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arbuscular mycorrhizal fungi (Knowns and unknowns)
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Article Info Extended Abstract

Background and Objectives: The many advantages of establishing symbiosis between

Received: arbuscular mycorrhizal (AM) fungi and most plants, including agricultural and
July 6, 2024 horticultural plants, especially in terms of the growth and nutritional components
Accepted: of the host plant, have given special importance to this symbiosis. Increasing CO?
November 18, 2024 fixation by the host plants, they participate in the global carbon cycle, and as a

result, they increase the organic carbon stock of the soil and in a way participate in
the control of global temperature increase. It is now well documented that AM

ﬁeb’;v%"r?r?' fungi improve mineral nutrition, particularly phosphorus (P) nutrition of the host
E)?terﬁal-internal plant. This beneficial effect of AM symbiosis is due primarily to enhanced P
Hyphae uptake by mycorrhizal roots. Mycorrhizal colonization can also improve the
Homeostasis phosphorus nutrition of the host plant under abiotic and biotic stresses such as
PolyP drought, salinity, oil pollutants, heavy metals and plant diseases. The synergistic
P transporters effects between mycorrhizal fungi and a special group of useful soil

microorganisms such as nitrogen fixing bacteria and phosphate solubilizing
bacteria will lead to the improvement of plant phosphorus nutrition and ultimately
lead to an increase in plant growth components. The basis of this symbiosis is the
two-way exchange of nutrients that takes place in a unit consisting of the arbuscule
and the host plant cell as "the central unit of symbiosis or the heart of symbiosis".

Corresponding
author's email:
nadian_habib@yahoo.c

el Although the results of studies show the beneficial role of these fungi, due to the

specific complexities of symbiotic relationships, there is still no complete
DOI: understanding of the mechanisms of this symbiosis. Thus, extensive studies have
10.22092/SBJ.2024.36 been conducted with physiological, biochemical and molecular approaches.
6288.267 However, our understanding of the mechanism of this transfer, the exact route of

this transfer and the transporters involved in transferring P to the host plant are not
well known. The objective of this article is to review the new findings of P uptake
and transport mechanisms in AM plants. It is focused particularly on the routes of
P transfer, the contribution of each of these two symbionts in P uptake and transfer
it and the mechanisms involved. With the advancement of this knowledge and a
complete understanding of the hidden concepts of the fungus-plant relationship, it
is possible to develop strategies for plant products by increasing the productivity
of this symbiosis, especially in areas facing abiotic and biotic stresses.



mailto:nadian_habib@yahoo.com
mailto:nadian_habib@yahoo.com
mailto:nadian_habib@yahoo.com
https://doi.org/10.22092/sbj.2024.366288.267
https://doi.org/10.22092/sbj.2024.366288.267
https://orcid.org/0000-0003-1466-1742

e YKyl 58 Lz, b e jen DLLS s i Jsl p wd 550 /108

Materials and Methods: The materials and methods used in the studies of mycorrhizal
symbiosis including the mechanisms of phosphorus uptake and transfer and other
related topics, are very diverse, and only a few of them are mentioned here. The
use of labelled phosphorus and a compartment culture system has been used to
determine the contribution of each of the two symbionts in the uptake and transfer
of P. In genomic studies (Gene expression analysis), quantitative PCR have been
used to determine DNA and RNA. Fluorescence microscope and 4,6-diamidino-2-
phenylindole (DAPI) staining method are used to visible polyphosphates in
arbuscules (young arbuscules, mature arbuscules and degenerated arbuscules) and
intraradical hyphae of AM fungi.

