed in 
non-inoculated control and seedlings inoculated with P. 
flourescens (Figure 4).

Figure 1 – Effect of P. flourescens and R. irregularis on mortality in A. fistulosum seedlings grown in saline and non-
saline soils.

Figure 2 – Effect of P. flourescens and R. irregularis on shoot and root length in A. fistulosum seedlings grown in saline and 
non-saline soils.
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3.5 Nutrient contents
The amount of nitrogen, phosphorus, and potassium was 

significantly higher when A. fistulosum seedlings were inoc-
ulated with P. flourescens and R. irregularis alone or in com-
binations saline soils (Table 1). The highest amount of nitro-

gen, phosphorus and potassium was observed when seedlings 
were co-inoculated with both P. flourescens and R. irregularis 
in non-saline soils (Table 1). Non-inoculated control seedlings 
had lowest amount of nitrogen, phosphorus, and potassium 
content when grown in saline soil (Table 1).

Figure 3 – Effect of P. flourescens and R. irregularis on biomass production in A. fistulosum seedlings grown in saline and 
non-saline soils.

Figure 4 – Effect of P. flourescens and R. irregularis on mycorrhizal colonization in A. fistulosum seedlings grown in saline 
and non-saline soils.
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3.6 Total glomalin-related soil protein (T-GRSP-mg per 
g), easily extractable glomalin-related soil protein (EE-
GRSP - mg/g), and soil aggregate stability

Total T-GRSP and EE-GRSP were highest in the rhizo-
sphere of seedlings when co-inoculated with P. flourescens 
and R. irregularis grown in non-saline soil. Inoculated seed-
lings significantly improved the glomalin production when 
grown in saline soils.  No glomalin was reported in non-in-
oculated control and seedlings inoculated with P. flourescens 
in the rhizosphere of A. fistulosum in both saline and non-sa-
line soils (Table 2). 

The soil aggregate stability was significantly improved 
when seedlings were inoculated with P. flourescens and R. ir-
regularis alone or in combinations in saline soils compared 
to non-inoculated seedlings. The highest amount of soil ag-
gregate stability was observed when seedlings were co-inocu-
lated with both P. flourescens and R. irregularis in non-saline 
soils. Non-inoculated control seedlings had lowest amount of 
soil aggregate stability when grown in saline soil (Table 2).

4 DISCUSSION

Rising sea level is one of the major environmental prob-
lems which reduces agricultural productivity worldwide [4, 
53]. As sea water enters the low-lying coastal arable lands, 
crop productivity is seriously affected. The harmful effect of 
salinity causes Na+ and Cl- ions to accumulate in the lands and 

reduce the soil water potential to agricultural crops. Excess of 
Na+ and Cl- accumulate in the cytoplasm cause both osmotic 
and ion stress in plants. However, plants adapt biochemically 
and physiologically to alleviate the harmful effects of salin-
ity through ion homeostasis, compartmentalization, osmotic 
regulation, solute biosynthesis, antioxidant enzyme activation, 
antioxidant compound synthesis, polyamine synthesis, hor-
mone modulation, and nitric oxide generation [54-56]. Bene-
ficial soil microorganisms offer great potential for alleviating 
detrimental effects of salinity in agricultural practices. Among 
beneficial microorganisms’ arbuscular mycorrhizal fungi and 
rhizospheric bacteria are potential candidates for mitigating 
salinity stress. Arbuscular mycorrhizal fungi are an important 
beneficial soil-inhabiting fungus in natural ecosystems which 
form symbiotic associations with most land plants. They form 
fungal networks connecting plant roots and soil and can influ-
ence plant growth, nutrient uptake, combat against root patho-
gens, and form plant-microbe-soil interactions [57, 58]. Sev-
eral studies have shown that arbuscular mycorrhizal fungi 
can alleviate saline stresses [59-67] and this is mainly due 
to the combination of nutritional, physiological, biochemi-
cal changes, and microbial associations with plants [63, 68].

In our study, growth of A. fistulosum seedlings were sig-
nificantly stunted and showed higher rates of mortality in 
saline soils when grown without any microbial treatment. 
The efficiency of the arbuscular mycorrhizal fungi and rhi-
zospheric bacteria is determined in terms of plant growth, 

Table 1 – The effect of P. flourescens and R. irregularis on nutrient uptake in A. fistulosum seedlings grown in saline soil. 

Treatment Nitrogen (g/kg) Phosphorus (g/kg) Potassium (g/kg)
Control – with NaCl 0.064a 0.071 a 0.121 a

Control – without NaCl 0.313b 0.154 b 0.581 b

P. flourescens (P.f) – with NaCl 0.389b 0.149 b 0.498 c

P. flourescens (P.f) – without NaCl 0.467c 0.311 c 1.131 d

R. irregularis (R.i) – with NaCl 0.967d 0.812d 1.413e

R. irregularis (R.i) – without NaCl 3.872f 2.443 f 2.872 g

P.f + R.i – with NaCl 1.667e 1.117e 1.931f

P.f + R.i – without NaCl 4.793g 3.371 g 3.673 h

Values are the means of three replicates. Means followed by the same letters (a,b,c and so on) in columns for a particular element are 
not significantly (P=0.05) different from each other by Scheffe’s test for multiple comparison.

Treatments T-GRSP EE-GRSP Soil Aggregate stability (%)

Control – with NaCl 0.000a 0.000a 0.097a

Control – without NaCl 0.000a 0.000a 0.887b

P. flourescens (P.f) – with NaCl 0.000a 0.000a 0.391c

P. flourescens (P.f) – without NaCl 0.000a 0.000a 1.109d

R. irregularis (R.i) – with NaCl 1.897b 1.993b 2.114e

R. irregularis (R.i) – without NaCl 4.914c 4.381c 4.872e

P.f + R.i – with NaCl 3.916b 3.141b 3.204c

P.f + R.i – without NaCl 5.793d 4.992d 7.511h

Values are the means of five replicates. Means followed by the same letters (a,b,c and so on) in columns for a particular glomalin 
are not significantly (P=0.05) different from each other by Scheffe’s test for multiple comparison.

Table 2 – Total glomalin-related soil protein (T-GRSP-mg/g), easily extractable glomalin-related soil protein (EE-GRSP - 
mg/g), and soil aggregate stability (%) in the rhizosphere of A. fistulosum under different treatments.
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biomass production, and nutrient content under saline con-
dition. It was found that A. fistulosum seedlings inoculated 
with mycorrhizal fungi always outperformed non-mycorrhizal 
seedlings when subjected to saline stress. Mycorrhizal fungal 
hyphae are thinner than plant roots and can facilitate absorp-
tion of water-filled pores, which otherwise are inaccessible 
to roots [61]. Both mycorrhizal fungi and rhizospheric bacte-
ria boosted overall plant growth and nutrient uptake, which 
is consistent with the results of other studies showing my-
corrhizal fungi can alleviate the negative effects of salt and 
improve plant growth [69, 70, 35, 71, 72, 22]. This could be 
attributed to the fact that improvement in saline soils in A. fis-
tulosum leaves had higher carbon assimilation rate, photosyn-
thesis, and the antioxidant capacities [73]. Mycorrhizal fungi 
produce hyphae that can extend far beyond the reach of plant 
roots and transport the elemental nutrients to intracellular ar-
buscles to the colonized roots. Rhizospheric bacteria on the 
other hand, produce various plant growth hormones such as 
indole-acetic acid, gibberellic acid and cytokines, which can 
enhance overall healthier plant growth. Superior plant growth 
and nutrient uptake (nitrogen, phosphorus and potassium) by 
A. fistulosum seedlings were evident in this study when seed-
lings were inoculated with P. flourescens and R. irregularis 
alone and in combinations. 

Salinity decreases plant growth by lowering water content 
of the soil and adding excessive salts moving in the transpira-
tion stream to leaves and causing leaf damage [4, 18]. Salinity 
inhibits photosynthetic ability that leads to decrease in crop 
production. Salt stress causes reduction of chlorophyll content 
due to suppression of specific enzymes that are responsible 
for synthesis of photosynthetic pigments [74]. In our study, 
A. fistulosum seedlings showed higher rate of mortality when 
grown in saline soil without any microbial inoculation. Both 
R. irregularis and P. flourescens significantly increased seed-
ling survival, shoot and root length, total biomass, and nu-
trient uptake compared to non-inoculated seedlings in saline 
soils. Mycorrhizal colonization of R. irregularis was signifi-
cantly reduced when grown in saline soils, however, mycor-
rhizal colonization was significantly increased when co-in-
oculated P. flourescens in both saline and non-saline soils. 
Mycorrhizal fungal hyphae can regulate roots to manage salt 
stress, maintain ionic homeostasis and osmotic equilibrium, 
and modulate plant hormone profile to minimize salinity ef-
fects on growth and development [64, 74-77]. In our study, 
both P. flourescens and R. irregularis reported to help A. fistu-
losum seedlings by managing toxic effect of salinity and help-
ing nutrient uptake at the same time.