Results: The findings of this review show that the P uptake and transport in AM plants takes
place through two different pathways, one directly through the plant root and the other
indirectly through the external hyphae of the fungus. These two paths interact with each
other in a complex and sometimes unknown way. Physiological approaches using labelled
phosphorus to trace the relative contribution of direct and fungal pathways in plant P
nutrition show that the contribution of the fungal pathway varies from negligible to almost
all plant phosphorus. The reported results indicate that not only the percentage of root
colonization, but also the total length of external hyphae and phosphorus concentration are
very important in determining the contribution of direct and indirect pathways. Transporters
involved in P uptake and transport belong to several families. The PHT family with 5
subfamilies (PHT1, PHT2, PHT3, PHT4, and PHT5) based on their sequence and location
has a vital role in P transport. Among these transporters, the PHT1 transporters play an
important role in P uptake from the rhizosphere, its distribution and homeostasis. The results
of molecular studies show that when Arabidopsis thaliana receives enough P, at least 4
transporters (PHT1,1-4) are involved in P uptake. Among these four transporters, PHT1,1
is the transporter that contributes the most to the uptake and transfer of P from the roots to
the leaves of the plant. Most of the P absorbed in the tonoplast is polymerized and a linear
chain of polyphosphate with high-energy bonds that can reach the number of 3 to thousands
of units is formed inside the vacuole. Polyphosphates are transported mainly through a
cytoplasmic stream along a tubular vacuole system towards the intraradical hyphae. How
and by what molecular mechanism P is delivered to the host plant is not well known.
However, three hypothetical pathways for P delivery to the plant have been proposed.

Conclusion: A set of plant and fungal transporters are responsible for absorbing,
translocation, distributing, accumulating and redistributing P (P homeostasis) in a
mycorrhizal plant in an interconnected, precise, complex and sometimes unknown
process. However, the mechanism of this transfer, the interaction of plant and
fungal transporters in the absorption and transfer of P and its delivery to the host
plant not well known. Much work conducted focusing on biomolecular and
physiological studies to better understand these mechanisms. Although many
advances have been made to elucidate the complex mechanisms for the integrated
roles of nutrient transport in AM symbiosis, much research work needs to be done
to improve our understanding of these mechanisms and to answer the key
questions. With the progress of this knowledge and a complete understanding of
the complex relationships between fungi and plants, it is possible to develop plant
product strategies by increasing the efficiency of this symbiosis, especially in areas

facing biotic and abiotic stresses.

Cite this article: Nadian Ghomsheh, H., 2024. Phosphorus uptake and transport mechanism in symbiotic plants
with arbuscular mycorrhizal fungi (Knowns and unknowns). Soil Biology Journal, 12 (2), 155-190.
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'Arbuscular mycorrhizal fungi
" Glomeromycota
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8 Glomus sp.- Allium cepa L.
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alexandrinum L.
¢ Trifolium subterraneum
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" Strigolactones
'* Germ tube

'* Myco factor
'* Signaling
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" Homeostasis
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Background and Objectives:The leakage of petroleum compounds into ecosystems
Received: poses a severe risk to both environmental health and human safety. Various
September 14, 2024 physical and chemical methods are utilized to remediate oil-contaminated soils;
Accepted: however, many of these methods are underutilized due to high costs and adverse
December 29, 2024 environmental impacts. Physical methods are relatively cost-effective. However,
they often fail to completely eliminate contaminants and may cause phase
Keywords: transitions in pollutants. Chemical methods, including precipitation, chemical
Bioremediation oxidation, and the use of Fenton's reagent, are expensive and have adverse
Biosurfactant environmental consequences. Bioremediation, by contrast, is widely employed
crude oil approach for the treating petroleum-contaminated soils due to its economic and
drillingmud environmental advantages. This method relies on microorganisms to enzymatically
phosphate degrade petroleum compounds into water and carbon dioxide. One major challenge
solubilization in bioremediation is the limited availability of essential nutrients , particularly
phosphorus, in contaminated soils. Research indicates that oil contamination
Corresponding markedly reduces the bioavailable phosphorus in soil, creating a critical limitation
author's email: factor for plant growth and the success of bioremediation efforts. To address this
shayan_shariati@ut.ac.ir phosphorus deficiency, phosphate-solubilizing bacteria (PSBs) capable of
Pourbabaei@ut.ac.ir converting inorganic phosphate into a bioavailable form, can effectively mitigate
phosphorus deficiency in soil. This study aimed to isolate microorganisms with
DOI: dual capabilities of degrading crude oil and solubilizing phosphate from drilling
10.22092/SBJ.2024.36 mud and to assess their impact on soil phosphorus levels post-inoculation.
6874.268
Materials and Methods: Bacterial strains were isolated using enrichment techniques
from drilling mud with high total petroleum hydrocarbon (TPH) contamination to
enhance bioremediation and soil phosphorus availability. Their ability to utilize
crude oil as the sole carbon and energy source was evaluated through three assays:
growth on mineral salt medium (MSM) agar, growth in MSM, and crude oil
degradation in MSM using a gravimetric method. Then, phosphate solubilization
capability was determined using the spot-on-plate method in Sperber-agar,
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employing tricalcium phosphate [Cas(PQOa,)2] as the insoluble phosphate source.
Next, biosurfactant production was assessed using oil spreading, surface tension,
and emulsification index (E24) assays, with crude oil as the carbon source. The
isolates were phenotypically identified. Subsequently a soil microcosm experiment
was designed using a completely randomized design with two treatments and six
replicates in glass containers containing 300 grams of contaminated soil finally.
The three most effective isolates were combined in equal proportions and
inoculated into contaminated soil. The available phosphorus content in the soil was
measured using the sodium bicarbonate extraction method at the start (day 0) and
after 30 days of incubation at 27°C. Data analysis, including variance analysis and
graphical representation, was conducted using Minitab and Excel software,
respectively.