Recent studies have shown that arbuscular mycorrhizal 
fungi produce glomalin and increase soil aggregation under 
stress conditions [44]. Glomalin is a special class of glycopro-
tein, released by spores and hyphae of arbuscular mycorrhizal 
fungi [78]. This protein plays an important role in detoxifying 
toxins, accumulating soil organic carbon and soil aggregates, 
and regulating plant growth [78-84]. In our study, dual inoc-
ulation with P. flourescens and R. irregularis significantly in-
creased glomalin production and soil aggregation in both sa-
line and non-saline soils compared to single inoculation with 
R. irregularis alone in similar soils. It is interesting to note 
that P. flourescens alone did not produce any glomalin or in-
crease soil aggregation in both saline and non-saline soils, 

however, glomalin production and soil aggregation were sig-
nificantly increased in the presence of R. irregularis in saline 
soils. The synergistic effect of P. flourescens and R. irregularis 
in glomalin production and soil aggregation is unknown and 
needs further study. For non-inoculated control and seedlings 
inoculated with P. flourescens, no glomalin production was re-
corded in both saline and non-saline soils since there were no 
spores or hyphae of R. irregularis in the rhizosphere. This in-
dicates that glomalin is produced only in the presence of ar-
buscular mycorrhizal fungi. Similarly, soil aggregation was 
lowest in both saline and non-saline control soils since there 
were no microorganisms present to aid in soil aggregation.

Rising sea level has adversely affected fertility status, de-
pleted soil nutrients, increased salinity contents, and changed 
physio-chemical properties of arable soils in low-laying lands.  
Mycorrhizal fungi and rhizospheric bacteria induce tolerance 
against salinity stress by enhancing root proliferation, total 
biomass production, and improving the water use efficiency 
to minimize the oxidative stresses and improve osmoregu-
lation. Under salinity stress these microorganisms produce 
bioactive metabolites which help in their endurance and pro-
vide synergistic effect to plant growth and crop production. 
A combination of arbuscular mycorrhizal fungus and plant 
growth promoting bacteria offer an alternative approach that 
may provide a significant impact on physiological and bio-
chemical changes of A. fistulosum. This approach can lead to 
an increase in photosynthesis, defense against oxidative dam-
age, and overall superior growth under saline conditions. Fur-
ther studies are needed under field conditions to see if these 
microorganisms offer similar beneficial effects in saline soils 
affected by rising sea level.

CONCLUSION

Due to global warming, sea water levels are rising and 
flooding low-lying arable lands. Agricultural plants that are 
facing salinity problems are lethal to plant survival and crop 
production. Under saline conditions, plants suffer from Na+ 
and Cl- toxicity that causes damage to cellular organelles, dis-
rupts osmotic potentials, and impact photosynthetic efficiency. 
Beneficial soil microorganisms, particularly arbuscular my-
corrhizal fungi and plant growth promoting bacteria, offer po-
tential for mitigating adverse effects of Na+ and Cl- toxicity 
in the soil. These microorganisms could be an environmen-
tally friendly approach for reducing toxic effects of salinity.

COMPETING INTEREST

The authors declare that they have no competing financial 
interests or personal relationships that could have appeared to 
influence the work presented in this paper.

ACKNOWLEDGEMENTS 

We would like to thank the staff members of Pasteur Labo-
ratory’s Microbiology Department for their technical support.

FUNDING

This research was funded by Pasteur Laboratory’s Envi-
ronmental Stress Project.



7

Journal of Biological Research 1 (4), 2024: pp. 1-14. 

AUTHORS CONTRIBUTION 

The corresponding author (P.C.) carried out the experi-
ment, collected the empirical data, and wrote the paper. The 
co-author (C.Z.) performed chemical analysis of the samples 
and analyzed data. Both the authors have read and agreed to 
the published version of the manuscript.

LITERATURE

1. The Intergovernmental Panel on Climate Change (2022) 
Sea level rise and implications for low-lying islands, coasts 
and communities. doi: https://www.ipcc.ch/srocc/chapter/
chapter-4-sea-level-rise-and-implications-for-low-lying-is-
lands-coasts-and-communities/

2. United Nations (2022) World at a crossroads’ as 
droughts increase nearly a third in a generation // UN News. 
Global perspective Human stories. https://news.un.org/en/
story/2022/05/1118142 

3. Karmakar, R., Das, I., Dutta, D., Rakshit, A. Potential 
effects of climate change on soil properties: a review // Sci. 
Intl. – 2016. – Vol. 4. – P. 51-73. https://doi.org/10.17311/sci-
intl.2016.51.73. 

4. Munns. R., Gilliham, M, Salinity tolerance of crops-
what is the cost? // New Phytol. – 2015. – Vol. 208. – P. 668-
673. https://doi.org/10.1111/nph.13519. 

5. Munns, R., Tester, M. Mechanisms of salinity toler-
ance // Ann. Rev. Plant. Biol. – 2008. – Vol. 59. – P. 651-681. 
https://doi.org/10.1146/annurev.arplant.59.032607.092911. 

6. Rahman, A.K.M.M., Ahmed, K.M., Butler, A.P., Hoque, 
M.A. Influence of surface geology and micro-scale land use 
on the shallow subsurface salinity in deltaic coastal areas: a 
case from Bangladesh // Env. Earth. Sci. – 2018. – Vol. 77. – 
P. 423. https://doi.org/10.1007/s12665-018-7594-0. 

7. Bannari, A., Al-Ali, Z.M. Assessing climate change 
impact on soil salinity dynamics between 1987-2017 in arid 
landscape using Landsat TM , ETM + and OLI data // Remote 
Sen. – 2020. – Vol. 12. – P. 2794. https://doi.org/10.3390/
rs12172794. 

8. Brown, M.E., Antle, P., Backlund, E.R., Carr, W.E., 
Easterling, M.K., Walsh, C., Ammann, W., Attavanich, C.B., 
Barrett, M.F., Bellemare, V., Dancheck, C., Funk, K., Grace, 
J.S.I., Ingram, H.,  Jiang, H., Maletta, T., Mata, A., Murray, 
M., Ngugi, D., Ojima, B., O’Neill, K., Tebaldi, C. Climate 
change, global food security, and the US food system // Joint 
publication by U.S. Department of Agriculture, the Univ. 
Corpo. Atmosp. Res., and National Cent Atmosp. Rese. – 
2015. – P. 146. https://doi.org/10.7930/J0862DC7. 

9. European Commission CORDIS  EU Research Re-
sults. Plants in search of water: physiological and molecu-
lar interplay between root hydraulics and architecture during 
drought stress // Horoizon 2022. https://cordis.europa.eu/proj-
ect/id/657374. 

10. Blaylock, A.D. Soil salinity, salt tolerance and growth 
potential of horticultural and landscape plants. Co-operative 
Extension Service, University of Wyoming, Department of 
Plant, Soil and Insect Sciences, College of Agriculture, Lara-
mie, Wyoming. – 1994. 

11. Yamaguchi, T., Blumwald, E. Developing salt-toler-
ant crop plants: challenges and opportunities // Trends Plant. 

Sci. – 2005. – Vol. 10. – P. 615-620.  https://doi.org/10.1016/j.
tplants.2005.10.002. 

12. Shahbaz, M., Ashraf, M. Improving Salinity Toler-
ance in Cereals // Critic. Rev. Plant Sci. – 2013. – Vol. 32. – 
P. 237- 249. https://doi.org/10.1080/07352689.2013.758544. 

13. Fuzy, A., Kovacs, R., Cseresnyes, I., Paradi, I., Szili 
Kovacs, T., Kelemen, B., Rajkai, K., Takacs, T. Selection 
of plant physiological parameters to detect stress effects in 
pot experiments using principal component analysis // Acta 
Physiol. Plantarum. – 2019. – Vol. 41. – P. 56. https://doi.
org/10.1007/s11738-019-2842-9. 

14. Ahmed, P., Ahanger, M.A., Alyemeni, M.N., Wijaya, 
L., Egamberdieva, D., Bhardwaj, R.M., Ashraf, M. Zink ap-
plication mitigates the adverse effect of NaCl stress on mus-
tard (Brassica juncea L.)  through modulating compitable or-
ganic solutes, antioxidant enzymes, and flavonoid content // 
J. Plant Interact. – 2017. – Vol. 12. – P. 429-437. https://doi.
org/10.1080/17429145.2017.1385867. 

15. Ahmed, P., Ahanger, M.A., Alam, P., Alyemeni, M.N., 
Wijaya, L., Ali, S., Ashraf, M. Silicon (Si) supplementation 
alleviates NaCl toxicity in mung bean (Vigna radiate L. Wil-
czek) through the modifications of physio-biochemical attri-
butes and key antioxidantenzymes // J. Plant Growth Regul. 
– 2019. – Vol. 38. – P. 70-82. https://doi.org/10.1007/s00344-
018-9810-2. 

16. Pozo, M.J., Azcon-Aguilar, C. Unraveling mycorrhi-
za-induced resistance // Cur. Op. Plant Biol. – 2007. – Vol. 
10. – P. 393-398. https://doi.org/10.1016/j.pbi.2007.05.004. 

17. Tavakkoli, E., Fatehi, F., Conventry, S., Rengasamy, 
P., McDonald, G.K. Additive effects of Na+ and Cl- ions on 
barley growth under salinity stress // J. Expt. Botany. – 2011. 
– Vol. 62. – P. 2189-2203. https://doi.org/10.1093/jxb/erq422. 

18. Geilfus, C.M. Chloride: from Nutrient to Toxicant // 
Plant Cell Physiol. – 2018. – Vol. 59. – P. 877-886. https://doi.
org/10.1093/pcp/pcy071. 

19. Jeffries, P., Gianinazzi, S., Perotto, S., Turnau, K., 
Barea, J.M. The contribution of arbuscular mycorrhizal fungi 
in sustainable maintenance of plant health and soil fertility 
// Biol. Ferti. Soils. – 2003. – Vol. 37. – P. 1-16. https://doi.
org/10.1007/s00374-002-0546-5. 

20. Gianinazzi, S., Gollotte, A., Binet, M.N., Tuinen, D., 
Redecker, D., Wipf, D. Agroecology: the key role of arbuscu-
lar mycorrhizas in ecosystem services // Mycorrhiza. – 2010. 
– Vol. 20. – P. 519-530. https://doi.org/10.1007/s00572-010-
0333-3. 

21. Barzana, G., Aroca, R., Paz, J.A., Chaumont, F., Ball-
esta, M.C., Carvajal, M. Arbuscular mycorrhizal symbiosis 
increases relative apoplastic water flow in roots of the host 
plants under both well-watered and drought stress conditions 
// Ann. Bot. – 2012. – Vol. 109. – P. 1009-1017. https://doi.
org/10.1093/aob/mcs007. 

22. Bárzana, G., Aroca, R., Bienert, G.P., Chaumont, F., 
Ruiz-Lozano, J.M. New insights into the regulations of aqua-
porins by the arbuscular mycorrhizal symbiosis in maize 
plants under drought stress and possible implications for plant 
performance // Molecular plant-microbe interactions. – 2014. 
– Vol. 27(4). – P. 349-363. https://doi.org/10.1094/MPMI-09-
13-0268-R. 



8

Type: Original Research. https://doi.org/10.70264/jbr.v1.4.2024.1

23. Smith, S.E., Read, D. Mycorrhizal symbiosis.3rd Edi-
tion. Academic Press, New York, 2008. https://www.elsevier.
com/books/mycorrhizal-symbiosis/smith/978-0-12-370526-6. 

24. Wagg, C., Jansa, J., Stadler, M., Schmid, B., Van der 
Heijden, M.G.A. Mycorrhizal fungal identity and biodiversity 
relaxes plant-plant competition // Ecol. – 2011. – Vol. 92. – P. 
1303-1313. https://doi.org/10.1890/10-1915.1. 

25. Etemadi, M., Gutjahr, C., Couzigou, J.M., Zouine, M., 
Lauredssergues, D., Timmers, T. Auxin perception is required 
for arbuscle development in arbuscular mycorrhizal symbio-
sis // Plant Physiol. – 2014. – Vol. 166. – P. 281-292. https://
doi.org/10.1104/pp.114.246595. 

26. Auge, R.M., Stodola, A.J.W., Tims, J.E., Saxton, 
A.M. Moisture-retention properties of a mycorrhizal soil 
// Plant Soil. – 2001. – Vol. 230. – P. 87-97. https://doi.
org/10.1023/A:1004891210871. 

27. Auge, R.M., Toler, H.D., Saxton, A.A. Arbuscular my-
corrhizal symbiosis and osmotic adjustment in response to 
NaCl stress: a meta analysis // Front. Plant. Sci. – 2014. – Vol. 
5. – P. 562. https://doi.org/10.3389/fpls.2014.00562. 

28. Daynes, C.N., Field, D.J., Saleeba, J.A., Cole, M.A., 
McGee, P.A. Development and stabilization of soil struc-
ture via interactions between organic matter, arbuscular 
mycorrhizal fungi and plant roots // Soil Biol. Biochem. – 
2013. – Vol. 57. – P. 683-694. https://doi.org/10.1016/j.soil-
bio.2012.09.020. 

29. Kaushik, P., Sandhu, O.S., Brar, N.S., Kumar, V., 
Malhi, G.S., Hari, K., Saini, I. Soil metagenomics: prospects 
and challenges. In: Mycorrhizal fungi-utilization in agricul-
ture and industry // Intech. Open. – 2020. – Vol. 10. – P. 1-18. 
https://doi.org/10.5772/intechopen.93306. 

30. Malhi, G.S., Kaur, M., Kaushik, P., Alyemeni, M.N., 
Alsahli, A.A., Ahmed, P. Arbuscular mycorrhiza in combat-
ing abiotic stresses in vegetables: An eco-friendly approach // 
Saudi J. Biolo. Sci. – 2021. – Vol. 28. – P. 1465-1476. https://
doi.org/10.1016/j.sjbs.2020.12.001. 

31. Bhattacharyya, P.N., Jha, D.K. Plant growth-promot-
ing rhizobacteria (PGPR): emergence in agriculture // World J. 
Microbiol. Biotech. – 2012. – Vol. 28. – P. 1327-1350.  https://
doi.org/10.1007/s11274-011-0979-9. 

32. Almaghrabi, O.A., Abdelmoneim, T.S., Albishri, H.M., 
Moussa, T.A.A. Enhancement of maize growth using some 
plant growth promoting rhizobacteria (PGPR) under labora-
tory laboratory conditions // Life Sci. J. – 2014. – Vol. 11. – 
P. 764-772.

33. Prittesh, P., Krunal, M., Krupal, P. Isolation, screening, 
and characterization of PGPR from rhizosphere of rice // In-
ternatl. J. Pure. Appl. Biosci. – 2017. – Vol. 5. – P. 264-270. 
https://doi.org/10.18782/2320-7051.2887. 

34. Santos, R.M., Kandasamy, S., Rigobelo, E.C. Sugar-
cane growth and nutrition levels are differentially affected by 
the application of PGPR and cane waste // Microbiol Open. 
– 2018. – Vol. 7(6). – P. e00617. https://doi.org/10.1002/
mbo3.617. 

35. Verma, P., Yadav, J., Nath, K., Lavakush, T., Singh, T. 
Impact of plant growth promoting rhizobacteria on crop pro-
duction // Intl. J. Agric. Res. – 2010. – Vol. 5. – P. 954-983. 
https://doi.org/10.3923/ijar.2010.954.983. 

36. Boddey, R.M., Dobereiner, J. Nitrogen fixation asso-
ciated with grasses and cereals: Recent progress and perspec-
tives for the future // Ferti. Res. – 1995. – Vol. 42. – P. 241–
250. https://doi.org/10.1007/BF00750518. 

37. Velivelli, S.L.S., Sessitsch, A., Prestwich, B.D.  The 
Role of Microbial Inoculants in Integrated Crop Management 
Systems // Potato Res. – 2014. – Vol. 57. – P. 291–309. https://
doi.org/10.1007/s11540-014-9278-9. 

38. Adesemoye, A.O., Torbert, H.A., Kloepper, J.W. Plant 
growth-promoting rhizobacteria allow reduced application 
rates of chemical fertilizers // Microb. Ecol. – 2009. – Vol. 
58. – P. 921-929. https://doi.org/10.1007/s00248-009-9531-y. 

 39. Islam, R.M., Tahera, S., Melvin, J., Woojong, Y., Jang-
Cheon, C., Tongmin, S.  Nitrogen-fixing bacteria with multi-
ple plant growth-promoting activities enhance growth of to-
mato and red pepper // J. Basic. Microbiol. – 2013. – Vol. 
53. – P. 1004-1015. https://doi.org/10.1002/jobm.201200141. 

40. Sbrana, C., Avio, L., Giovannetti, M. Beneficial my-
corrhizal symbionts affecting the production of health-pro-
moting phytochemicals // Electrophor. – 2014. – Vol. 35. – P. 
88-95. https://doi.org/10.1002/elps.201300568.

41. Massa, N., Cesaro, P., Todeschini, V., Capraro, J., 
Scarafoni, A., Cantamessa, S., Copetta, A., Anastasia, F., Ga-
malero, E., Lingua, G. Selected autochthonous rhizobia, ap-
plied in combination with AM fungi, improve seed quality of 
common bean cultivated in reduced fertilization condition // 
Appl. Soil. Ecol. – 2020. – Vol. 148. – P. 23-38. https://doi.
org/10.1016/j.apsoil.2020.103507. 

42. Khatoon, Z., Huang, S., Farooq, M.A., Santoyo, G., 
Rafique, M., Javed, S., Gul, B. Role of plant growth-promot-
ing bacteria (PGPB) in abiotic stress management. In: Miti-
gation of Plant Abiotic Stress by Microorganisms. Edited by 
Santoyo G., Kumar A., Aamir M., Sivakumar Uthandi S. – 
2022. – P. 257-272. Acad. Press, NY. https://doi.org/10.1016/
B978-0-323-90568-8.00012-2. 

43. Yadav, V.K., Jha, R.K., Kaushik, P., Altalayan, F.H., 
Balawi, T.A., Alam, P. Traversing arbuscular mycorrhizal 
fungi and Pseudomonas flourescens for carrot production un-
der salinity // Saudi J. Biol. Sci. – 2021. – Vol. 28. – P. 4217-
4223. https://doi.org/10.1016/j.sjbs.2021.06.025. 