Results: Seven distinct bacterial isolates were obtained from contaminated drilling mud
following the enrichment stage. Crude oil degradation assays in MSM showed that
isolates NW1, NW5, and NW?7 achieved degradation rates of 20.6%, 19.66%, and
15.53%, respectively. Additionally, isolates NW2, NW7, and NW4 demonstrated
growth rates (ODggo) of 0.35, 0.35, and 0.31, respectively, over seven days.
Phosphate solubilization tests indicated that isolates NW7 and NW5 achieved the
highest solubilization indices of 3.76 and 2.83 on Sperber-agar, respectively
(p<0.05). Based on these results, isolates NW1, NW2, and NW7 were selected for
further experiments. In biosurfactant production tests, isolate NW2 exhibited the
largest oil spread zone (1.26 cm) and the highest emulsification index (46.7%),
significantly outperforming other isolates. The cumulative results indicated that
NW?2 was the most effective biosurfactant producer. Phenotypic identification
classified NW1, NW2, and NW?7 as belonging to the genera Pseudomonas,
Bacillus, and Rhodococcus, respectively. In the soil microcosm experiment, the
bacterial consortium significantly increased soil-available phosphorus from 3.4
mg/kg to 8.46 mg/kg compared to the control (p<0.05).

Conclusion: Qil compound spills have detrimental effects on ecosystems and human
health, and conventional remediation methods are costly and environmentally
unsustainable. In contrast, bioremediation provides a sustainable and economical
solution by employing microorganisms to degrade petroleum hydrocarbons.
However, nutrient deficiencies, especially phosphorus, in contaminated soils
restrict its efficiency. This study aims to isolate and evaluate oil-degrading and
phosphate-solubilizing microorganisms from contaminated drilling mud, with the
aim of increasing bioremediation efficiency and soil phosphorus levels. Among
the seven isolated bacteria, NW1, NW2, and NW7 showed promising hydrocarbon
degradation and phosphate solubilization capabilities and were identified as
Pseudomonas, Bacillus, and Rhodococcus, respectively. Inoculating these strains
significantly increased soil-available phosphorus, underscoring their potential to
improve both bioremediation efficiency and soil fertility. Future studies should
explore the phosphorus solubilization capabilities of these isolates in soils with
varying salinity, pH, and total phosphorus levels. Additionally, the impact of
bacterial immobilization on different carriers for phosphorus solubilization in soil
represents an interesting topic that has not yet been explored.
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Background and Objectives: In the past decades, due to the use of chemical fertilizers,