44. Chakravarty, P., Zhang, C. Drought stress alleviation: 
The contribution of a soil bacterium and an arbuscular my-
corrhizal fungus in scallion // Intl. J. Agric. Environ. Res. – 
2024. – Vol. 10. – P. 599-619.

45. Phillips, J.M., Hayman, D.S. Improved procedures for 
clearing roots and staining parasitic and vesicular-arbuscular 
mycorrhizal fungi for rapid assessment of infection // Trans. 
Br. Mycol. Soci. – 1970. – Vol. 55. – P. 158-161. https://doi.
org/10.1016/S0007-1536(70)80110-3. 

46. Giovannetti, M., Mosse, B. An evaluation of tech-
niques for measuring vesicular arbuscular mycorrhizal infec-
tion in roots // New Phytol. – 1980. – Vol. 84. – P. 489-500. 
https://doi.org/10.1111/j.1469-8137.1980.tb04556.x. 

47. Wu, S., Feng, X., Wittmeier, A. Microwave digestion 
of plant and grain reference material in nitric acid and hy-
drogen peroxide for the determination of multi-elements by 
inductively coupled plasma mass spectrometry // J. Atomic. 
Spect. – 1997. – Vol. 12. – P. 797-806. https://doi.org/10:1039/



9

Journal of Biological Research 1 (4), 2024: pp. 1-14. 

A607217H. 
48. Yan, Q., Duan, Z.Q., Mao, J.D., Li, X., Fei, D. Effects 

of root zone temperature and N, P. K supplies on nutrient up-
take cucumber (Cucumis sativas L.) seedlings in hydropon-
ics // Soil. Sci. Plant. Nutri. – 2012. – Vol. 58. – P. 707-717. 
https://doi.org/10.1080/00380768.2012.733925. 

49. Janos, D.P., Garamszegi, S., Beltran, B. Gloma-
lin extraction and measurement // Soil. Biol. Biochem. – 
2008. – Vol. 40. – P. 728-739. https://doi.org/10.1016/j.soil-
bio.2007.10.007. 

50. Bradford, M.M. A rapid and sensitive method for the 
quantification of microgram quantities of protein utilizing the 
principle of protein-dye binding // Ann. Biochem. – 1976. – 
Vol. 72. – P. 248-254. https://doi.org/10.1006/abio.1976.9999. 

51. Zar, J.H. Biostatistical Aanlysis. 2nd ed. Englewood 
Cliffs (N.J): Prentice-Hall, 1984.

52. SAS Institute Inc. SAS user’s guide. Carry. N.C. SAS 
Institute Inc. ed. 14.2, 2016.

53. Food and Agricultural Organization. Status of the 
world’s resource (SWSR) – Main Report, United Nations, 
Rome. Food and Agric. Org., 2015. https://www.fao.org/doc-
uments/card/en/c/c6814873-efc3-41db-b7d3-2081a10ede50/

54. Gupta, B., Huang, B. Mechanism of salinity tolerance 
in plants: physiological, biochemical, and molecular charac-
terization // Intl. J. Genomics. – 2014. – P. 7011596.  https://
doi.org/10.1155/2014/701596. 

55. Hernandez, I.A. Salinity tolerance in plants: Trends 
and prospective // Intl. J. Mol. Sci. – 2019. – Vol. 20(10). – P. 
2408. https://doi.org/10.3390/ijms20102408. 

56. Van Zelm, E., Zhang, Y., Testerink, C. Salt toler-
ance mechanisms of plants // Ann. Rev. Plant. Biol. – 2020. 
– Vol. 71. – P. 403-433. https://doi.org/10.1146/annurev-ar-
plant-050718-100005. 

57. Van der Heijden, M.G.A., Klironomos, J.N., Ursic, M., 
Moutoglis, P., Streitwolf-Engel, R., Boller, T., Wiemken, A., 
Sanders, I.R. Mycorrhizal fungal diversity determines plant 
biodiversity, ecosystem variability and productivity // Nature. 
– 1998. – Vol. 396. – P. 69-72. https://doi.org/10.1038/23932. 

58. Gianinazzi, S., Gollotte, A., Binet, M.N., Tuinen, D., 
Redecker, D., Wipf, D. Agroecology: the key role of arbuscu-
lar mycorrhizas in ecosystem services // Mycorrhiza. – 2010. 
– Vol. 20. – P. 519–530. https://doi.org/10.1007/s00572-010-
0333-3. 

59. Iqbal, N., Ashraf, M., Ashraf, M., Azam, F. Effect of 
exogenous application of glycinebetaine on capitulum size 
and achene number of sunflower under water stress // Intl. J. 
Biol. Biotech. – 2005. – Vol. 2. – P. 765–771.

60. Mascher, R., Nagy, E., Lippmann, B., Hornlein, S., 
Fischer, S., Scheiding, W., Neagoe, A., Bergmann, H. Im-
provement of tolerance to paraquat and drought in barley 
(Hordeum vulgare L.) by exogenous 2-aminoethanol: effects 
on superoxide dismutase activity and chloroplast ultrastruc-
ture // Plant Sci. – 2005. – Vol. 168. – P. 691–698. https://doi.
org/10.1016/j.plantsci.2004.09.036. 

61. Smith, S.E., Facelli, E., Pope, S., Smith, F.A. Plant 
performance in stressful environments: interpreting new and 
established knowledge of the roles of arbuscular mycorrhi-
zas // Plant Soil. – 2010. – Vol. 326. – P. 3-29. https://doi.

org/10.1007/s11104-009-9981-5. 
62. Foud, M.O., Essahibi, A., Benhiba, L., Qaddoury, A. 

Effectiveness of arbuscular mycorrhizal fungi in the protec-
tion of olve plants against oxidative stress induced by drought 
// Spanish. J. Agric. Res. – 2014. – Vol. 12. – P. 763-771. 
https://doi.org/10.5424/sjar/2014123-4815. 

63. Pavithra, D., Yapa, N. Arbuscular mycroohizal fungi 
inoculation enhances drought stress tolerance of plants // 
Ground Water Sustain. – 2018. – Vol. 7. – P. 490-494. https://
doi.org/10.1016/j.gsd.2018.03.005. 

64. Evelin, H., Devi, T.S., Gupta, S., Kapoor, R. Miti-
gation of salinity stress in plants by arbuscular mycorrhi-
zal symbiosis: Current understanding and new challenges // 
Front. Plant. Sci. – 2019. – Vol. 12. – P. 1-21. https://doi.
org/10.3389/fpls.2019.00470.

65. Pereira, S.I.A., Abreu, D., Moreira, H., Vega, A., Cas-
tro, P.M.L. Plant growth-promoting rhizobacteria (PGPR) im-
prove the growth and nutrient use efficiency in maize (Zea 
mays L.) under water deficit conditions // Heliyon. – 2020. – 
Vol. 6. – P. 1-9. https://doi.org/10.1016/j.heliyon.2020.e05106. 

66. Ullah, A., Bano, A., Khan, N. Climate change and sa-
linity effects on crops and chemical communication between 
plants and plant growth-promoting microorganisms under 
stress // Front. Sustain. Food. Syst. – 2021. – Vol. 5. – P. 1-16. 
https://doi.org/10.3389/fsufs.2021.618092.  

67. Li, Y., Xu, J., Hu, J., Zhang, T., Wu, X., Yang, Y. Ar-
buscular Mycorrhizal Fungi and Glomalin Play a Crucial Role 
in Soil Aggregate Stability in Pb-Contaminated Soil // Intl. J. 
Environ. Res. Public Health. – 2022. – Vol. 9. – P. 5029-5044. 
https://doi.org/10.3390/ijerph19095029. 

68. Sanchez, B.M.J., Ferrandez, T., Morales, M.A., Morte, 
A., Alarcon, J.J. Variations in water status, gas exchange, and 
growth in Rosmarinus officinalis planted infected with Glo-
mus deserticola under drought conditions // J. Plant. Physiol. – 
2004. – Vol. 161. – P.  675-682. https://doi.org/10.1078/0176-
1617-01191. 

69. Correia, M.J., Coelho, D., David, M.M. Response to 
seasonal drought in three cultivars of Ceratonia siliqua: Leaf 
growth and water relations // Tree Physiol. – 2001. – Vol. 21. 
– P. 645-653. https://doi.org/10.1093/treephys/21.10.645. 

70. Singh, B., Usha, K. Salicylic acid induced physiolog-
ical and biochemical changes in wheat seedlings under water 
stress // Plant Growth. Regu. – 2003. – Vol. 39. – P. 137–141. 
https://doi.org/10.1023/A:1022556103536. 

71. Querejeta, J.I., Egerton-Warburton, L.M., Prieto, I., 
Vargas, R., Allen, M.F. Changes in soil hyphal abundance and 
visbility can alter the patterns of hydraulic redistribution by 
plant roots // Plant Soil. – 2012. – Vol. 335. – P. 63-73. https://
doi.org/10.1007/s11104-011-1080-8. 

72. Gong, M., Tang, M., Chen, H., Zhang, Q., Feng, X. 
Effect of two Glomus species on the growth and physiolog-
ical performance of Sophora davidii seedlings under water 
stress // New. For. – 2013. – Vol. 44. – P. 399-408. https://doi.
org/10.1007/s11056-012-9349-1. 

 73. Boutasknit, A., Mohamed, M.B.,  Mokhtar, A.E.,  
Laouane, R.B.,  Douira, A., Cherkaoui, E., Modafar, I., Mitsui, 
T., Said Wahbi, S.,  Meddich, A. Arbuscular mycorrhizal fungi 
mediate drought tolerance and recovery in two contrasting 



10

Type: Original Research. https://doi.org/10.70264/jbr.v1.4.2024.1

carob (Ceratonia siliqua L.) ecotypes by regulating stomatal, 
water relations, and in organic adjustments // Plants. – 2020. 
– Vol. 9. – P. 1-19. https://doi.org/10.3390/plants9010080. 

74. Ruiz-Lozano, J.M., Porcel, R., Azcon, C., Aroca, R. 
Regulation by arbuscular mycorrhizae of the integrated physi-
ological response to salinity in plants: new challenges in phys-
iological and molecular studies // J. Exp. Bot. – 2012. – Vol. 
63. – P. 695-709. https://doi.org/10.1093/jxb/ers126. 

75. Auge, R.M., Stodola, A.J.W., Tims, J.E., Saxton, 
A.M. Moisture-retention properties of a mycorrhizal soil 
// Plant Soil. – 2001. – Vol. 230. – P. 87-97. https://doi.
org/10.1023/A:1004891210871. 

76. Auge, R.M., Toler, H.D., Saxton, A.A. Arbuscular my-
corrhizal symbiosis and osmotic adjustment in response to 
NaCl stress: a meta analysis // Front. Plant. Sci. – 2014. – Vol. 
5. – P. 562. https://doi.org/10.3389/fpls.2014.00562. 

77. Khalloufi, M., Martinez, C.A., Lachaal, M., Bouraoui 
Alfocea, F.A., Albacete, A. The interaction between foliar 
GA3 application and arbuscular mycorrhizal fungi inocula-
tion improves growth in salinized tomato (Solanum lycop-
ersicum L.) plants by modifying the hormonal balance // J. 
Plant. Physiol. – 2017. – Vol. 214. – P. 134-144. https://doi.
org/10.1016/j.jplph.2017.04.012. 

78. Driver, J.D., Holben, W.E.,  Rilling, M.C. Character-
ization of glomalin as a hyphal wall component of arbuscu-
lar mycorrhizal fungi // Soil. Biochem. – 2005. – Vol. 37. – P. 
101-106. https://doi.org/10.1016/j.soilbio.2004.06.011. 

79. Kemper, W.D., Rosenau, R.C. Aggregate stability and 
size distribution. In: Klute, A. Ed., Methods of soil analysis. 
Part 1. Agronom Monograph 9. 2nd ed., Madison, Wiscon-
sin, 1986. – P. 425-442.

80. Rilling, M.C. Arbuscular mycorrhizae, glomalin, and 
soil aggregation // Can. J. Soil. Sci. – 2004. – Vol. 4. – P. 355-
363. http://dx.doi.org/10.4141/S04-003. 

81. Rilling, M.C., Steinberg, P.D. Glomalin production by 
an arbuscular mycorrhizal fungus: mechanism of habitat mod-
ification // Soil. Biol. Biochemi. – 2002. – Vol. 34. – P. 1371-
1374. http://dx.doi.org/10.1016/S0038-0717(02)00060-3. 

82. Bedini, S., Pellergino, E., Avio, L., Pellergino, S., Ba-
zzoffi, P., Argese, E., Giovannetti, M. Changes in soil aggre-
gation and glomalin-related soil protein content as affected 
by the arbuscular mycorrhizal fungal species Glomas mos-
sae and Glomas intraradices // Soil. Biol. Biochem. – 2009. 
– Vol. 41. – P. 1491-1496. http://dx.doi.org/10.1016/j.soil-
bio.2009.04.005.  

83. Wang, S., Wu,. QS., He, X.H. Exogenous easily extrat-
able glomalin-related soil protein promotes aggregation, rel-
evant soil enzyme activities and plant growth in trifoliate or-
ange // Plant Soil. Env. – 2015. – Vol. 61. – P. 66-71. https://
doi.org/10.17221/833/2014-PSE. 

84. Vanwindekens, F.M., Hardy, B.F. The Quanti Slake 
Test, measuring soil structural stability by dynamic weighing 
of undisturbed samples immersed in water // Soil. – 2023. – 
Vol. 9. – P. 573-591. https://doi.org/10.5194/soil-9-573-2023. 

REFERENCES

1. The Intergovernmental Panel on Climate Change (2022) 
Sea level rise and implications for low-lying islands, coasts 

and communities. doi: https://www.ipcc.ch/srocc/chapter/
chapter-4-sea-level-rise-and-implications-for-low-lying-is-
lands-coasts-and-communities/

2. United Nations (2022) World at a crossroads’ as 
droughts increase nearly a third in a generation // UN News. 
Global perspective Human stories. https://news.un.org/en/
story/2022/05/1118142 

3. Karmakar, R., Das, I., Dutta, D., Rakshit, A. Potential 
effects of climate change on soil properties: a review // Sci. 
Intl. – 2016. – Vol. 4. – P. 51-73. https://doi.org/10.17311/sci-
intl.2016.51.73. 

4. Munns. R., Gilliham, M, Salinity tolerance of crops-
what is the cost? // New Phytol. – 2015. – Vol. 208. – P. 668-
673. https://doi.org/10.1111/nph.13519. 

5. Munns, R., Tester, M. Mechanisms of salinity toler-
ance // Ann. Rev. Plant. Biol. – 2008. – Vol. 59. – P. 651-681. 
https://doi.org/10.1146/annurev.arplant.59.032607.092911. 

6. Rahman, A.K.M.M., Ahmed, K.M., Butler, A.P., Hoque, 
M.A. Influence of surface geology and micro-scale land use 
on the shallow subsurface salinity in deltaic coastal areas: a 
case from Bangladesh // Env. Earth. Sci. – 2018. – Vol. 77. – 
P. 423. https://doi.org/10.1007/s12665-018-7594-0. 

7. Bannari, A., Al-Ali, Z.M. Assessing climate change 
impact on soil salinity dynamics between 1987-2017 in arid 
landscape using Landsat TM , ETM + and OLI data // Remote 
Sen. – 2020. – Vol. 12. – P. 2794. https://doi.org/10.3390/
rs12172794. 

8. Brown, M.E., Antle, P., Backlund, E.R., Carr, W.E., 
Easterling, M.K., Walsh, C., Ammann, W., Attavanich, C.B., 
Barrett, M.F., Bellemare, V., Dancheck, C., Funk, K., Grace, 
J.S.I., Ingram, H.,  Jiang, H., Maletta, T., Mata, A., Murray, 
M., Ngugi, D., Ojima, B., O’Neill, K., Tebaldi, C. Climate 
change, global food security, and the US food system // Joint 
publication by U.S. Department of Agriculture, the Univ. 
Corpo. Atmosp. Res., and National Cent Atmosp. Rese. – 
2015. – P. 146. https://doi.org/10.7930/J0862DC7. 

9. European Commission CORDIS  EU Research Re-
sults. Plants in search of water: physiological and molecu-
lar interplay between root hydraulics and architecture during 
drought stress // Horoizon 2022. https://cordis.europa.eu/proj-
ect/id/657374. 

10. Blaylock, A.D. Soil salinity, salt tolerance and growth 
potential of horticultural and landscape plants. Co-operative 
Extension Service, University of Wyoming, Department of 
Plant, Soil and Insect Sciences, College of Agriculture, Lara-
mie, Wyoming. – 1994. 

11. Yamaguchi, T., Blumwald, E. Developing salt-toler-
ant crop plants: challenges and opportunities // Trends Plant. 
Sci. – 2005. – Vol. 10. – P. 615-620.  https://doi.org/10.1016/j.
tplants.2005.10.002. 

12. Shahbaz, M., Ashraf, M. Improving Salinity Toler-
ance in Cereals // Critic. Rev. Plant Sci. – 2013. – Vol. 32. – 
P. 237- 249. https://doi.org/10.1080/07352689.2013.758544. 

13. Fuzy, A., Kovacs, R., Cseresnyes, I., Paradi, I., Szili 
Kovacs, T., Kelemen, B., Rajkai, K., Takacs, T. Selection 
of plant physiological parameters to detect stress effects in 
pot experiments using principal component analysis // Acta 
Physiol. Plantarum. – 2019. – Vol. 41. – P. 56. https://doi.



11

Journal of Biological Research 1 (4), 2024: pp. 1-14. 

org/10.1007/s11738-019-2842-9. 
14. Ahmed, P., Ahanger, M.A., Alyemeni, M.N., Wijaya, 

L., Egamberdieva, D., Bhardwaj, R.M., Ashraf, M. Zink ap-
plication mitigates the adverse effect of NaCl stress on mus-
tard (Brassica juncea L.)  through modulating compitable or-
ganic solutes, antioxidant enzymes, and flavonoid content // 
J. Plant Interact. – 2017. – Vol. 12. – P. 429-437. https://doi.
org/10.1080/17429145.2017.1385867. 