Received: there were many environmental effects, including water and soil pollution and
June 10, 2024 problems related to the health of humans and other living organisms. The policy of
Accepted: sustainable agriculture and sustainable development of agriculture led experts to
November 23, 2024 get more help from living organisms in the soil in order to meet the plant's

nutritional needs. Many studies are carried out in order to sustain hazelnut farming
and increase productivity. Work aimed at improving soil performance often
considers soil physical and chemical properties, but biological properties are
equally important and often neglected. One of the new solutions in sustainable
agriculture in order to reduce the negative effects of biological and environmental
stresses is the use of beneficial soil microorganisms as biological fertilizers.
Biological methods are one of the most useful and environmentally friendly
methods for improving the growth and nutrition of plants in harsh environmental
conditions. Microorganisms present in biofertilizers in different ways such as
production of plant hormones such as auxins, cytokinins, gibberellins, prevention
of ethylene production, biofixation of nitrogen, dissolution of mineral phosphates,
mineralization of organic phosphates and other food elements, as well Dealing with
plant pathogens by producing siderophores, making antibiotics, enzymes or
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m fungicidal compounds and competing with harmful microorganisms in the soil

improve the growth and performance of plants and their product quality.
DOl: Biofertilizers are less expensive and do not cause environmental pollution. Gilan
10.22092/SBJ.2024.36 province, having more than 19,000 hectares of hazelnut orchards, with the
6006.264 traditional nature of the orchards, the lack of use of modern methods of agricultural

operations, including nutrition, are the main factors of low yield and have recently
faced the problem dieback of branches. One of the new solutions in sustainable
agriculture is to evaluate the performance of plants under stressful conditions,
using beneficial soil microorganisms as biological fertilizers to reduce the damage
caused by environmental stress. Biological methods are one of the very useful and
environmentally friendly methods to improve the growth and nutrition of plants in

stressful conditions.
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Materials and Methods: In order to investigate the combined effect of chemical
fertilizers, Pseudomonas bacteria (PGPR) and Trichoderma fungi on some
morpho-physiological traits of orchards with red rot in two experimental orchards
of Rudsar city on hazelnut trees in a randomized complete block design with five
Treatment and three repetitions (each treatment and each repetition including three
trees) were carried out in the two crop years of 1401-1400. The treatments include:
T1- control (gardener custom) T2- soil consumption of 20 kilograms of animal
manure for each tree + chemical fertilizer recommendation based on the priority of
the feeding plan T3- (T2+ growth-improving bacteria) T4- (T2+ Trichoderma
mushroom) T5- (T2+ combination of Trichoderma fungi and growth-improving
bacteria). Trichoderma fungus will be equal in population (6x107) per gram and
Pseudomonas fluorescens bacterium (5x108) per gram, which was obtained as a
growth stimulant from Soil and Water Research Institute of Iran. In order to
inoculate trees with Trichoderma fungus and Pseudomonas bacteria, it was used
under each tree by mixing with animal manure and manure.

Results: According to the results of the variance analysis of the data related to the
concentration of macro and micro elements in the first year, the effect of chemical
fertilizers and the use of trichoderma fungi and growth-stimulating bacteria on the
concentration of nitrogen, potassium, zinc, manganese, calcium and magnesium
elements in the leaves of hazelnut trees with dieback It is not significant, but the
effect of these fungi, bacteria and chemical fertilizers on the concentration of
phosphorus and iron elements in the leaves of hazelnut trees is significant at the
level of five percent. The results showed that the fifth treatment (combination of
chemical fertilizer, organic matter and the use of Trichoderma fungus and
Pseudomonas bacteria) had the most positive effects on the studied traits. These
biological factors increased the absorption of nutrients, phosphorus, nitrogen, iron
and copper by 68.33, 28.13, 172.48 and 146.33% respectively in hazelnut trees,
which led to an increase in greenness and reduction of leaf necrosis in orchards.
The integrated use of chemical and biological fertilizers, especially in combination,
had an effective role in removing the slowness and stopping the growth and
improving the dieback of the branches. This treatment caused a significant increase
in vegetative parameters such as leaf width (39.53%), length of branch heads
(80.21%), chlorophyll index (100.70%) and yield (28.57%) of hazelnut trees.