15. Ahmed, P., Ahanger, M.A., Alam, P., Alyemeni, M.N., 
Wijaya, L., Ali, S., Ashraf, M. Silicon (Si) supplementation 
alleviates NaCl toxicity in mung bean (Vigna radiate L. Wil-
czek) through the modifications of physio-biochemical attri-
butes and key antioxidantenzymes // J. Plant Growth Regul. 
– 2019. – Vol. 38. – P. 70-82. https://doi.org/10.1007/s00344-
018-9810-2. 

16. Pozo, M.J., Azcon-Aguilar, C. Unraveling mycorrhi-
za-induced resistance // Cur. Op. Plant Biol. – 2007. – Vol. 
10. – P. 393-398. https://doi.org/10.1016/j.pbi.2007.05.004. 

17. Tavakkoli, E., Fatehi, F., Conventry, S., Rengasamy, 
P., McDonald, G.K. Additive effects of Na+ and Cl- ions on 
barley growth under salinity stress // J. Expt. Botany. – 2011. 
– Vol. 62. – P. 2189-2203. https://doi.org/10.1093/jxb/erq422. 

18. Geilfus, C.M. Chloride: from Nutrient to Toxicant // 
Plant Cell Physiol. – 2018. – Vol. 59. – P. 877-886. https://doi.
org/10.1093/pcp/pcy071. 

19. Jeffries, P., Gianinazzi, S., Perotto, S., Turnau, K., 
Barea, J.M. The contribution of arbuscular mycorrhizal fungi 
in sustainable maintenance of plant health and soil fertility 
// Biol. Ferti. Soils. – 2003. – Vol. 37. – P. 1-16. https://doi.
org/10.1007/s00374-002-0546-5. 

20. Gianinazzi, S., Gollotte, A., Binet, M.N., Tuinen, D., 
Redecker, D., Wipf, D. Agroecology: the key role of arbuscu-
lar mycorrhizas in ecosystem services // Mycorrhiza. – 2010. 
– Vol. 20. – P. 519-530. https://doi.org/10.1007/s00572-010-
0333-3. 

21. Barzana, G., Aroca, R., Paz, J.A., Chaumont, F., Ball-
esta, M.C., Carvajal, M. Arbuscular mycorrhizal symbiosis 
increases relative apoplastic water flow in roots of the host 
plants under both well-watered and drought stress conditions 
// Ann. Bot. – 2012. – Vol. 109. – P. 1009-1017. https://doi.
org/10.1093/aob/mcs007. 

22. Bárzana, G., Aroca, R., Bienert, G.P., Chaumont, F., 
Ruiz-Lozano, J.M. New insights into the regulations of aqua-
porins by the arbuscular mycorrhizal symbiosis in maize 
plants under drought stress and possible implications for plant 
performance // Molecular plant-microbe interactions. – 2014. 
– Vol. 27(4). – P. 349-363. https://doi.org/10.1094/MPMI-09-
13-0268-R. 

23. Smith, S.E., Read, D. Mycorrhizal symbiosis.3rd Edi-
tion. Academic Press, New York, 2008. https://www.elsevier.
com/books/mycorrhizal-symbiosis/smith/978-0-12-370526-6. 

24. Wagg, C., Jansa, J., Stadler, M., Schmid, B., Van der 
Heijden, M.G.A. Mycorrhizal fungal identity and biodiversity 
relaxes plant-plant competition // Ecol. – 2011. – Vol. 92. – P. 
1303-1313. https://doi.org/10.1890/10-1915.1. 

25. Etemadi, M., Gutjahr, C., Couzigou, J.M., Zouine, M., 
Lauredssergues, D., Timmers, T. Auxin perception is required 
for arbuscle development in arbuscular mycorrhizal symbio-

sis // Plant Physiol. – 2014. – Vol. 166. – P. 281-292. https://
doi.org/10.1104/pp.114.246595. 

26. Auge, R.M., Stodola, A.J.W., Tims, J.E., Saxton, 
A.M. Moisture-retention properties of a mycorrhizal soil 
// Plant Soil. – 2001. – Vol. 230. – P. 87-97. https://doi.
org/10.1023/A:1004891210871. 

27. Auge, R.M., Toler, H.D., Saxton, A.A. Arbuscular my-
corrhizal symbiosis and osmotic adjustment in response to 
NaCl stress: a meta analysis // Front. Plant. Sci. – 2014. – Vol. 
5. – P. 562. https://doi.org/10.3389/fpls.2014.00562. 

28. Daynes, C.N., Field, D.J., Saleeba, J.A., Cole, M.A., 
McGee, P.A. Development and stabilization of soil struc-
ture via interactions between organic matter, arbuscular 
mycorrhizal fungi and plant roots // Soil Biol. Biochem. – 
2013. – Vol. 57. – P. 683-694. https://doi.org/10.1016/j.soil-
bio.2012.09.020. 

29. Kaushik, P., Sandhu, O.S., Brar, N.S., Kumar, V., 
Malhi, G.S., Hari, K., Saini, I. Soil metagenomics: prospects 
and challenges. In: Mycorrhizal fungi-utilization in agricul-
ture and industry // Intech. Open. – 2020. – Vol. 10. – P. 1-18. 
https://doi.org/10.5772/intechopen.93306. 

30. Malhi, G.S., Kaur, M., Kaushik, P., Alyemeni, M.N., 
Alsahli, A.A., Ahmed, P. Arbuscular mycorrhiza in combat-
ing abiotic stresses in vegetables: An eco-friendly approach // 
Saudi J. Biolo. Sci. – 2021. – Vol. 28. – P. 1465-1476. https://
doi.org/10.1016/j.sjbs.2020.12.001. 

31. Bhattacharyya, P.N., Jha, D.K. Plant growth-promot-
ing rhizobacteria (PGPR): emergence in agriculture // World J. 
Microbiol. Biotech. – 2012. – Vol. 28. – P. 1327-1350.  https://
doi.org/10.1007/s11274-011-0979-9. 

32. Almaghrabi, O.A., Abdelmoneim, T.S., Albishri, H.M., 
Moussa, T.A.A. Enhancement of maize growth using some 
plant growth promoting rhizobacteria (PGPR) under labora-
tory laboratory conditions // Life Sci. J. – 2014. – Vol. 11. – 
P. 764-772.

33. Prittesh, P., Krunal, M., Krupal, P. Isolation, screening, 
and characterization of PGPR from rhizosphere of rice // In-
ternatl. J. Pure. Appl. Biosci. – 2017. – Vol. 5. – P. 264-270. 
https://doi.org/10.18782/2320-7051.2887. 

34. Santos, R.M., Kandasamy, S., Rigobelo, E.C. Sugar-
cane growth and nutrition levels are differentially affected by 
the application of PGPR and cane waste // Microbiol Open. 
– 2018. – Vol. 7(6). – P. e00617. https://doi.org/10.1002/
mbo3.617. 

35. Verma, P., Yadav, J., Nath, K., Lavakush, T., Singh, T. 
Impact of plant growth promoting rhizobacteria on crop pro-
duction // Intl. J. Agric. Res. – 2010. – Vol. 5. – P. 954-983. 
https://doi.org/10.3923/ijar.2010.954.983. 

36. Boddey, R.M., Dobereiner, J. Nitrogen fixation asso-
ciated with grasses and cereals: Recent progress and perspec-
tives for the future // Ferti. Res. – 1995. – Vol. 42. – P. 241–
250. https://doi.org/10.1007/BF00750518. 

37. Velivelli, S.L.S., Sessitsch, A., Prestwich, B.D.  The 
Role of Microbial Inoculants in Integrated Crop Management 
Systems // Potato Res. – 2014. – Vol. 57. – P. 291–309. https://
doi.org/10.1007/s11540-014-9278-9. 

38. Adesemoye, A.O., Torbert, H.A., Kloepper, J.W. Plant 
growth-promoting rhizobacteria allow reduced application 



12

Type: Original Research. https://doi.org/10.70264/jbr.v1.4.2024.1

rates of chemical fertilizers // Microb. Ecol. – 2009. – Vol. 
58. – P. 921-929. https://doi.org/10.1007/s00248-009-9531-y. 

 39. Islam, R.M., Tahera, S., Melvin, J., Woojong, Y., Jang-
Cheon, C., Tongmin, S.  Nitrogen-fixing bacteria with multi-
ple plant growth-promoting activities enhance growth of to-
mato and red pepper // J. Basic. Microbiol. – 2013. – Vol. 
53. – P. 1004-1015. https://doi.org/10.1002/jobm.201200141. 

40. Sbrana, C., Avio, L., Giovannetti, M. Beneficial my-
corrhizal symbionts affecting the production of health-pro-
moting phytochemicals // Electrophor. – 2014. – Vol. 35. – P. 
88-95. https://doi.org/10.1002/elps.201300568.

41. Massa, N., Cesaro, P., Todeschini, V., Capraro, J., 
Scarafoni, A., Cantamessa, S., Copetta, A., Anastasia, F., Ga-
malero, E., Lingua, G. Selected autochthonous rhizobia, ap-
plied in combination with AM fungi, improve seed quality of 
common bean cultivated in reduced fertilization condition // 
Appl. Soil. Ecol. – 2020. – Vol. 148. – P. 23-38. https://doi.
org/10.1016/j.apsoil.2020.103507. 