Conclusion: The results showed that T4 and T5 treatments had the most effects on the
studied traits, and the use of Trichoderma fungi and growth-improving bacteria
together played a more effective role in significantly increasing vegetative
parameters such as leaf width, leaf weight, branch length, They had chlorophyll
index as well as performance characteristics such as fruit length, fruit width, fruit
weight and total yield. These biological factors improved the absorption of
nutrients such as phosphorus, copper and iron by hazelnut trees. Therefore, the
combined use of Trichoderma fungus and growth-improving bacteria along with
organic matter and chemical nutrients were recommended for hazelnut trees with

dieback in the region.

Cite this article: Lahiji, A., and Rejali, F., 2025. Investigating the effect of biofertilizers on improving the
absorption of nutrients, growth and yield of hazelnut (Corylus avellana L.) trees in Eshkavrat area of Rudsar city
in Gilan province. Soil Biology, 12 (2),213-233.
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Background and Objectives: Using chemical fertilizers is the primary method of plant
nutrition in agriculture, however, it has a high potential for contamination of water,
soil, plants, animals and humans; therefore, it is crucial to provide solutions based
on sustainable development for crop production. One of the solutions is to use the
potential of beneficial soil microorganisms including plant growth-promoting
rhizobacteria (PGPR). The PGPR are a large group of beneficial soil bacteria that
affect plant growth through various mechanisms including, production growth-
promoting substances such as auxin, solubilization of insoluble organic and
inorganic phosphates, production of siderophores, and potassium releasing from soil
clay minerals such as biotite and moscuvite. Having positive impact of PGPR on
plant growth has led to their use as biofertilizers or inoculants in agriculture. One of
the most essential components of a biofertilizer is microorganisms. The most
important and well-known PGPRs include Azotobacter, Pseudomonas, Bacillus,
and Azospirillum. The aim of this research was to compare these four groups, native
to Iraninan soils regarding plant growth-promoting characteristics and to identify
superior strains that can be investigated in future research as biofertilizers. Such a
comparison has not been done in the country on different groups of PGPR.

Materials and Methods:In this research, 63 strains of PGPR including 13 Azotobacter,
10 Azospirillum, 21 Bacillus, and 19 Pseudomonas strains were used obtained from
the microbial culture collection of Soil and Water Research Institute which were
previously isolated across from different agricultural soils of Iran. The strains were
screened and compared regarding plant growth-promoting characteristics. The
ability of strains to produce auxin evaluated using Salkowski reagent method at the
levels 0 and 50 mg/L L-tryptophan. The siderophore assayed using the CAS-agar
method, calculating the ration of halo-to-colony diameter. The extracellular
polysaccharides (EPS) were measured weighting the dried precipitated substances.
The ability to solubilize inorganic and organic phosphates was investigated by
calculating the ratio of halo to colony diameter in Pikovskaya's agar medium.
Alexandrov's method was used to investigate the ability of released potassium from
muscovite and biotite soil clay minerals. The NBRIP culture medium, was used to
evaluate the ability to dissolve insoluble iron phosphate. All experiments were
performed in triplicate and the statistical analysis of data done using SAS software.
Means were compared and grouped by the least significant difference (LSD)
method at the 5% probability level.
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Results: The results showed that Pseudomonas strain P214 produced 51.68 pg/mL of
auxin at 50 mg/L of L-tryptophan and 48.72 ug/mL in the absence of L-tryptophan
(0 mg/L). For mineral and organic phosphate solubilization, Pseudomonas P187 and
P186 demonstrated the highest indices, with halo-to-colony diameter ratios of 2.59
and 4.13, respectively. Siderophore production by the Pseudomonas group was
significantly higher than that of the other three groups, with strain P188 exhibiting
the greatest capacity, achieving a halo-to-colony diameter ratio of 3.38.
Additionally, Pseudomonas exhibited the strongest ability to solubilize insoluble
iron phosphate, with strain P192 recording the highest halo-to-colony diameter ratio
of 4.45. Among potassium-releasing strains, Bacillus B517 showed the highest
release from biotite, with a value of 33.33 g/L, while B326 exhibited the highest
release from muscovite, with a value of 24.67 g/L. Finally, strain P526 produced
the highest quantity of extracellular polysaccharides, with a value of 84.6 g/L.

Conclusion:In this research, 63 strains belonging to four groups of plant growth
promoting rhizobacteria (PGPR) native to Iranian soils obtained from culture
collection of Soil and Water Research institute including Pseudomonas (19 strains),
Azotobacter (13 strains), Bacillus (21strains) and Azospirillum (10 strains) were
investigated and compared in terms of plant growth-promoting characteristics. The
results showed that the Pseudomonas group showed a significant difference from
the other groups regarding siderophore production, solubilization of insoluble iron
phosphate, extracellular polysaccharides, and solubility of mineral and organic
phosphates. Pseudomonas and Azotobacter groups produced the highest indole
acetic acid at 0 and 50 mg/L L-tryptophan levels. The Bacillus group had the highest
ability to release potassium from biotite and Pseudomonas from muscovite. The
Pseudomonas had superior strains in most of the plant growth-promoting
characteristics, however, considering that other groups showed superiority in some
other characteristics, it is suggested to use a Consortium of superstrains of each
group should be used as inoculants or biofertilizers in the future research.
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Background and objective:Legumes are one of the most important vegetable sources
rich in protein and the second most important human food source after cereals. 64% of
the cultivated area of legumes in Iran is related to the cultivation of chickpeas, which
ranks third among the crops in terms of cultivated area, after wheat and barley.
Chickpeas are often cultivated in dry conditions and the yield of this crop in Iran is
very low compared to the global average yield of chickpea producing countries.
Waterdeficit is one of the important factors that reduce the yield of this plant.The
present study has identified the most effective nitrogen-fixing rhizobium bacterium for
chickpea of Anna variety and investigated its interaction with arbuscular mycorrhizal
fungus (Rhizophagusintraradices) in the yield and quality of chickpea seeds.

Material and Methods:This project was done in three stages: In the first stage, 53
rhizobium isolates available in the microbial collection of the Soil and Water Research
Institute of Iran were cultured. The second phase of the project was a greenhouse,
which was carried out in two phases: the purpose of the first phase of this stage was to
determine the most effective rhizobium bacteria symbiotic with the pea plant (Anna
cultivar). For this purpose, rhizobium isolates were inoculated into chickpea plants and
subjected to the plant contamination test. After about a month, the presence or absence
of nodules on the roots of chickpea seedlings was checked. The isolates that were able
to form nodules on the chickpea root system were transferred to the next phase. In the
second phase of the second stage, during another greenhouse test and in comparison
with specific levels of nitrogen, the molecular stabilization ability of the selected
isolates using leonard jar containers and then measuring the amount of nitrogen by the
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Keldahl method as well as measuring the acetylene reduction process. Among the
tested, the isolates which had the best result, was transferred to the next phase. The
third (final) stage of the research was carried out in the fields of Sararood rain research
station in the cropping season of 1400-1401. Chickpea cultivation in this area is done
in a rainfed manner. In this factorial experiment, in the form of randomized complete
block design, The first factor, fungal treatment in two levels of inoculation with
arbuscular mycorrhizal fungus and without arbuscular mycorrhizal fungus. The second
factor, bacterial treatment at two levels of inoculation with C-110 bacteria and without
bacteria. The third factor was the levels of chemical fertilizers in two levels without
fertilizer and optimal fertilizer consumption (50 kg/ha of urea before planting, 50 kg/ha
of urea and 25 kg/ha of potassium sulfate containing zinc chelate in the form of side-
dressing fertilizer in the spring season).The seed inoculation method was used to use
mycorrhizal fungi and rhizobium bacteria. After the growth period, grain yield,
biomas, number of side branches per plant and quality of chickpea seeds were
measured.