42. Khatoon, Z., Huang, S., Farooq, M.A., Santoyo, G., 
Rafique, M., Javed, S., Gul, B. Role of plant growth-promot-
ing bacteria (PGPB) in abiotic stress management. In: Miti-
gation of Plant Abiotic Stress by Microorganisms. Edited by 
Santoyo G., Kumar A., Aamir M., Sivakumar Uthandi S. – 
2022. – P. 257-272. Acad. Press, NY. https://doi.org/10.1016/
B978-0-323-90568-8.00012-2. 

43. Yadav, V.K., Jha, R.K., Kaushik, P., Altalayan, F.H., 
Balawi, T.A., Alam, P. Traversing arbuscular mycorrhizal 
fungi and Pseudomonas flourescens for carrot production un-
der salinity // Saudi J. Biol. Sci. – 2021. – Vol. 28. – P. 4217-
4223. https://doi.org/10.1016/j.sjbs.2021.06.025. 

44. Chakravarty, P., Zhang, C. Drought stress alleviation: 
The contribution of a soil bacterium and an arbuscular my-
corrhizal fungus in scallion // Intl. J. Agric. Environ. Res. – 
2024. – Vol. 10. – P. 599-619.

45. Phillips, J.M., Hayman, D.S. Improved procedures for 
clearing roots and staining parasitic and vesicular-arbuscular 
mycorrhizal fungi for rapid assessment of infection // Trans. 
Br. Mycol. Soci. – 1970. – Vol. 55. – P. 158-161. https://doi.
org/10.1016/S0007-1536(70)80110-3. 

46. Giovannetti, M., Mosse, B. An evaluation of tech-
niques for measuring vesicular arbuscular mycorrhizal infec-
tion in roots // New Phytol. – 1980. – Vol. 84. – P. 489-500. 
https://doi.org/10.1111/j.1469-8137.1980.tb04556.x. 

47. Wu, S., Feng, X., Wittmeier, A. Microwave digestion 
of plant and grain reference material in nitric acid and hy-
drogen peroxide for the determination of multi-elements by 
inductively coupled plasma mass spectrometry // J. Atomic. 
Spect. – 1997. – Vol. 12. – P. 797-806. https://doi.org/10:1039/
A607217H. 

48. Yan, Q., Duan, Z.Q., Mao, J.D., Li, X., Fei, D. Effects 
of root zone temperature and N, P. K supplies on nutrient up-
take cucumber (Cucumis sativas L.) seedlings in hydropon-
ics // Soil. Sci. Plant. Nutri. – 2012. – Vol. 58. – P. 707-717. 
https://doi.org/10.1080/00380768.2012.733925. 

49. Janos, D.P., Garamszegi, S., Beltran, B. Gloma-
lin extraction and measurement // Soil. Biol. Biochem. – 
2008. – Vol. 40. – P. 728-739. https://doi.org/10.1016/j.soil-
bio.2007.10.007. 

50. Bradford, M.M. A rapid and sensitive method for the 
quantification of microgram quantities of protein utilizing the 
principle of protein-dye binding // Ann. Biochem. – 1976. – 
Vol. 72. – P. 248-254. https://doi.org/10.1006/abio.1976.9999. 

51. Zar, J.H. Biostatistical Aanlysis. 2nd ed. Englewood 
Cliffs (N.J): Prentice-Hall, 1984.

52. SAS Institute Inc. SAS user’s guide. Carry. N.C. SAS 
Institute Inc. ed. 14.2, 2016.

53. Food and Agricultural Organization. Status of the 
world’s resource (SWSR) – Main Report, United Nations, 
Rome. Food and Agric. Org., 2015. https://www.fao.org/doc-
uments/card/en/c/c6814873-efc3-41db-b7d3-2081a10ede50/

54. Gupta, B., Huang, B. Mechanism of salinity tolerance 
in plants: physiological, biochemical, and molecular charac-
terization // Intl. J. Genomics. – 2014. – P. 7011596.  https://
doi.org/10.1155/2014/701596. 

55. Hernandez, I.A. Salinity tolerance in plants: Trends 
and prospective // Intl. J. Mol. Sci. – 2019. – Vol. 20(10). – P. 
2408. https://doi.org/10.3390/ijms20102408. 

56. Van Zelm, E., Zhang, Y., Testerink, C. Salt toler-
ance mechanisms of plants // Ann. Rev. Plant. Biol. – 2020. 
– Vol. 71. – P. 403-433. https://doi.org/10.1146/annurev-ar-
plant-050718-100005. 

57. Van der Heijden, M.G.A., Klironomos, J.N., Ursic, M., 
Moutoglis, P., Streitwolf-Engel, R., Boller, T., Wiemken, A., 
Sanders, I.R. Mycorrhizal fungal diversity determines plant 
biodiversity, ecosystem variability and productivity // Nature. 
– 1998. – Vol. 396. – P. 69-72. https://doi.org/10.1038/23932. 

58. Gianinazzi, S., Gollotte, A., Binet, M.N., Tuinen, D., 
Redecker, D., Wipf, D. Agroecology: the key role of arbuscu-
lar mycorrhizas in ecosystem services // Mycorrhiza. – 2010. 
– Vol. 20. – P. 519–530. https://doi.org/10.1007/s00572-010-
0333-3. 

59. Iqbal, N., Ashraf, M., Ashraf, M., Azam, F. Effect of 
exogenous application of glycinebetaine on capitulum size 
and achene number of sunflower under water stress // Intl. J. 
Biol. Biotech. – 2005. – Vol. 2. – P. 765–771.

60. Mascher, R., Nagy, E., Lippmann, B., Hornlein, S., 
Fischer, S., Scheiding, W., Neagoe, A., Bergmann, H. Im-
provement of tolerance to paraquat and drought in barley 
(Hordeum vulgare L.) by exogenous 2-aminoethanol: effects 
on superoxide dismutase activity and chloroplast ultrastruc-
ture // Plant Sci. – 2005. – Vol. 168. – P. 691–698. https://doi.
org/10.1016/j.plantsci.2004.09.036. 

61. Smith, S.E., Facelli, E., Pope, S., Smith, F.A. Plant 
performance in stressful environments: interpreting new and 
established knowledge of the roles of arbuscular mycorrhi-
zas // Plant Soil. – 2010. – Vol. 326. – P. 3-29. https://doi.
org/10.1007/s11104-009-9981-5. 

62. Foud, M.O., Essahibi, A., Benhiba, L., Qaddoury, A. 
Effectiveness of arbuscular mycorrhizal fungi in the protec-
tion of olve plants against oxidative stress induced by drought 
// Spanish. J. Agric. Res. – 2014. – Vol. 12. – P. 763-771. 
https://doi.org/10.5424/sjar/2014123-4815. 

63. Pavithra, D., Yapa, N. Arbuscular mycroohizal fungi 
inoculation enhances drought stress tolerance of plants // 
Ground Water Sustain. – 2018. – Vol. 7. – P. 490-494. https://
doi.org/10.1016/j.gsd.2018.03.005. 



13

Journal of Biological Research 1 (4), 2024: pp. 1-14. 

64. Evelin, H., Devi, T.S., Gupta, S., Kapoor, R. Miti-
gation of salinity stress in plants by arbuscular mycorrhi-
zal symbiosis: Current understanding and new challenges // 
Front. Plant. Sci. – 2019. – Vol. 12. – P. 1-21. https://doi.
org/10.3389/fpls.2019.00470.

65. Pereira, S.I.A., Abreu, D., Moreira, H., Vega, A., Cas-
tro, P.M.L. Plant growth-promoting rhizobacteria (PGPR) im-
prove the growth and nutrient use efficiency in maize (Zea 
mays L.) under water deficit conditions // Heliyon. – 2020. – 
Vol. 6. – P. 1-9. https://doi.org/10.1016/j.heliyon.2020.e05106. 

66. Ullah, A., Bano, A., Khan, N. Climate change and sa-
linity effects on crops and chemical communication between 
plants and plant growth-promoting microorganisms under 
stress // Front. Sustain. Food. Syst. – 2021. – Vol. 5. – P. 1-16. 
https://doi.org/10.3389/fsufs.2021.618092.  

67. Li, Y., Xu, J., Hu, J., Zhang, T., Wu, X., Yang, Y. Ar-
buscular Mycorrhizal Fungi and Glomalin Play a Crucial Role 
in Soil Aggregate Stability in Pb-Contaminated Soil // Intl. J. 
Environ. Res. Public Health. – 2022. – Vol. 9. – P. 5029-5044. 
https://doi.org/10.3390/ijerph19095029. 

68. Sanchez, B.M.J., Ferrandez, T., Morales, M.A., Morte, 
A., Alarcon, J.J. Variations in water status, gas exchange, and 
growth in Rosmarinus officinalis planted infected with Glo-
mus deserticola under drought conditions // J. Plant. Physiol. – 
2004. – Vol. 161. – P.  675-682. https://doi.org/10.1078/0176-
1617-01191. 