Results: Among the 53 isolates of rhizobium, 42 isolates were able to form nodules on
the chickpea root system, and after testing the second phase of the second stage, isolate
C-110 had the best result and was transferred to the next phase. The results of the third
stage showed that the application of mycorrhizal bacteria, rhizobium C-110 and
fertilizer, increased grain yield, biomas, number of side branches per plant and grain
quality (nitrogen, phosphorus and zinc) in Sararood research stations.

Conclusion:The general results of this research indicated that although the waterdeficit
in rainy conditions caused a decrease in the examined traits, the use of microorganisms
(arbuscular mycorrhizal fungus and rhizobium C-110 bacteria) could reduce the
negative effect of Waterdeficit and In the regions of the country where legumes are
grown and there is water stress, the use of these two microorganisms can reduce the
negative effects of water stress, and since climate change and some agricultural
management practices, such as tillage and excessive use of chemical fertilizers, in have
played a role in the destruction of soil fertility, these microorganisms can be used for
ecosystem health and increasing productivity in agriculture. It is obvious that the
symbiosis of mycorrhizal fungi and rhizobium bacteria in each stress and each plant
should be investigated separately in order to be able to identify the appropriate species
for those conditions so that plants can be helped by the correct use of this triple
symbiosis. In other words, the condition for effective symbiosis is the existence of a
completely efficient and specific bacterial isolate for the host plant And it should be
provided in sufficient quantity from the initial stages of growth. But in general, it can
be said that the symbiosis between mycorrhizal fungi and rhizobium bacteria in
legumes improves plant growth and makes plants more tolerant of living and non-
living stresses. The efficiency potential of these materials will be revealed when all
agricultural operations are carried out at the right time and place with the help of
appropriate tools.
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Background and objective: The growing global population and increasing food demand
necessitate sustainable agricultural practices that enhance productivity while minimizing
environmental impact. Conventional agriculture's reliance on synthetic inputs has led to
significant environmental degradation. In this context, integrating biotechnological approaches,
particularly using plant growth-promoting bacteria (PGPR) and nanotechnology, offers a
promising strategy. PGPR, a diverse group of rhizosphere bacteria, promote plant growth
through direct mechanisms like enhancing nutrient availability (nitrogen fixation, phosphorus
solubilization, potassium mobilization), producing phytohormones (auxins, gibberellins,
cytokinins), and synthesizing siderophores. Indirect mechanisms involve suppressing pathogens
through antibiotics, lytic enzymes, and induced systemic resistance (ISR). Nanoparticles, with
their unique physicochemical properties (high surface area-to-volume ratio, quantum effects,
enhanced reactivity), offer advantages in agriculture. They act as carriers for targeted delivery
of nutrients and agrochemicals, improving efficiency and reducing contamination. They also
directly influence plant physiological processes. Combining PGPR and nanoparticles shows
promising synergistic effects, potentially leading to greater improvements in plant growth and
yield. This synergy stems from enhanced bacterial colonization, improved nutrient delivery, and
direct effects on plant physiology. This study aims to: (1) review the mechanisms by which
PGPR and nanoparticles influence plant growth; (2) investigate their synergistic interactions; (3)
analyze their practical applications; (4) discuss challenges and limitations; and (5) provide future
research recommendations for optimizing their application in sustainable agriculture.

Material and Methods:This study employed a comprehensive literature review of existing
research on PGPR and nanoparticle applications in agriculture. Scientific articles, reports, books,
reviews, and conference proceedings were collected from databases like Scopus, Web of
Science, PubMed, Google Scholar, and Sciencedirect. Keywords and Boolean operators were
used for the search, including "plant growth-promoting bacteria,” "PGPR," "nanoparticles,"”
"nanotechnology in agriculture,” "Nutrient uptake,” "Plant hormones," "Biotic/abiotic stress,"”
"Sustainable agriculture," "Nanofertilizers," and related terms. The collected literature was
critically evaluated for relevance, methodological rigor, and scientific quality. Studies
investigating the synergistic effects of combining PGPR and nanoparticles were prioritized.
Information extracted included types of PGPR and nanoparticles, application methods, plant
species, experimental conditions, and measured parameters (plant growth, yield, nutrient uptake,
stress tolerance).
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Results: The literature review provides compelling evidence of the beneficial effects of PGPR
and nanoparticles on plant growth and yield. PGPR have consistently been shown to enhance
nutrient availability, stimulate root development, improve water use efficiency, and increase
plant resistance to various biotic and abiotic stresses. Numerous studies have demonstrated the
ability of PGPR to fix atmospheric nitrogen, solubilize insoluble phosphorus, and mobilize
potassium, making these essential nutrients available to plants. Furthermore, PGPR are known
to produce various phytohormones, such as auxins, gibberellins, and cytokinins, which play
crucial roles in regulating plant growth and development, including cell elongation, cell division,
and differentiation. The production of siderophores by PGPR has also been shown to improve
iron uptake by plants, especially in calcareous soils. Nanoparticles, with their unique properties,
serve as effective carriers for delivering nutrients, pesticides, and other agrochemicals to plants,
improving their efficiency and reducing environmental contamination. Studies have also
demonstrated the direct effects of nanoparticles on plant physiological processes, such as
enhancing photosynthesis by improving chlorophyll content and photosynthetic efficiency, and
influencing stomatal regulation. The combined application of PGPR and nanoparticles
consistently results in synergistic effects, leading to greater improvements in plant growth and
yield compared to the application of either technology alone. This synergy can be attributed to
several factors. Nanoparticles can enhance the colonization of plant roots by PGPR by providing
a protective microenvironment and improving bacterial attachment. Conversely, PGPR can
facilitate the uptake and translocation of nanoparticles within the plant. The combination of
PGPR and nanoparticles has been shown to improve plant tolerance to various abiotic stresses,
such as drought, salinity, and heavy metal toxicity.

Conclusion:The combined application of PGPR and nanoparticles represents a promising and
sustainable approach for enhancing agricultural productivity and minimizing environmental
impact. The synergistic interactions between these two technologies offer significant potential
for improving plant growth, yield, and quality. PGPR contribute by enhancing nutrient
availability, producing phytohormones, and inducing systemic resistance, while nanoparticles
act as efficient delivery systems for nutrients and other agrochemicals and directly influence
plant physiological processes. The combined application of these technologies often results in
greater improvements in plant growth and yield compared to individual applications,
demonstrating a clear synergistic effect. However, several challenges need to be addressed
before widespread adoption of this approach. These challenges include the potential toxicity of
certain nanoparticles to plants and soil microorganisms, the need for further research on the long-
term environmental impacts of nanoparticles, the cost-effectiveness of nanoparticle production
and application, and the development of standardized protocols for application. Furthermore,
understanding the precise mechanisms of interaction between specific PGPR strains and
different types of nanoparticles is crucial. Future research should focus on: (1) elucidating the
complex interactions between PGPR, nanoparticles, plants, and the soil microbiome at the
molecular level; (2) conducting comprehensive risk assessments to evaluate the potential
environmental and human health impacts of nanoparticles used in agriculture; (3) developing
sustainable and cost-effective methods for producing and applying nanoparticles in agriculture;
(4) optimizing the application methods and formulations of PGPR and nanoparticles for different
crops and environmental conditions; (5) establishing clear regulatory frameworks for the use of
nanoparticles in agriculture; (6) investigating the long-term effects of repeated applications of
nanoparticles on soil health and ecosystem functioning; and (7) exploring the potential of using
nanobiosensors for monitoring the effects of nanoparticles in the environment. By addressing
these challenges and pursuing these research directions, the synergistic potential of PGPR and
nanoparticles can be fully exploited to contribute to a more sustainable and productive
agricultural future.
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Enhancing agricultural productivity using PGPR and nanoparticles: mechanisms, challenges, and future directions
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