69. Correia, M.J., Coelho, D., David, M.M. Response to 
seasonal drought in three cultivars of Ceratonia siliqua: Leaf 
growth and water relations // Tree Physiol. – 2001. – Vol. 21. 
– P. 645-653. https://doi.org/10.1093/treephys/21.10.645. 

70. Singh, B., Usha, K. Salicylic acid induced physiolog-
ical and biochemical changes in wheat seedlings under water 
stress // Plant Growth. Regu. – 2003. – Vol. 39. – P. 137–141. 
https://doi.org/10.1023/A:1022556103536. 

71. Querejeta, J.I., Egerton-Warburton, L.M., Prieto, I., 
Vargas, R., Allen, M.F. Changes in soil hyphal abundance and 
visbility can alter the patterns of hydraulic redistribution by 
plant roots // Plant Soil. – 2012. – Vol. 335. – P. 63-73. https://
doi.org/10.1007/s11104-011-1080-8. 

72. Gong, M., Tang, M., Chen, H., Zhang, Q., Feng, X. 
Effect of two Glomus species on the growth and physiolog-
ical performance of Sophora davidii seedlings under water 
stress // New. For. – 2013. – Vol. 44. – P. 399-408. https://doi.
org/10.1007/s11056-012-9349-1. 

 73. Boutasknit, A., Mohamed, M.B.,  Mokhtar, A.E.,  
Laouane, R.B.,  Douira, A., Cherkaoui, E., Modafar, I., Mitsui, 
T., Said Wahbi, S.,  Meddich, A. Arbuscular mycorrhizal fungi 
mediate drought tolerance and recovery in two contrasting 
carob (Ceratonia siliqua L.) ecotypes by regulating stomatal, 
water relations, and in organic adjustments // Plants. – 2020. 
– Vol. 9. – P. 1-19. https://doi.org/10.3390/plants9010080. 

74. Ruiz-Lozano, J.M., Porcel, R., Azcon, C., Aroca, R. 
Regulation by arbuscular mycorrhizae of the integrated physi-
ological response to salinity in plants: new challenges in phys-
iological and molecular studies // J. Exp. Bot. – 2012. – Vol. 
63. – P. 695-709. https://doi.org/10.1093/jxb/ers126. 

75. Auge, R.M., Stodola, A.J.W., Tims, J.E., Saxton, 
A.M. Moisture-retention properties of a mycorrhizal soil 
// Plant Soil. – 2001. – Vol. 230. – P. 87-97. https://doi.
org/10.1023/A:1004891210871. 

76. Auge, R.M., Toler, H.D., Saxton, A.A. Arbuscular my-
corrhizal symbiosis and osmotic adjustment in response to 
NaCl stress: a meta analysis // Front. Plant. Sci. – 2014. – Vol. 
5. – P. 562. https://doi.org/10.3389/fpls.2014.00562. 

77. Khalloufi, M., Martinez, C.A., Lachaal, M., Bouraoui 
Alfocea, F.A., Albacete, A. The interaction between foliar 
GA3 application and arbuscular mycorrhizal fungi inocula-
tion improves growth in salinized tomato (Solanum lycop-
ersicum L.) plants by modifying the hormonal balance // J. 
Plant. Physiol. – 2017. – Vol. 214. – P. 134-144. https://doi.
org/10.1016/j.jplph.2017.04.012. 

78. Driver, J.D., Holben, W.E.,  Rilling, M.C. Character-
ization of glomalin as a hyphal wall component of arbuscu-
lar mycorrhizal fungi // Soil. Biochem. – 2005. – Vol. 37. – P. 
101-106. https://doi.org/10.1016/j.soilbio.2004.06.011. 

79. Kemper, W.D., Rosenau, R.C. Aggregate stability and 
size distribution. In: Klute, A. Ed., Methods of soil analysis. 
Part 1. Agronom Monograph 9. 2nd ed., Madison, Wiscon-
sin, 1986. – P. 425-442.

80. Rilling, M.C. Arbuscular mycorrhizae, glomalin, and 
soil aggregation // Can. J. Soil. Sci. – 2004. – Vol. 4. – P. 355-
363. http://dx.doi.org/10.4141/S04-003. 

81. Rilling, M.C., Steinberg, P.D. Glomalin production by 
an arbuscular mycorrhizal fungus: mechanism of habitat mod-
ification // Soil. Biol. Biochemi. – 2002. – Vol. 34. – P. 1371-
1374. http://dx.doi.org/10.1016/S0038-0717(02)00060-3. 

82. Bedini, S., Pellergino, E., Avio, L., Pellergino, S., Ba-
zzoffi, P., Argese, E., Giovannetti, M. Changes in soil aggre-
gation and glomalin-related soil protein content as affected 
by the arbuscular mycorrhizal fungal species Glomas mos-
sae and Glomas intraradices // Soil. Biol. Biochem. – 2009. 
– Vol. 41. – P. 1491-1496. http://dx.doi.org/10.1016/j.soil-
bio.2009.04.005.  

83. Wang, S., Wu,. QS., He, X.H. Exogenous easily extrat-
able glomalin-related soil protein promotes aggregation, rel-
evant soil enzyme activities and plant growth in trifoliate or-
ange // Plant Soil. Env. – 2015. – Vol. 61. – P. 66-71. https://
doi.org/10.17221/833/2014-PSE. 

84. Vanwindekens, F.M., Hardy, B.F. The Quanti Slake 
Test, measuring soil structural stability by dynamic weighing 
of undisturbed samples immersed in water // Soil. – 2023. – 
Vol. 9. – P. 573-591. https://doi.org/10.5194/soil-9-573-2023.  



14

Type: Original Research. https://doi.org/10.70264/jbr.v1.4.2024.1

УДК: 613.166.9

РОЛЬ ПОЛЕЗНЫХ ПОЧВЕННЫХ МИКРООРГАНИЗМОВ В СМЯГЧЕНИИ ПАГУБНЫХ 
ПОСЛЕДСТВИЙ СТРЕССА ЗАСОЛЕНИЯ У ALLIUM FISTULOSUM

Paris Chakravarty1* и Charles Zhang1

1 Лаборатория Пастера, 158 N Глендора, Калифорния 91741, США

*Автор корреспондент: Paris Chakravarty, microbiology99@gmail.com.

АБСТРАКТ

За последние несколько десятилетий уровень моря поднялся в основном из-за глобального потепления. Это вы-
звало наводнения и повышенную соленость низколежащих прибрежных сельскохозяйственных земель. В результате 
засоления производство сельскохозяйственных культур серьезно сократилось. Настоящее исследование оценило влия-
ние гриба арбускулярной микоризы Rhizophagus irregularis и ризосферной бактерии Pseudomonas fluescens, по отдель-
ности и в двойной инокуляции, на выживаемость, рост, микоризную колонизацию, усвоение питательных веществ, 
выработку гломалина и агрегацию почвы растений зеленого лука в условиях засоления. В засоленности почвы вы-
живаемость сеянцев, рост, общая биомасса, усвоение питательных веществ, выработка гломалина и агрегация почвы 
значительно увеличились при инокуляции R. irregularis и P. fluescens. Двойная инокуляция R. irregularis и P. fluescens 
оказалась лучше, чем одиночная инокуляция. Pseudomonas fluescens стимулировала микоризную колонизацию в засо-
ленных почвах. Полученные результаты показывают, что арбускулярные микоризные грибы и полезные ризосферные 
бактерии обладают потенциалом для смягчения стресса от засоления у A. fistulosum.

Ключевые слова: глобальное потепление, устойчивость к засолению, Pseudomonas fluorescens, Rhizophagus 
irregularis, зеленый лук.
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АҢДАТПА

Соңғы бірнеше онжылдықта теңіз деңгейі негізінен жаһандық жылынуға байланысты көтерілді. Бұл су тасқынына 
және теңіз жағалауындағы ауылшаруашылық алқаптарында тұздылықтың жоғарылауына әкелді. Тұзданудың салда-
рынан егін шаруашылығы күрт төмендеді. Бұл зерттеуде Rhizophagus irregularis арбускулярлы микоризалы саңыра-
уқұлақтың және ризосфералық Pseudomonas fluescens бактериясының жеке және қосарланған егу кезінде тіршілік 
етуіне, өсуіне, микоризаның колонизациясына, қоректік заттардың алынуына, сортаңдану жағдайында өсімдіктердің 
сортаңдануына әсері бағаланды. Топырақтың тұздылығында R. irregularis және P. fluescens егу кезінде өскіндердің 
тіршілігі, өсуі, жалпы биомассасы, қоректік заттардың сіңуі, гломалиннің түзілуі және топырақтың агрегациясы ай-
тарлықтай артты. R. irregularis және P. fluescens екі рет егу бір реттік егуден жоғары болды. Pseudomonas fluescens 
тұзды топырақта микоризалардың колонизациясын ынталандырды. Нәтижелер арбускулярлы микоризальды саңыра-
уқұлақтар мен пайдалы ризосфералық бактериялардың A. fistulosum-дағы тұздылық стресін азайтуға мүмкіндігі бар 
екенін көрсетеді.

Түйін сөздер: жаһандық жылыну, тұздылыққа төзімділік, Pseudomonas fluorescens, Rhizophagus irregularis, жа-
сыл пияз.


